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Preface

In August, 1945, two United States Army Air Force B-29 bombers each dropped
single bombs on the Japanese cities of Hiroshima and Nagasaki. These new
“atomic” bombs, colloquially known as Little Boy and Fat Man, each exploded
with energies equivalent to over 10,000 tons of conventional explosive, the normal
payload of 1,000 such bombers deployed simultaneously. Hiroshima and Nagasaki
were both devastated. A few days later, Japan surrendered, bringing an end to
World War II. In a speech to his people on August 15, Emperor Hirohito spe-
cifically referred to “a new and most cruel bomb” as one of the reasons for
accepting surrender terms that had been laid out by the Allied powers. A later
analysis by the United States Strategic Bombing Survey estimated the total number
of people killed in the bombings to be about 125,000, with a further
130,000-160,000 injured.

While historians continue to debate whether the bombs can be credited with
directly ending the war or simply helped to hasten its end, it is irrefutable that the
development and use of nuclear weapons was a watershed event of human history.
In 1999, the Newseum organization of Washington, D.C., conducted a survey of
journalists and the public regarding the top 100 news stories of the twentieth
century. Number one on the list for both groups was the bombings of Hiroshima
and Nagasaki and the end of World War II. Journalists ranked the July, 1945, test
of an atomic bomb in the desert of southern New Mexico as number 48, and the
Manhattan Project itself, the U.S. Army’s effort under which the bombs were
developed, as number 64. The Manhattan Project was the most complex and costly
national-level research and development project to its time, and its legacy is
enormous: America’s postwar military and political power, the cold war and the
nuclear arms race, the thousands of nuclear weapons still held in the arsenals of
various countries, the possibility of their proliferation to other states, the threat of
nuclear terrorism, and public apprehension with radiation and nuclear energy all
originated with the Project. These legacies will remain with us for decades to
come.

The development of nuclear weapons is the subject of literally thousands of
books and articles, many of them carefully researched and well-written. Why,
then, do I believe that the world needs one more volume on a topic that has been so
exhaustively explored?
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Source material on the Manhattan Project can be classed into four very broad
categories. First, there are many synoptic semi-popular histories. This genre began
with William Laurence’s Dawn over Zero (1946) and Stephane Groueff’s 1967
Manhattan Project: The Untold Story of the Making of the Atomic Bomb. The
current outstanding example of this type of work is Richard Rhodes’ The Making
of the Atomic Bomb (1986); references to a number of others appear in the
“Resource Letters” by myself cited in the Further Reading list at the end of this
section. Second are works prepared as official government and military histories,
primarily for academic scholars. The original source along this line was Henry
DeWolf Smyth’s Atomic Energy for Military Purposes, which was written under
War Department auspices and released just after the bombings of Hiroshima and
Nagasaki. More extensive later exemplars are Hewlett and Anderson’s A History
of the United States Atomic Energy Commission, and Vincent Jones’ United States
Army in World War II: Special Studies—Manhattan: The Army and the Atomic
Bomb. Third are the numerous biographies on the leading personalities of the
Project, particularly some of the scientists involved. Well over a dozen biographies
have been published on Robert Oppenheimer alone. Finally, there are specialized
technical publications which require readers to be armed with some upper-
undergraduate or graduate-level physics and allied sciences to appreciate fully.

Synoptic volumes are accessible to a broad audience, but tend to be limited in
the extent of their technical coverage. Interesting as they are, one can read the
same stories only so many times; eventually a curious reader must yearn for deeper
knowledge: Why can only uranium or plutonium be used to make a fission
weapon? How does one compute a critical mass? How was plutonium, which does
not occur naturally, created? Official histories are superbly well-documented, but
also tend to be non-technical; they are not meant to serve as student texts or
popularly-accessible treatments. Biographies are not usually written to address
technical matters, but here a different issue can creep in. While many biographies
are responsible treatments of the life and work of the individual concerned, others
devolve into questionable psychological or sociological analyses of events and
motivations now decades in the past, where, not inconveniently, the principals
have no opportunity to respond. Some of the synoptic-level treatments fall prey to
this affliction as well.

The bottom line is that after many years of teaching a college-level general-
education course on the Manhattan Project, I came to the conclusion that a need
exists for a broadly-comprehensible overview of the Project prepared by a phys-
icist familiar with both its science and history. My goal has been to try to find a
middle ground by preparing a volume that can serve as a text for a college-level
science course at a basic-algebra level, while also being accessible to non-students
and non-specialists who wish to learn about the Project. To this end, most chapters
in this volume comprise a mixture of descriptive and technical material. For
technically-oriented readers, exercises are included at the ends of some chapters.
For readers who prefer to skip over mathematical treatments of technical details,
the text clearly indicates where descriptive passages resume.
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Another motivation for taking on this project is that, over time, access to
sensitive information regarding historically important events inevitably becomes
more open. At this writing, almost 70 years have elapsed since the Smyth report,
50 have passed since the publication of Hewlett and Anderson’s New World, and
over 25 since Rhodes’ Making of the Atomic Bomb. In the meantime, a consid-
erable number of technical and non-technical publications on the Project have
appeared, and many more original documents are readily available than was the
case when those authors were preparing their works. From both a personal pro-
fessional perspective and an access-to-information viewpoint, the time seemed
right to prepare this volume.

Writing about decades-old events is a double-edged sword. Because we know
how the story played out, hindsight can be perfect. We know which theories and
experiments worked, and which did not. The flip side of this is that it becomes far
too easy to overlook false starts and blind alleys, and set out the story in a linear
this-then-that sequence that gives it all a sense of predetermined inevitability. But
this would not give a due sense of the challenges faced by the people involved with
the Project, so many aspects of which were so chancy that the entire effort could
just as well have played no role in ending the war. After the discovery of nuclear
fission, it took some of the leading research personalities of the time well over a
year to appreciate how the subtleties of nuclear reactions might be exploited to
make a weapon or a reactor. Even after theoretical arguments and experimental
data began to become clear, technological barriers to practical realization of
nuclear energy looked so overwhelming as to make the idea of a nuclear weapon
seem more appropriate to the realm of science-fiction than to real-world engi-
neering. Physicist and Nobel Laureate Niels Bohr was of the opinion that “it can
never be done unless you turn the United States into one huge factory.” To some
extent, that is exactly what was done. Again, my goal has been to seek a middle
ground which gives readers some sense of the details and evolution of events, but
without being overwhelming.

The scale of the Manhattan Project was so great that no single-volume history
of it can ever hope to be fully comprehensive. After the Project came under Army
auspices in mid-1942, it split into a number of parallel components which sub-
sequently proceeded to the end of the war. This parallelism obviates a strict
chronological telling of the story; each main component deserves its own chapter.
Thousands of other publications on this topic exist precisely because many of
those components are worthy of detailed analyses in their own right. Thus, the
present volume should be thought of as a gateway to an intricate, compelling story,
after which an interested reader can explore any number of fascinating sub-plots in
more depth.

It is my sincere hope that you will enjoy, learn from, and seriously reflect upon
the science and history that unfold on the following pages. I hope also that they
whet your appetite for more. Sources of information on the Project are so extensive
that a single individual can hope to look at but a few percent of it all; I have
devoted well over a decade of my professional career to studying the Manhattan
Project, and know that I still have much to learn. The future will need more
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scientists and historians to serve as Manhattan Project scholars. To students
reading these words, I invite you to consider making such work a part of your own
career.

A Note on Sources

As much as possible, I have drawn the information in this book from primary
documentary sources (see below), from works whose authors enjoyed access to
classified information (Smyth, Hewlett and Anderson, Jones, and Hoddeson,
et al.), from memoirs and scholarly biographies of individuals who were present
at the events related, and from technical papers published in peer-reviewed
scientific journals. A list of references appears at the end of each chapter under
the heading Further Reading; a detailed list of citations can be found at
www.manhattanphysics.com.

One will occasionally find that even very credible sources report the details of
events slightly differently: dates may vary somewhat, numerical quantities and
funding amounts differ, lists of individuals involved may be more or less con-
sistent, and so forth. Written records of meetings were often deliberately left
incomplete. The Manhattan Project’s commander, General Leslie Groves, fre-
quently preferred to issue only verbal orders, and some information still remains
classified. As a result, full understanding of some aspects of the Project is simply
not possible. To fill in the gaps, it is necessary to extrapolate from what is known
to have happened, and to work from the potentially fallible recollections of
individuals involved. In such cases, I have tried to work with the most authoritative
sources available to me, but I do not doubt that some errors and inconsistencies
have crept in. For these I apologize to my readers in advance.

The primary source of Manhattan Project documentary material is four sets of
documents available on microfilm from the National Archives and Records
Administration (NARA) of the United States. These comprise a total of 42 rolls of
film, and readers who are motivated to explore them need to be aware that infor-
mation on a given topic can be spread over multiple rolls within each of the four sets,
and that documents on a given topic within a given roll by no means always appear in
chronological order. Some documents that are still classified are deleted from the
films. The four sets and their NARA catalog numbers are as follows:

A1218: Manhattan District History (14 rolls). This massive multi-volume
document was prepared as an official history of the Project after the war by Gavin
Hadden, an aide to General Groves. Known to historians and researchers as the
MDH, these documents are a fundamental source of information on the Project.'

! As this book was going to press, the Department of Energy began posting the MDH online at
<https://www.osti.gov/opennet/manhattan_district.jsp>. In particular, previously redacted mate-
rial on the K-25 plant (Sect. 5.4) is now being made available.


http://www.manhattanphysics.com
https://www.osti.gov/opennet/manhattan_district.jsp
http://dx.doi.org/10.1007/978-3-642-40297-5_5
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M1108: Harrison-Bundy Files Relating to the Development of the Atomic
Bomb, 1942-1946 (Records of the Office of the Chief of Engineers; Record Group
77; 9 rolls).

M1109: Correspondence (“Top Secret”) of the Manhattan Engineer District,
1942-1946 (Records of the Office of the Chief of Engineers; Record Group 77; 5
rolls).

M1392: Bush-Conant File Relating to the Development of the Atomic Bomb,
1940-1945 (Records of the Office of Scientific Research and Development,
Record Group 227; 14 rolls).

An index for each set can be viewed by searching its catalog number on the
NARA ordering website (select “Microfilm” from the tabs at the top of the page):
https://eservices.archives.gov/orderonline/start.swe?SWECmd=Start& SWEHo=
eservices.archives.gov.
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Chapter 1
Introduction and Overview

The official military designation of the program conducted by the United States
Army to develop atomic bombs—which are more correctly termed “nuclear
weapons”’—was “Manhattan Engineer District” (MED). In official documents,
this designation was often contracted to Manhattan District, and in postwar
vernacular became “The Manhattan Project.” Despite its size and complexity, this
effort was carried out with remarkable secrecy: some 150,000 people were
employed in the project, most of whom labored in complete ignorance as to what
they were producing. Indeed, it has been estimated that perhaps only a dozen
individuals were familiar with the overall program. By August, 1945, the cost of
the Project had reached $1.9 billion out of a total cost to the United States for the
entire war of about $300 billion. Two billion dollars for any one element of the war
was a monumental amount; the Manhattan Project was an organizational,
engineering, and intellectual undertaking that had no precedent.

This book offers an overview of the science and history of the Manhattan
Project. To help orient readers, this chapter is devoted to a description of the
general nature of the Project and how this book is organized.

1.1 Chapters 2 and 3: The Physics

Chapters 2 and 3 are devoted to the background scientific discoveries that led up to
the Manhattan Project. Since this is really a lesson in what is now well-established
physics, I forgo blind alleys for the sake of brevity. Even then, these chapters are
lengthy.

Nuclear physics as a scientific discipline can be said to have started with the
discovery of natural radioactivity in 1896, almost a half-century before Hiroshima.
In the following decades, experimental and theoretical work by various researchers,
located mostly in England, France, Germany, Denmark, and Italy, unraveled the
nature of radioactivity and the inner structure of atoms. By the early 1930s, our
now-common high-school image of an atom comprising a nucleus of protons and
neutrons being “orbited” by a cloud of whizzing electrons was largely established.

B. C. Reed, The History and Science of the Manhattan Project, 1
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2 1 Introduction and Overview

During the middle years of that decade, it also came to be realized that radioactivity
could be induced artificially through experimental conditions set up by human
beings, as opposed to waiting for the phenomenon to happen through random
natural processes. Millions of people who have been treated with radiation therapy
are beneficiaries of that discovery. Chapter 2 covers the history of nuclear physics
from the discovery of radioactivity to the mid-1930s.

Late 1938 witnessed the stunning discovery that nuclei of uranium atoms could
be split apart when bombarded by neutrons. In this process, a split uranium nucleus
loses a small amount of mass, but this mass corresponds to a fantastic amount of
energy via Albert Einstein’s famous E = mc? equation. The amount of energy
released per reaction in such cases is millions of times that liberated in any known
chemical reaction. This process, soon termed nuclear fission, lies at the heart of
how nuclear weapons function. Only a few weeks after the discovery of fission, it
was verified (and had been anticipated in some quarters) that a by-product of each
fission was the liberation of two or three neutrons. This feature is what makes a
chain reaction possible (Fig. 1.1). These “secondary” neutrons, if they do not
escape the mass of uranium, can go on to fission other nuclei. Once this process is
started, it can in principle continue until all of the uranium is fissioned. Of course,
practice always proves more difficult than theory (phenomenally so in the case of
the Manhattan Project), but this is the fundamental idea behind nuclear reactors
and bombs. Chapter 3 deals with the discovery and interpretation of nuclear
fission.

Any interesting scientific discovery always opens more questions than it
resolves. Ergo: Could any other elements undergo fission? Why or why not? Was
there a minimum amount of uranium that would have to be arranged in one place
to have any hope of realizing a chain reaction? If so, could the process be con-
trolled by human intervention to give the possibility of an energy source, or would
the result be an uncontrolled explosion? Or did the fact that the uranium ores of the
Earth had not spontaneously fissioned themselves into oblivion millennia ago

Fig. 1.1 Schematic secondary
illustration of the start of a neutron
chain reaction. The secondary @)
neutrons may go on to strike fission
other target nuclei product
neutron / g
— secondary
B ———_—
o ~ O neutron
target O
nucleus fission
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mitigate against any such possibilities?' As the world advanced toward global
conflict in the early months of 1939, nuclear physicists investigated these
questions.

By the time of the outbreak of World War II in September, 1939, the pieces of an
overall picture were starting to come together. Only the very heavy elements
uranium and thorium looked to be fissile. For reasons that are elucidated in Chap. 3,
thorium ended up playing no role in the Manhattan Project. This left uranium as the
only possibility as a source of energy or as an explosive, but the prospects looked
bleak. As it occurs naturally in the Earth’s crust, uranium consists predominantly of
two isotopes, U-235 and U-238.% (If you are unfamiliar with the concept of isotopes,
read the footnote below. Definitions of a number of technical terms appear in the
Glossary at the end of this book.) But these isotopes occur in far-from-equal
proportions: only about 0.7 % of naturally-occurring uranium is of the U-235
variety, while the other 99.3 % is U-238. By early 1940, it was understood that only
nuclei of the rare isotope U-235 had a useful likelihood of fissioning when
bombarded by neutrons, whereas those of U-238 would primarily tend to somewhat
slow down and subsequently absorb incoming neutrons without fissioning. Given
the overwhelming preponderance of U-238 in natural uranium, this absorption effect
promised to poison the prospect for a chain reaction.

To obtain a chain reaction, it appeared necessary to isolate a sample of U-235
from its sister isotope, or at least process uranium in some way so as to increase the
percentage of U-235. Such a manipulation of the isotopic abundance ratio is now
known as enrichment. Enrichment is always a difficult business. Since isotopes of
any element behave identically so far as their chemical properties are concerned,
no chemical separation technique can be employed to achieve enrichment. Only a
technique that depends on the slight mass difference (~1 %) between the two
isotopes could be a possibility. To this end, the prospects in 1940 were limited:
centrifugation, mass spectrometry, and diffusion were the only techniques known.
Unfortunately, they had been applied successfully only in cases involving light
elements such as chlorine, where the percentage differences between isotopic
masses is much greater. It is no wonder that Niels Bohr, who was the most
significant contributor to the understanding of the roles of different isotopes in the
process of fission, was skeptical of any prospect for harnessing “atomic energy.”

' It was subsequently discovered (1972) that naturally-occurring chain reactions in deposits of
uranium ores in Africa did occur about two billion years ago.

2 In any atom, the number of orbiting electrons normally equals the number of protons in the
nucleus of the atom. This number, the so-called atomic number, usually designated by Z, is the
same for all atoms of the same element, and dictates the chemical properties of the atoms of
the element. For oxygen atoms, Z = 8; for uranium atoms, Z = 92. Different isotopes of the
same element have differing numbers of neutrons in their nuclei, but —because they have the
same Z — have the same chemical properties. In particular, the nuclei of U-235 and U-238
atoms both contain 92 protons, but respectively contain 143 and 146 neutrons; for each of these
isotopes, the numbers following the “U-” gives the total number of neutrons plus protons in
their nuclei. There is a third isotope of uranium, U-234, which contains 142 neutrons, but its
natural-occurrence level is only 0.005 %; it plays no role whatever in our story.
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By the middle of 1940, however, understanding of the differing responses of the
two uranium isotopes to bombarding neutrons had become more refined, and an
important new concept emerged. This was that it might be possible to achieve a
controlled (not explosive) chain reaction using natural uranium without enrich-
ment. The key lay in how nuclei react to bombarding neutrons. When a nucleus is
struck by a neutron, various reactions are possible: the nucleus might fission, it
might absorb the neutron without fissioning, or it might simply scatter the neutron
as a billiard ball would deflect an incoming marble. Each process has some
probability of occurring, and these probabilities depend on the speed of the
incoming neutrons. Neutrons released in fission reactions are extremely energetic,
emerging with average speeds of about 20 million meters per second. For obvious
reasons, such neutrons are termed “fast” by nuclear physicists. As remarked
above, U-238 tends to ultimately absorb the fast neutrons emitted in fissions of
U-235 nuclei. However, when a nucleus of U-238 is struck by a very slow neu-
tron—one traveling at a mere couple thousand meters per second—it behaves as a
much more benign target, with scattering preferred to absorption by odds of
somewhat better than three-to-one. But—and this is the key point—for such slow
neutrons, U-235 turns out to have an enormous fission probability: over 200 times
greater than the capture probability for U-238. This factor is large enough to
compensate for the small natural abundance of U-235, and renders a chain reaction
possible. Slowing fission-liberated neutrons is effectively equivalent to enriching
the abundance percentage of U-235. This is such an important point that it is worth
repeating: If neutrons emitted in fissions can be slowed, then they have a good
chance of going on to fission other U-235 nuclei before being lost to capture by
U-238 nuclei. In actuality, both processes will proceed simultaneously. Counter-
intuitively, neutron capture by U-238 nuclei actually turns out to be indirectly
advantageous for bomb-makers, as is explained in the third paragraph following
this one.

How can one slow a neutron during the very brief time interval between when it
is born in a fission and when it strikes another nucleus? The trick is to work not
with a single large lump of uranium, but rather to disperse it as small chunks
throughout a surrounding medium which slows neutrons without absorbing them.
Such a medium is known as a moderator, and the entire assemblage is a reactor.
During the war, the synonymous term “pile” was used in the literal sense of a
“heap” of metallic uranium slugs and moderating material. Ordinary water can
serve as a moderator, but, at the time, graphite (crystallized carbon) proved easier
to employ for various reasons. By introducing moveable rods of neutron-absorbing
material into the pile and adjusting their positions as necessary, the reaction can be
controlled. It is in this way that natural-abundance uranium proved capable of
sustaining a controlled nuclear reaction, but not an explosive one. Reactor engi-
neering has advanced phenomenally since 1945, but modern power-producing
reactors still operate via chain-reactions mediated by moderated neutrons.

To be clear, a reactor cannot be made into a bomb: the reaction is far too slow,
and even if the control rods are rendered inoperative, the reactor will melt itself
long before blowing up—as seen at Fukushima, Japan. But reactor meltdowns are
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a digression from the main story of the Manhattan Project. In early 1940, it still
appeared that to make a chain-reaction mediated by fast neutrons—a bomb—it
would be necessary to isolate pure U-235.

In May, 1940, however, an insight gleaned from theoretical physics opened the
door to a possible route to making a fission bomb without having to deal with the
challenge of enrichment. It was mentioned above that neutron absorption by U-238
nuclei will still continue in a reactor. On absorbing a neutron, a U-238 nucleus
becomes a U-239 nucleus. Based on extrapolating from some experimentally
established patterns regarding the stability of nuclei, it was predicted that U-239
nuclei might decay within a short time to nuclei of atomic number 94, the element
now known as plutonium. It was further predicted that element 94 might be very
similar in its fissility properties to U-235. If this proved to be the case, then a
reactor, sustaining a controlled chain reaction via U-235 fissions, could be used to
“breed” plutonium from U-238. The plutonium could be separated from the mass
of parent uranium fuel by conventional chemical means, and used to construct a
bomb; this is what obviates the need to develop enrichment facilities. Within
months, these predictions were partially confirmed on a laboratory scale by creating
a small sample of plutonium via moderated-neutron bombardment of uranium.

By the time of the Japanese attack on Pearl Harbor in December, 1941, it
appeared that there were two possible routes to developing a nuclear explosive:
(1) isolate tens of kilograms of U-235, or (2) develop reactors with which to breed
plutonium. Each method had potential advantages and drawbacks. U-235 was
considered almost certain to make an excellent nuclear explosive; the prospect
looked as solid as any untested theory could be. But those tens of kilograms would
have to be separated atom by atom from a parent mass of uranium ore: Bohr’s
national-scale factory. As for plutonium, the anticipated separation techniques
were well understood by chemical engineers, but nobody had ever built a reactor.
Even if such a new technology could be developed and mastered, might the new
element prove to have some property that obviated its value as an explosive?

Motivated by the existential threat of the war and the prospect that German
scientists were likely thinking along the same lines, the scientific and military leaders
of the Manhattan Project made the only decision that they could in such circum-
stances: both methods would be pursued. In the end, both worked: the Hiroshima
bomb utilized uranium, while the one dropped on Nagasaki used plutonium.

1.2 Chapter 4: Organization

A project involving 150,000 people, dozens of contractors and universities, and a
budget of nearly $2 billion (over $20 billion in 2013 dollars) could be an
organizational nightmare in the best of circumstances. The possibilities for waste
and mismanagement were tremendous, particularly given that it was all to be done
in secrecy with little outside oversight. How was such a monumental effort
effectively initiated and administered?
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Such an undertaking cannot spring up fully-formed overnight. Chapter 4
explores how possible military applications of nuclear fission were first brought to
the attention of the President of the United States in the fall of 1939, and how
government and military support for the endeavor came to be organized. Between
1939 and 1942, this support was under the authority of various civilian branches of
the government, although it was being conducted in secrecy. Various committees
funded and oversaw the work, which also benefitted from critically timed inter-
ventions on the parts of a few key individuals who felt that the pace of efforts was
not active enough. By mid-1942, various lines of research in both Britain and
America led to the conclusion that both nuclear reactors and weapons could be
feasible, but that they would require engineering efforts far beyond the experience
of a university research department or even the budget and resources of a single
large industry. The only organization capable of mounting such an effort with the
requisite secrecy was the United States Army. Given the scale of construction
involved, the Project was assigned, in the fall of 1942, to the Army’s Corps of
Engineers. Chapter 4 describes the administrative history of the Project to early
1943, by which time the Corps was firmly in command. Administrative aspects
subsequent to this time are more conveniently discussed in relevant individual
Project-component chapters.

1.3 Chapters 5-7: Uranium, Plutonium, and Bomb Design
and Delivery

Two major production facilities and a highly-secret bomb-design laboratory were
established to advance the work of the Manhattan Project. These facilities are the
subjects of Chaps. 5, 6, 7. The production facilities were located in the states of
Tennessee and Washington, and were respectively devoted to obtaining nearly
pure U-235 and breeding plutonium. These facilities are discussed in Chaps. 5
and 6. The bomb design laboratory was located at Los Alamos, New Mexico, and
is the subject of Chap. 7, which also describes some of the training of air crews
selected to deliver the bombs to their targets.

The uranium facility located in Tennessee was designated by the name Clinton
Engineer Works (CEW), after the small town near Knoxville where it was located.
Spread over a roughly 90-square mile military reservation were three separate
enrichment facilities, plus a pilot-scale nuclear reactor, supporting shops, chemical
processing laboratories, electrical and water utilities, and food services, housing,
hospitals, schools, shopping centers, and other amenities for the workers. Overall,
the CEW consumed nearly $1.2 billion in construction and operating costs. The
three uranium-enrichment facilities were code named Y-12, K-25, and S-50. As
described in the following paragraphs, each utilized a different method of
enriching uranium.
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Y-12: This facility comprised over 200 buildings, and enriched uranium by
the process of electromagnetic mass spectroscopy. The fundamental principle
involved here is that when an ionized atom or molecule is directed into a magnetic
field, it will follow a trajectory whose path depends, among other things, on the
mass of the atom or molecule. (An atom is said to be ionized when one or more of
its outer orbital electrons have been removed, leaving the atom with a net positive
charge.) To put this into practice, a uranium compound was heated until it became
vaporized. The vapor was then ionized, and directed as a narrow stream into a
vacuum tank sandwiched between the coils of a huge electromagnet. Atoms of the
two different isotopes will then follow slightly different trajectories, and can be
collected separately. Ideally, the ions move in circular trajectories. For the strength
of the magnetic field that was employed, the separation of the ion streams was at
most only about one centimeter for trajectories of diameter 3 meters. To get a
sensible rate of production of bomb-grade uranium, over 900 magnet coils and
nearly 1,200 vacuum tanks were put into operation. The design of these “elec-
tromagnetic separators” was based on a particle-accelerating “cyclotron” devel-
oped by Ernest Lawrence of the University of California; the CEW cyclotrons
were known as “calutrons,” after California University Cyclotron. In practice, this
process tends to be difficult to control and the efficiency can be low, but every
atom of U-235 in the Hiroshima Little Boy bomb eventually passed at least once
through Lawrence’s calutrons. Ground was broken for the first Y-12 building in
February, 1943, and operations began in November of that year. Some 5,000
operating and maintenance personnel kept Y-12 running. The bill for this facility
ran to some $477 million in construction and operating costs.

K-25: At over $500 million in construction and operating costs, this was the
single most expensive facility of the entire Manhattan Project. Imagine a large
U-shaped factory, four stories high (one underground), half a mile long, and about
1,000 feet wide (Fig. 1.2).

This enormous structure housed the gaseous diffusion plant of the Project; this
process was also known as barrier diffusion. The premise of this technique is that
if a gas of atoms of mixed isotopic composition is pumped against a thin, porous

Fig. 1.2 An aerial view of
the K-25 plant. Source http://
commons.wikimedia.org/
wiki/File:K-25_Aerial.jpg
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metal barrier containing millions of microscopic holes, atoms of lower mass will
pass through the barrier slightly more readily than those of higher mass. The result
is a very minute level of enrichment of the gas in the lighter isotope on the other
side of the barrier. The term “microscopic” is meant literally here: the holes need
to be about 100 Angstroms in diameter, or about three billionths of an inch. A
characteristic of this process, however, is that only a very small level of enrich-
ment can be achieved by passing the gas through the barrier on any one occasion.
To achieve a level of enrichment corresponding to “bomb-grade” material (90 %
U-235), the process has to be repeated sequentially thousands of times. K-25
incorporated nearly 3,000 enrichment stages, and was the largest construction
project in the history of the world to that time. Construction began in June, 1943,
but difficulties in securing suitable barrier material delayed the start of operations
until January, 1945. Some 12,000 people were employed to operate the plant.

S-50: The S-50 plant enriched uranium by a second diffusion-based process
known as liquid thermal diffusion, which is often simply termed thermal diffusion
to differentiate it from the gaseous process employed in the K-25 plant. While
liquid diffusion is rather inefficient, it is relatively simple. Imagine a vertical
arrangement of three concentric pipes (Fig. 1.3). The innermost one is heated by
high-temperature steam pumped through its center. A second, intermediate, pipe
closely surrounds the innermost one, with a clearance of only a quarter of a
millimeter between the two. Liquefied uranium hexafluoride is then fed under
pressure into the annulus between the two pipes. The intermediate pipe is sur-
rounded by the third pipe, through which cold water is pumped to chill the outside
surface of the intermediate pipe.

The hexafluoride thus experiences a dramatic thermal gradient across its
quarter-millimeter width. The result is that liquid containing the lighter isotope
moves toward the hotter pipe, while heavier-isotope material collects toward the
cooler one. The hotter material rises by convection while the cooler descends,
leading to an accumulation of material slightly enriched in the lighter isotope at the
top of the column. From there, the lighter-isotope-enriched material can be har-
vested and sent on to another stage. The S-50 plant utilized 2,142 such three-pipe
columns, each 48 feet high. Due to political wrangling, the decision to proceed
with the S-50 plant was not made until June, 1944, but construction proceeded so
rapidly that preliminary operation of the plant was begun in September of that
year; full construction was essentially complete by January, 1945.

Originally, these various enrichment methods were thought of as individual
horses competing in a race to see which one could start with natural uranium and
most efficiently produce bomb-grade material in one process. But as they were put
into operation it became clear that they worked better as a team; some proved more
efficient at various stages of enrichment than at others. In the end, uranium began
its journey by being processed through the S-50 plant to receive a slight level of
enrichment (to 0.86 % U-235), from where it went on to the K-25 plant (to 7 %),
and thence through one or two separate stages of the Y-12 calutrons to get to 90 %
U-235.
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Fig. 1.3 Sectional view of a Steam
thermal diffusion process
column in the S-50 plant.
Uranium hexafluoride
consisting of a mixture of
light (U-235) and heavy
(U-238) isotopes is driven
into the narrow annular space
between the nickel and
copper pipes. The desired
lighter-isotope material is
harvested from the top of the
column. From Reed (2011) . ]
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Under Project auspices, the world’s first nuclear reactor, an experimental
graphite-moderated pile, achieved a self-sustaining chain reaction in early
December, 1942. Located at the University of Chicago, this pile, code-named
CP-1, operated at an estimated power output of one-half of a Watt. CP-1 was
strictly experimental; its purpose was to demonstrate that a chain reaction could be
created and controlled. The rate of formation of plutonium in a reactor depends on
the reactor’s power output, and the power level of CP-1 was a far cry from the
millions of Watts (MW; megawatts) estimated to be required to breed plutonium
rapidly enough to produce a bomb in a sensible length of time. Later plutonium-
production reactors were designed to operate at 250 MW, and three were built.

Engineers were naturally dubious of scaling a new technology from Watts to
hundreds of millions of Watts, so it was decided to build an intermediate-stage
“pilot” reactor to test cooling and control systems, and to create a few hundred
grams of plutonium for research purposes. Known as X-10, initial plans were to
locate this pile outside Chicago, but it was instead built at the Clinton site for
reasons of safety and centralization of operations. X-10 was a forced-air-cooled,
graphite-moderated reactor designed to operate at a power level of 1 MW,
although later improvements in the cooling system permitted operation at 4 MW.
X-10 began operation in November, 1943.
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Chapter 6 describes the 250-MW plutonium production reactors. Initially, these
were also to be sited in Tennessee as well, but the prospect that a catastrophic
accident could doom all of the Project’s production facilities led to a decision to
locate them at a remote site in south-central Washington, where they could be
cooled with water drawn from the Columbia river. The Hanford Engineer Works
(HEW, or just Hanford) occupied an enormous area, over 600 square miles alto-
gether. To provide a margin of safety, the reactors were situated six miles apart
along the banks of the Columbia. Ten miles south of them were located facilities
for chemical separation of the plutonium, and over ten miles yet further away were
facilities for fabricating the slugs of uranium fuel fed to the reactors, as well as a
constructed-from-scratch village for housing plant personnel and their families.
Ground was broken at the Hanford site in April, 1943. The first reactor achieved
criticality in late September, 1944, but unanticipated problems caused a three-
month shut-down while modifications were effected. Ultimately, the Hanford
reactors produced the kilograms of plutonium necessary for the Trinity test and the
Nagasaki bomb.

Perhaps the most famous Manhattan Project facility was the Los Alamos
Laboratory, which is the subject of Chap. 7. Established in the spring of 1943 in
the high desert of northern New Mexico and directed by physicist J. Robert
Oppenheimer of the University of California, the task of this secret installation was
to design the weapons that would be powered by the uranium and plutonium being
produced in Tennessee and Washington. In theory, the work facing Los Alamos
scientists seemed straightforward. Fissile elements like U-235 or Pu-239 possess a
so-called critical mass, a minimum mass necessary to sustain a chain reaction. The
precise value of the critical mass depends on factors such as the density of the
material, its probability for undergoing a fission reaction, and the number of
neutrons liberated per fission. Much of the experimental work at Los Alamos
involved obtaining accurate measurements of these quantities. With these numbers
in hand, the critical mass can be calculated via mathematical relationships from an
area of physics known as diffusion theory, which was a well-established science
long before 1943.

For sake of argument, suppose that the critical mass for some material is 50 kg
(which is not far off the mark for U-235). It turns out that you will get a more
efficient explosion if you have more material available than just one critical mass,
so imagine that you have 70 kg. To make your bomb, form your 70 kg into two
pieces, say each of mass 35 kg, and simply arrange to bring them together when
you are ready to detonate your device. In effect, this is exactly what was done in
the uranium-based Hiroshima bomb. Inside a long cylindrical bomb casing was
mounted the barrel of a naval artillery gun. One piece of the uranium, the “target”
piece, was mounted at the far (nose) end of the barrel, while the second piece, the
“projectile,” was loaded into the breech (tail) end (Fig. 1.4). When radar and
barometric sensors indicated that the bomb had fallen to a pre-programmed det-
onation height, a conventional powder charge was ignited to propel the projectile
piece into the mating target piece. There are ancillary considerations such as
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providing for a source of neutrons to initiate the chain reaction at the desired
moment, but this is the basic idea of how a so-called fission “gun bomb” operates.

The Hiroshima bomb contained about 60 kilograms of U-235, but, overall, the
bomb weighed nearly 5 t (this book will often abbreviate “ton” or “tons” as “t”; the
term may be used as a weight or TNT energy equivalent). Much of this was the
weight of the artillery cannon, but there was another significant contributor: the
target end of the cannon was surrounded by a steel tamper of mass several hundred
kgs. The tamper serves two functions. First, by briefly retarding the expansion of the
bomb core as it detonates, one buys a bit more time (microseconds) over which the
chain reaction can operate. Second, if the tamper is made of a material which reflects
escaping neutrons back into the core, it gives them another chance at causing
fissions. Both effects enhance weapon efficiency. An efficiency increase of a factor
of ten over an untamped device is quite possible, so it is certainly worth going to the
effort of providing a tamper. The presence of a tamper complicates the calculations,
but Los Alamos physicists, aided by early electronic computers, became very adept
at such work as they balanced issues of fission physics, electronics, ordnance,
neutron initiators, and the payload limit of a B-29 bomber. Remarkably, despite its
destructive power, the Hiroshima bomb had an overall efficiency of only about 1 %.

The plutonium bomb, however, was a very different matter. Reactor-produced
plutonium proved to exhibit a fairly high level of spontaneous fission—a natural,
completely uncontrollable process. Because of this, it was predicted that if one
tried to make a gun-type bomb using plutonium, the nuclear explosion would start
itself spontaneously before the target and projectile pieces were fully mated. The
result would be an expensive but very low-efficiency explosion, a so-called
“fizzle.” Two possible approaches to avoiding this problem were evident: find a
way to use less fissile material (lower spontaneous-fission rate), and/or assemble
the sub-critical pieces more rapidly than could be achieved with the gun mecha-
nism. Both approaches were utilized. The critical mass of a fissile material
depends on its density; greater density means a lower critical mass. Thus, if you
have a mass of material that would be subcritical at normal density, it can be made
critical by crushing it to a higher density; the result is that you can get away with
using less material than would “normally” be required. This led to the idea of an
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Fig. 1.4 Schematic illustration of a gun-type fission weapon. The uranium projectile is fired
toward a mating target piece in the nose
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implosion weapon, wherein a subcritical core (and hence one with a low rate of
spontaneous fission) is surrounded with explosive material configured to very
rapidly detonate inwards. By using a very fast-burning explosive to achieve the
crushing, the “assembly time” can also be reduced. The hard part is that the
implosion has to be essentially perfectly symmetric, with all of the pieces of
surrounding explosive detonating within about a microsecond of each other. Los
Alamos scientists and engineers devoted enormous effort to perfecting this never-
before-tried technique. Questions as to the feasibility of implosion were so serious
that it was decided to use some of the precious Hanford plutonium in a full-scale
test of the method. This was the Trinity test of July 16, 1945, the world’s first
nuclear explosion (Fig. 1.5). The test was a complete success, and just three weeks
later the method was put to use in the Nagasaki bomb.

With the above descriptions, you now have an idea why the Hiroshima U-235
Little Boy uranium bomb was a long, cylindrically-shaped mechanism, while the
Nagasaki Pu-239 Fat Man plutonium bomb was a bulbous, nearly spherical
arrangement (Fig. 1.6).

Fig. 1.5 Left The Trinity fireball 25 ms after detonation (Source http://commons.wikimedia.org/
wiki/File:Trinity_Test_Fireball_25ms.jpg). Right The fireball a few seconds later (Courtesy of the
Los Alamos National Laboratory Archives)

Fig. 1.6 Left Little Boy in its loading pit. Right The Fat Man bomb. Note signatures on
tail. Sources  http://commons.wikimedia.org/wiki/File:Atombombe_Little_Boy_2.jpg;  http://
commons.wikimedia.org/wiki/File:Fat_Man_on_Trailer.jpg
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At its peak, the Los Alamos Laboratory employed only about 2,500 people, but
without their efforts the work of tens of thousands of others at Clinton and Hanford
would have been for naught. The accomplishments of the scientists and engineers
at Los Alamos are now legendary in the physics community.

A bomb needs to be transported to a target, and this was the task of the so-called
509th Composite Group, the Army Air Force unit specifically formed to deliver
the products of the Manhattan Project. The selection, training, and deployment of
this group are described in Chaps. 7 and 8.

1.4 Chapters 8 and 9: Hiroshima, Nagasaki,
and the Legacy of Manhattan

The Manhattan Project culminated with the bombings of Hiroshima and Nagasaki.
Chapter 8 examines the bombings: selection of target cities, political consider-
ations as to actual use of the bombs versus a demonstration shot, the aircraft, the
flight crews and their training, the missions themselves, the explosive energies of
the bombs, and their effects on people and structures. To provide some context,
casualty rates for some of the Pacific island-hopping campaigns of the war are
discussed briefly, as are the plans and expected casualty rates for the proposed
invasion of Japan which was scheduled for November, 1945. Planning for postwar
administration of nuclear energy is also discussed.

Chapter 9 examines the some of the legacies of the Manhattan Project. In
postwar years, improvements in the design of nuclear weapons accumulated rap-
idly, culminating with fusion-based devices known popularly as hydrogen bombs.
The number of countries possessing nuclear weapons grew to five by the mid-
1960s and now stands at about twice that number. The number of nuclear war-
heads held by these countries peaked at over 70,000 in the mid-1980s (a figure
which astonishes most people), and the world is now almost literally awash in
bomb-grade uranium and plutonium. While the number of warheads has since
declined significantly due to various arms-control treaties, thousands of nuclear
weapons are still deployed and will remain so for years to come. As these issues
are not really directly germane to the Manhattan Project, the discussion in this
Chapter is intended to give readers only a brief outline of postwar developments
as an epilogue to the main story.

By now you should appreciate the validity of the assertion in the Preface that no
one volume can hope to cover every aspect of the Manhattan Project. Given this, it
is important to mention what topics this book addresses only briefly or not at all.
As this book is devoted primarily to historical and technical aspects of the Project,
I offer very little in the way of personality profiles. That a small number of Soviet
agents working at Los Alamos transmitted information back to Moscow despite a
widespread counterintelligence effort is well-known, but as my focus is the science
and organization of the Project, I forgo any detailed analysis of this matter. I also
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do not examine the German wartime program to investigate possible applications
of atomic fission (which never proceeded even to the stage of an operating reac-
tor), the infamous Bohr/Heisenberg meeting of 1943, the interning of German
scientists at Farm Hall in Britain after the war, or the American effort to discover
what German scientists were up to in the nuclear field, the so-called Alsos mission.
All of these events are discussed in many excellent books and articles. Some
aspects of the Project involved efforts which ended up not being put into
large-scale operation (such as the use of centrifuges for enrichment), and so are
mentioned only tangentially where appropriate. Postwar developments such as
arguments for and against the development of fusion weapons and Robert
Oppenheimer’s scandalous 1954 security hearing lie well outside the scope of this
book, and are not discussed at all.
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Chapter 2
A Short History of Nuclear Physics
to the Mid-1930s

Until the late 1930s, the study of radioactivity and nuclear physics were relatively
low-profile academic research fields whose applications were limited primarily to
medical treatments such as radiation therapies for cancers. But within a very few
months between late 1938 and mid-1939, some investigators began to realize that
one of the quieter provinces of pure research could become a geopolitical game-
changer of immense military potential. How did this transformation come to be?

To set the stage for a description of the development of nuclear weapons, it is
helpful to understand a lengthy progression of underlying background discoveries.
Our understanding that atoms comprise protons, neutrons, and electrons; that
nuclei of various elements occur in different isotopic forms; that some elements
are radioactive; and that nuclear weapons can be made are now facts of common
knowledge: not many people know, or ever wonder how, their predecessors
divined such knowledge. The purpose of this chapter is to give an overview of how
the scientific community came to these understandings.

In developing such an overview there are many facts to be considered, and they
interconnect so tightly that it can be difficult to decide how to order the presentation.
I use a largely chronological ordering, but slavishly maintaining a chronological
description would be awkward in that full understanding of some phenomena took
decades to develop. A dramatic example of this is that neutrons were not discovered
until 1932, a full twenty years after the existence of nuclei had been established
(Fig. 2.1). Consequently, there are points where I abandon the chronological
approach for the sake of coherence or to digress on some background material.
Also, there are instances where a concept introduced in one section is revisited in a
later one for fuller elaboration. Readers are urged to consider the sections of this
chapter as linked units; treat them as a whole, and re-read them as necessary.

The discovery of the neutron in 1932 is considered such a pivotal event that
nuclear physicists divide the history of their discipline into two eras: that time
before awareness of the neutron, and that time after. In keeping with this, the first
section of this chapter covers, in a number of subsections, important developments
from the discovery of radioactivity in 1896 up to 1931. Sections 2.2 through 2.4

B. C. Reed, The History and Science of the Manhattan Project, 15
Undergraduate Lecture Notes in Physics, DOI: 10.1007/978-3-642-40297-5_2,
© Springer-Verlag Berlin Heidelberg 2014
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take the story from 1932 through the discoveries of the neutron and artificially-
induced radioactivity, and Enrico Fermi’s neutron-bombardment experiments of
the mid-1930s. Section 2.5, which can be considered optional, fills in some
technical details that are skirted in Sect. 2.1.4.
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Fig. 2.1 Chronology of early nuclear physics
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Fig. 2.1 continued

2.1 Radioactivity, Nuclei, and Transmutations:
Developments to 1932

The era of “modern” physics is usually considered to have begun in late 1895,
when Wilhelm Conrad Rontgen, working in Germany, accidentally discovered
X-rays. Rontgen discovered that not only could his mysterious rays pass through
objects such as his hand, but they also ionized air when they passed through it; this
was the first known example of what we now call “ionizing radiation”. A part of
Rontgen’s discovery involved X-rays illuminating a phosphorescent screen, a fact
which caught the attention of Antoine Henri Becquerel, who lived in France.
Becquerel was an expert in the phenomenon of phosphorescence, where a material
emits light in response to illumination by light of another color. Becquerel won-
dered if phosphorescent materials such as uranium salts might be induced to emit
X-rays if they were exposed to sunlight. While this supposition was wrong,
investigating it led Becquerel, in February 1896, to the accidental discovery of
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Fig. 2.2 Henri Becquerel (1852-1908) and the first image created by “Becquerel rays” emitted by
uranium salts placed on a wrapped photographic plate. In the lower part of the plate a Maltese cross
was placed between the plate and the lump of uranium ore. Sources http://upload.wikimedia.org/
wikipedia/commons/a/a3/Henri_Becquerel.jpg; http://upload.wikimedia.org/wikipedia/commons/
1/1e/Becquerel_plate.jpg

radioactivity. Becquerel observed that samples of uranium ores left on top of
wrapped photographic plates would expose the plates even in the absence of any
external illumination; that is, the exposures seemed to be created by the uranium
itself. When the plates were unwrapped and developed, an image of the samples
would be apparent (Fig. 2.2). Nuclear physics as a scientific discipline originated
with this discovery.

We now attribute these exposures to the action of so-called “alpha” and “beta”
particles emitted by nuclei of uranium and other heavy elements as they decay
naturally to more stable elements; the nature of these particles is elaborated in the
sections that follow. Some of the decay timescales are fleeting, perhaps only
minutes, while others are inconceivably long, hundreds of millions or billions of
years. In the latter event it is only because there are so many trillions upon trillions
of individual atoms in even a small lump of ore that enough are likely to decay
within a span of seconds or minutes to leave an image on a film or trigger a Geiger
counter. (The operation of a Geiger counter is described at the end of Sect. 2.1.5.)
A third form of such emission, “gamma rays,” was discovered by French chemist
Paul Villard in 1900. Gamma-rays are photons, just like those entering your eyes
as you read this, but of energies about a million times greater than visible-light
photons.

By the time of Becquerel’s death in 1908, the field of research he had opened
was producing developments which would lead, by about 1920, to humanity’s first
true scientific understanding of the structure of the most fundamental constituents
of matter: atoms and their nuclei. Remarkably, just less than a half-century would
pass between the discovery of radioactivity and the development of nuclear
weapons.
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2.1.1 Marie Curie: Polonium, Radium, and Radioactivity

Becquerel’s work came to the attention of Marie Sklodowski, a native of Poland
who had graduated from the Sorbonne (part of the University of Paris) with a
degree in physical science in 1893; the following year she would add a degree in
mathematics. In 1895 she married Pierre Curie, a physicist at the Paris School of
Physics and Chemistry (Fig. 2.3). Seeking a subject for a doctoral thesis, Marie
turned to Becquerel’s work, a subject about which not a great deal had been
published. She set up a laboratory in her husband’s School, and began work in late
1897.

Becquerel had reported that the energetic “rays” emitted by uranium could
ionize air as they passed through it; in modern parlance the rays collide with
molecules in the air and cause them to lose electrons. Pierre Curie and his brother
had developed a device known as an electrometer for detecting minute electrical
currents. Making use of this device, Marie found that the amount of electricity
generated was directly proportional to the amount of uranium in a sample. Testing
other materials, she found that the heavy element thorium also emitted Becquerel
rays (a fact discovered independently by Gerhard Schmidt in Germany), although
not as many per gram per second as did uranium. Further work, however, revealed
that samples of pitchblende ore, a blackish material rich in uranium oxides,
emitted more Becquerel rays than could be accounted for solely by the quantity of
uranium that they contained. Drawing the conclusion that there must be some other
“active element” present in pitchblende, Curie began the laborious task of
chemically isolating it from the tons of ore she had available. By this time, Pierre
had abandoned his own research on the properties of crystals in order to join Marie
in her work.

Spectroscopic analysis of the active substance proved that it was a new,
previously unknown element. Christening their find “polonium” in honor of Marie’s

Fig. 2.3 Marie (1867-1934) and Pierre (1859-1906) Curie; Right Iréne (1897-1956) and Frédéric
Joliot-Curie (1900-1958) in 1935. Sources http://commons.wikimedia.org/wiki/File:Mariecurie.
jpg; http://commons.wikimedia.org/wiki/File:PierreCurie.jpg; http://commons.wikimedia.org/
wiki/File:Iréne_et_Frédéric_Joliot-Curie_1935.jpg
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native country, they published their discovery in July, 1898, in the weekly
proceedings of the French Academy of Sciences. That paper introduced two new
words to the scientific community: “radioactivity” to designate whatever process
deep within atoms was giving rise to Becquerel’s ionizing rays, and “radioelement”
to any element that possessed the property of doing so. The term “radioisotope” is
now more commonly used in place of “radioelement,” as not all of the individual
isotopes of elements that exhibit radioactivity are themselves radioactive.

In December, 1898, the Curies announced that they had found a second
radioactive substance, which they dubbed “radium.” By the spring of 1902, after
starting with ten tons of pitchblende ore, they had isolated a mere tenth of a gram
of radium, which was enough for definite spectroscopic confirmation of its status
as a new element. In the summer of 1903 Marie defended her thesis, “Researches
on Radioactive Substances,” and received her doctorate from the Sorbonne. In the
fall of that year the Curies would be awarded half of the 1903 Nobel Prize for
Physics; Henri Becquerel received the other half.

2.1.2 Ernest Rutherford: Alpha, Beta, and Half-Life

In the fall of 1895, Ernest Rutherford (Fig. 2.4), a New Zealand native, arrived at
the Cavendish Laboratory of Cambridge University in England on a postgraduate
scholarship. The Director of the Laboratory was Joseph John “J. J.” Thomson,
who in the fall of 1897 was credited with discovering the electron, the funda-
mental, negatively-charged particles of matter which account for the volumes of
atoms. It is rearrangements of the outermost electrons of atoms which cause the
chemical reactions by which, for example, we digest meals to provide ourselves

Fig. 2.4 Left Ernest Rutherford (1871-1937) about 1910. Right Seated left to right in this 1921
photo are J. J. Thomson (1856-1940), Rutherford, and Francis Aston (1877-1945), inventor of
the mass spectrograph (Sect. 2.1.4). Sources http://commons.wikimedia.org/wiki/File:Ernest_
Rutherford.jpg; AIP Emilio Segre Visual Archives, Gift of C.J. Peterson
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with the energy we use to do useful work such as the preparation of book
manuscripts.

Rutherford’s intrinsic intelligence, capacity for sheer hard work, and unparal-
leled physical insight combined with propitious timing to set him on a path to
become one of history’s great nuclear pioneers. Soon after Rutherford arrived in
Cambridge, Rontgen discovered X-rays. As a student, Rutherford had developed
considerable experience with electrical devices, and the Cavendish Laboratory was
well-equipped with Thomson’s “cathode ray tubes,” the core apparatus for
generating X-rays. Rutherford soon began studying their ionizing properties. When
the discovery of radioactivity was announced, it was natural for him to turn his
attention to this new ionizing phenomenon.

Rutherford discovered that he could attenuate some of the uranium activity by
wrapping the samples in thin aluminum foils; adding more layers of foil decreased
the activity. Rutherford deduced that there appeared to be two types of radiation
present, which he termed “alpha” and “beta.” Alpha-rays could be stopped easily
by a thin layer of foil or a few sheets of paper, but beta-rays were more penetrating.
Henri Becquerel later showed that both types could be deflected by a magnetic
field, but in opposite directions and by differing amounts. This meant that the rays
must be electrically charged; alphas proved to be positive, and betas negative.
Becquerel also later proved that beta rays were identical to electrons. Alpha-rays
were much less affected by a magnet, which meant that they must be much more
massive than electrons (further details on this point appear in Sect. 2.1.4).

In the fall of 1898, Rutherford completed his studies at Cambridge, and moved
to McGill University in Montreal, Canada, where he had been appointed as the
McDonald Professor of Physics. Over the next three decades he continued his
radioactivity research, both at McGill and later back in England. This research
would contribute to a series of groundbreaking discoveries in the area of atomic
structure, and would earn him the 1908 Nobel Prize for Chemistry.

Rutherford’s first major discovery at McGill occurred in 1900, when he found
that, upon emitting its radiation, thorium simultaneously emitted a product which
he termed “emanation.” The emanation was also radioactive, and, when isolated,
its radioactivity was observed to decline in a geometrical progression with time.
Specifically, the activity decreased by a factor of one-half for every minute of time
that elapsed. Rutherford had discovered the property of radioactive half-life, the
quintessential natural exponential decay process.

As an example, suppose that at “time zero” you have 1,000 atoms of some
isotope that has a half-life of 10 days. You can then state that 500 of them will
have decayed after 10 days. You cannot predict which of the 500 will have
decayed, however. Over the following 10 days a further 250 of the original
remaining atoms will decay, and so on. Remarkably, the probability that a given
atom will decay in some specified interval of time is completely independent of
how long it has managed to avoid decaying; in the subatomic world, age is not a
factor in the probability of continued longevity.

The following paragraphs examine the mathematics of half-life. Readers who
wish to skip this material should proceed to the paragraph following Eq. (2.8).
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If the number of nuclei of some radioactive species at an arbitrarily-designated
starting time ¢ = 0 is Ny, then the number that remain after time ¢ has elapsed can
be written as

N(1) = Noe ™, (2.1)

where 1 is the so-called decay constant of the species. If 7/, is the half-life of the
species for some mode of decay (alpha, beta, ...), 4 is given by

. In2
L= —

=—. 22
» (2.2)

Since half-lives run from tiny fractions of a second to billions of years, there is
no preferred unit for them; one must be careful to put ¢ and #,/, in the same units
when doing calculations.

What is measured in the outside world is the rate of decays R, which is
determined by taking the derivative of (2.1):

__dN(1)
o dr

R(1) = —JNge " = —)N(t). (2.3)

The meaning of the negative sign is that the number of nuclei of the original
species steadily decreases as time goes on; what is customarily quoted is the
absolute value of R(t).

Since one is more likely to know the mass of material m that one is working
with rather than the number of atoms, it is helpful to have a way of relating these
two quantities. This is given by

mN, A
N = 1 (2.4)
where N, is Avogadro’s number and A is the molecular weight of the species.
Tradition is to quote A in grams per mole, which means that m must be expressed
in grams.

Marie and Pierre Curie adopted the rate of decay of a freshly-isolated one-gram
sample of radium-226 as a standard for comparing radioactivity rates of different
substances. This isotope, which has a half-life of 1,599 years, is a rather prodi-
gious emitter of alpha-particles. With A = 226.025 g/mol,

mNa (1 2)(6.022 x 10%nuclei/mol) 21 .
No ="0A —2.664 x 10* nuclei. (2.5
0= 74 (226.025 g/mol) < 107 nuclei. - (2.5)

To compute the decay rate in nuclei per second, convert 1,599 years to seconds;
1 year = 3.156 x 107 s. Hence 1,599 years = 5.046 x 10" s, and the initial
decay rate will be

(In 2)(2.664 x 10?! nuclei)

Rp =Ny =
0 ¢ (5.046 x 10105)

= 3.66 x 10' nuclei/s. (2.6)
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This rate of activity, slightly rounded, is now known as the Curie, abbreviated Ci:

1 Ci = 3.7 x 10'decay/s. (2.7)

This is a large number, but a gram of radium contains some 10%' atoms and so
will maintain its activity for a long time; even after several years it will possess
essentially the same rate of activity it began with.

In many situations, a Curie is too large a unit of activity for practical use, so in
technical papers one often encounters millicuries (one-thousandth of a Curie, mCi)
or microcuries (one-millionth of a Curie; uCi). Household smoke detectors contain
about 1 pCi of radioactive material (37,000 decays per second) which ionizes a
small volume of air around a sensor in order to aid in the detection of smoke
particles. A more modern unit of activity is the Becquerel (Bg); one Bgq is equal to
one decay per second. In this unit, a smoke detector would be rated as having an
activity of 37 kiloBecquerels (kBg). If you would like to try a quick exercise,
imagine that you have 1 kilogram of plutonium-239, which has A = 239.05 g/mol
and a half-life for alpha-decay of 24,100 years. You should be able to prove that
the decay rate would be 62 Ci, a substantial number. We will see in Chap. 7 that
decay rates are an important consideration in nuclear weapons engineering.

To better understand the comment above about decay probability being inde-
pendent of age, consider the following argument. If the number of undecayed
nuclei at some time is N(¢), then (2.3) tells us that in the subsequent df seconds the
number that will decay is dN = 1 N(f) dt. The probability P(z, df) that any given
nucleus will decay during these dr seconds is therefore the number that do decay,
divided by the number that was available at the start of the interval:

P(t,dt) = AN(1) di =/ dt. (2.8)
N(1)

As claimed, P(t, df) is independent of the time ¢ that had elapsed before the
interval considered.

Rutherford sought to identify what element the thorium “emanation” actually
was, and to do so teamed up with Frederick Soddy, a young Demonstrator in
Chemistry (Fig. 2.5). They had expected the emanation to be some form of
thorium, but Soddy’s analysis revealed that it behaved like an inert gas. This
suggested that the thorium was spontaneously transmuting itself into another
element, a conclusion that would prove to be one of the pivotal discoveries of
twentieth-century physics. Soddy initially thought that the emanation was argon
(element 18), but it would later come to be recognized as radon (element 86).
Various isotopes of thorium, radium, and actinium decay to various isotopes of
radon, which themselves subsequently decay.

In the 1920s half-life came to be understood as a quantum—mechanical process
that is a manifestation of the wave-nature of particles at the atomic level; it is a
purely probabilistic phenomenon. This more sophisticated understanding has no
bearing on the issues discussed in this book, however: for our purposes, we can
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Fig. 2.5 Frederick Soddy
(1877-1956). Source http://
commons.wikimedia.org/
wiki/File:Frederick_
Soddy_(Nobel_1922).png

regard radioactive decay as an empirical phenomenon described by the mathe-
matics developed above.

2.1.3 Units of Energy in Nuclear Physics and the Energy
of Radioactive Decay

In this and the following section we break with chronological progression to fill in
some background physics on the units of energy conventionally used in nuclear
physics, and the history of the discovery of isotopes. We will return to Rutherford
in Sect. 2.1.5.

In the rare circumstances when people consider the quantities of energy that
they consume or produce, the unit of measure involved will likely be something
such as the kilowatt-hours that appear on an electric bill or the food-calories on a
nutrition label. Science students will be familiar with units such as Joules and
physical calories (1 cal = 4.187 J). The food calorie appearing on nutrition labels
is equivalent to 1,000 physical calories, a so-called kilocalorie. The food calorie
was introduced because the physical calorie used by physicists and chemists is
inconveniently small for everyday use.

The words energy and power are often confused in common usage. Power is the
rate at when energy is created or used. For physicists, the standard unit of power is


http://commons.wikimedia.org/wiki/File:Frederick_Soddy_(Nobel_1922).png
http://commons.wikimedia.org/wiki/File:Frederick_Soddy_(Nobel_1922).png
http://commons.wikimedia.org/wiki/File:Frederick_Soddy_(Nobel_1922).png
http://commons.wikimedia.org/wiki/File:Frederick_Soddy_(Nobel_1922).png

2.1 Radioactivity, Nuclei, and Transmutations: Developments to 1932 25

the Watt, which is equivalent to producing (or consuming) one Joule of energy per
second. A kilowatt (kW) is 1,000 W, or 1,000 J/s. A kilowatt-hour (kWh) is
1,000 W times one hour, that is, 1,000 J/s times 3,600 s, or 3.6 million Joules. A
60-W bulb left on for one hour will consume (60 J/s)(3,600 s) = 216,000 J, or
0.06 kWh. If electricity costs 10 cents per KkWh, your bill for that hour will be six-
tenths of one cent. The cost would still be a bargain at twice the price, so you can
keep reading.

When dealing with processes that happen at the level of individual atoms,
however, calories, Joules, and Watts are all far too large to be convenient; one
would be dealing with exceedingly tiny fractions of them in even very energetic
reactions. To address this, physicists who study atomic processes developed a
handier unit of energy: the so-called electron-Volt. One electron-Volt is equivalent
to a mere 1.602 x 10~'° J. This oddly-named quantity, abbreviated eV, actually
has a very sound basis in fundamental physics. You can skip this sentence if you
are unfamiliar with electrical units, but for those in the know, an eV is technically
defined as the kinetic energy acquired by a single electron when it is accelerated
through a potential difference of one Volt. As an everyday example, the electrons
supplied by a 1.5-V battery each emerge with 1.5 eV of kinetic energy. A common
9-V battery consists of six 1.5-V batteries connected in series, so their electrons
emerge with 9 eV of energy. On an atom-by-atom basis, chemical reactions
involve energies of a few eV. For example, when dynamite is detonated, the
energy released is equivalent to 9.9 eV per molecule.

Nuclear reactions are much more energetic than chemical ones, typically
involving energies of millions of electron-volts (MeV). We will see many reac-
tions involving MeVs in this book. If a nuclear reaction liberates 1 MeV per atom
involved (nucleus, really) while a chemical reaction liberates 10 eV per atom
involved, the ratio of the nuclear to chemical energy releases will be 100,000. This
begins to give you a hint as to the compelling power of nuclear weapons. An
“ordinary” bomb that contains 1,000 pounds of chemical explosive could be
replaced with a nuclear bomb that utilizes only 1/100 of a pound of a nuclear
explosive, presuming that the weapons detonate with equal efficiency. Thousands
of tons of conventional explosive can be replaced with a few tens of kilograms of
nuclear explosive. Nuclear fission weapons like those used at Hiroshima and
Nagasaki involved reactions which liberated about 200 MeV per reaction, so a
nuclear explosion in which even only a small amount of the “explosive” actually
reacts (e.g., one kilogram) can be incredibly devastating.

It did not take physicists long to appreciate that natural radioactivity was
accompanied with substantial energy releases. In 1903, Pierre Curie and a col-
laborator, A. Laborde, found that just one gram of radium released on the order of
100 physical calories of heat energy per hour. Rutherford and Soddy were also on
the same track. In a May, 1903, paper titled “Radioactive Change,” they wrote
that (expressed in modern units) “the total energy of radiation during the disin-
tegration of one gram of radium cannot be less than 10® calories and may be
between 10° and 10'° calories. The union of hydrogen and oxygen liberates
approximately 4 x 107 calories per gram of water produced, and this reaction sets
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free more energy for a given weight than any other chemical change known. The
energy of radioactive change must therefore be at least 20,000 times, and may be a
million times, as great as the energy of any molecular change.” Another statistic
Rutherford was fond of quoting was that a single gram of radium emitted enough
energy during its life to raise a 500-t weight a mile high.

The moral of these numbers is that nuclear reactions liberate vastly more energy
per reaction than any chemical reaction. As Rutherford and Soddy wrote: “All
these considerations point to the conclusion that the energy latent in the atom must
be enormous compared with that rendered free in ordinary chemical change.” That
enormity would have profound consequences.

2.1.4 Isotopes, Mass Spectroscopy, and the Mass Defect

In this section I give a brief history of the discovery of isotopes, and a description
of the notations now used to designate them. This material is somewhat technical,
but the concept of isotopy is an important one that will run throughout this book.

In modern terminology, an element’s location in the periodic table is dictated
by the number of protons in the nuclei of its atoms. This is known as the atomic
number, and is designated by the letter Z. Atoms are usually electrically neutral, so
the atomic number also specifies an atom’s normal complement of electrons.
Chemical reactions involve exchanges of so-called valence electrons, which are
the outermost electrons of atoms. Quantum physics shows us that the number of
electrons in an atom, and hence the number of protons in its nucleus, accounts for
its chemical properties. The periodic table as it is published in chemistry texts is
deliberately arranged so that elements with similar chemical properties (identical
numbers of valence electrons) appear in the same column of the table.

The number of neutrons in a nucleus is designated by the letter N, and the total
number of neutrons plus protons is designated by the letter A: A =N + Z. A is
known as the mass number, and also as the nucleon number; the term nucleon
means either a proton or a neutron. By specifying Z and A, we specify a given
isotope. Be careful: A is also used to designate the atomic weight of an element
(or isotope) in grams per mole. The atomic weight and nucleon number of an
isotope are always close, but the difference between them is important. The
nucleon number is always an integer, but the atomic weight will have decimals.
For example, the nucleon number of uranium-235 is 235, but the atomic weight of
that species is 235.0439 g/mol. The term nuclide is also sometimes encountered,
and is completely synonymous with isotope.

The general form for isotope notation is

2X. (2.9)

In this expression, X is the symbol for the element involved. The subscript is
always the atomic number, and the superscript is always the mass number. For
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example, the oxygen that you are breathing while reading this passage consists of
three stable isotopes: {°0, 170, and {*O. All oxygen atoms have eight protons in
their nuclei, but either eight, nine, or ten neutrons. These nuclides are also referred
to as oxygen-16 (O-16), oxygen-17 (O-17), and oxygen-18 (O-18). By far the most
common isotope of oxygen is the first one: 99.757 % of naturally-occurring
oxygen is O-16, with only 0.038 and 0.205 % being O-17 and O-18, respectively.
Three isotopes that will prove very important in the story of the Manhattan Project
are uranium-235, uranium-238, and plutonium-239: g%SU, g%gU, and gigPu.

The concepts of atomic number and isotopy developed over many years. The
foundations of modern atomic theory can be traced back to 1803, when English
chemist John Dalton put forth a hypothesis that all atoms of a given element are
identical to each other and equal in weight. An important development in Dalton’s
time came about when chemical evidence indicated that the masses of atoms of
various elements seemed to be very nearly equal to integer multiples of the mass of
hydrogen atoms. This notion was formally hypothesized about 1815 by English
physician and chemist William Prout, who postulated that all heavier elements are
aggregates of hydrogen atoms. He called the hydrogen atom a “protyle,” a fore-
runner of Ernest Rutherford’s “proton.” Parts of both Dalton’s and Prout’s
hypotheses would be verified, but other aspects required modification. In partic-
ular, something looked suspicious about Prout’s idea from the outset, as some
elements had atomic weights that were not close to integer multiples of that of
hydrogen. For example, chlorine atoms seemed to weigh 35.5 times as much as
hydrogen atoms.

The concept of isotopy first arose from evidence gathered in studies of natural
radioactive decay chains (Sect. 2.1.6). Substances that appeared in different decay
chains through different modes of decay often seemed to have similar properties,
but could not be separated from each other by chemical means. The term
“isotope” was introduced in 1913 by Frederick Soddy, who had taken a position at
the University of Glasgow. Soddy argued that the decay-chain evidence suggested
that “the net positive charge of the nucleus is the number of the place which the
element occupies in the periodic table”. Basing his hypothesis on the then-current
idea that the electrically neutral mass in nuclei was a combination of protons and
electrons, Soddy went on to state that the “algebraic sum of the positive and
negative charges in the nucleus, when the arithmetical sum is different, gives what
I call “isotopes” or “isotopic elements,” because they occupy the same place in
the periodic table.” The root “iso” comes from the Greek word “isos,” meaning
“equal,” and the p in fope serves as a reminder that it is the number of protons
which is the same in all isotopes of a given element. In the same paper, Soddy also
developed an ingenious argument to show that the electrons emitted in beta-decay
had to be coming from within the nucleus, not from the “orbital” electrons.

True understanding of the nature and consequences of isotopy came with the
invention of mass spectroscopy, an instrumental technique for making extremely
precise measurements of atomic masses. In his 1897 work, J. J. Thomson mea-
sured the ratio of the electrical charge carried by electrons to their mass by using
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electric and magnetic fields to deflect them and track their trajectories. In 1907,
Thomson modified his apparatus to investigate the properties of positively-charged
(ionized) atoms, and so developed the first “mass spectrometer.” In this device,
electric and magnetic fields were configured to force ionized atoms to travel along
separate, unique parabolic-shaped trajectories which depended on the ions’ mas-
ses. The separate trajectories could be recorded on a photographic film for later
analysis.

In 1909, Thomson acquired an assistant, Francis Aston, a gifted instrument-
maker (Fig. 2.6). Aston improved Thomson’s instrument, and, in November, 1912,
obtained evidence for the presence of two isotopes of neon, of mass numbers 20
and 22 (taking hydrogen to be of mass unity). The atomic weight of neon was
known to be 20.2. Aston reasoned that this number could be explained if the two
isotopes were present in a ratio of 9:1, as is now known to be the case. (There is a
third isotope of neon, of mass 21, but it comprises only 0.3 % of natural neon.)
Aston tried to separate the two neon isotopes using a technique known as diffusion.
As described in Chap. 1, this refers to the passage of atoms through a porous
membrane. Aston passed neon through clay tobacco pipes, and did achieve a small
degree of enrichment.

Following a position involving aircraft research during World War I, Aston
returned to Cambridge, and in 1919 he built his own mass spectrometer which
incorporated some improvements over Thomson’s design. In a series of papers
published from late that year through the spring of 1920, he presented his first
results obtained with the new instrument. These included a verification of the two

Fig. 2.6 Francis Aston
(1877-1945) Source http://
commons.wikimedia.org/
wiki/File:Francis_ William_
Aston.jpg
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Fig. 2.7 Principle of mass spectroscopy. Positive ions are accelerated by an electric field and
then directed into a magnetic field which emerges perpendicularly from the page. Ions of different
mass will follow different circular trajectories, with those of greater mass having larger orbital
radii

previously-detected neon isotopes, and a demonstration that chlorine comprised a
mixture of isotopes of masses 35 and 37 in an abundance ratio of about 3:1. In later
years (1927 and 1937), Aston developed improved instruments, his so-called
second and third mass spectrometers.

The principle of Aston’s mass spectrometer is sketched very simplistically in
Fig. 2.7. Inside a vacuum chamber, the sample to be investigated is heated in a
small oven. The heating will ionize the atoms, some of which will escape through
a narrow slit. The ionized atoms are then accelerated by an electric field, and
directed into a region of space where a magnetic field of strength B is present. The
magnetic field is arranged to be perpendicular to the plane of travel of the posi-
tively-charged ions, that is, perpendicular to the plane of the page in Fig. 2.7; the
electrical coils or magnet poles for creating the field are not sketched in the
diagram. The magnetic field gives rise to an effect known as the Lorentz Force
Law, which causes the ions to move in circular trajectories; an ion of mass m and
net charge ¢ that is moving with speed v will enter into a circular orbit of radius
r = mv/qB.

If all ions are ionized to the same degree and have the same speed, heavier ones
will be deflected somewhat less than lighter ones; that is, they will have larger-
radius orbits. Only two different mass-streams are sketched in Fig. 2.7; there will
be one stream for each mass-species present. The streams will be maximally
separated after one-half of an orbit, where they can be collected on a film. Present-
day models incorporate electronic detectors which can feed data to a computer for
immediate analysis.
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During his career, Aston discovered over 200 naturally-occurring isotopes,
including uranium-238. Surprisingly, he does not have an element named after
him, but he did receive the 1922 Nobel Prize for Chemistry. Aston’s work showed
that John Dalton’s 1803 conjecture had been partially correct: atoms of the same
element behave identically as far as their chemistry is concerned, but the presence
of isotopy means that not all atoms of the same element have the same weight.
Similarly, Aston found that Prout’s conjecture that the masses of all atoms were
integer multiples of that of hydrogen, if one substitutes “isotopes” for “atoms,”
was also very nearly true. But that very nearly proved to involve some very
important physics.

What is meant by very nearly here? As an example, consider the common form
of iron, Fe-56, nuclei of which contain 26 protons and 30 neutrons. Had Prout been
correct, the mass of an iron-56 atom should be 56 “mass units,” if one neglects the
very tiny contribution of the electrons. (A technical aside: 56 electrons would
weigh about 1.4 % of the mass of a proton. We are also assuming, for sake of
simplicity, that protons and neutrons each weigh one “mass unit”; neutrons are
about 0.1 % heavier than protons.) Mass spectroscopy can measure the masses of
atoms to remarkable precision; the actual weight of an iron-56 atom is 55.934937
atomic mass units (see Sect. 2.5 for a definition of the atomic mass unit). The
discrepancy of 55.934937 — 56 = —0.065063 mass units, what Aston called the
“mass defect,” is significant, amounting to about 6.5 % of the mass of a proton.
This mass defect effect proved to be systemic across the periodic table: all stable
atoms are less massive than one would predict on the basis of Prout’s whole-
number hypothesis. Iron has a fairly large mass defect, but by no means the largest
known (Fig. 2.8). The mass-defect is not an artifact of protons and neutrons having
slightly different masses; if one laboriously adds up the masses of all of the
constituents of atoms, the defects are still present. The unavoidable conclusion is
that when protons and neutrons assemble themselves into nuclei, they give up
some of their mass in doing so.

Physicists now quote mass defects in terms of equivalent energy in MeVs,
thanks to E = mc?. One mass unit is equivalent to 931.4 MeV, so the iron-56 mass
defect amounts to just over 60 MeV. Because this is a mass defect, it is formally
cited as a negative number, —60.6 MeV. The capital Greek letter delta (as in
“Defect”) is now used to designate such quantities: A = —60.6 MeV.

Where does the mass go when nature assembles nuclei? Empirically, nuclei
somehow have to hold themselves together against the immense mutual repulsive
Coulomb forces of their constituent protons; some sort of nuclear “glue” must be
present. To physicists, this “glue” is known synonymously as the “strong force”
or as “binding energy,” and is presumed to be the “missing” mass transformed
into some sort of attractive energy. The greater the magnitude of the mass defect,
the more stable will be the nucleus involved. Figure 2.8 shows a graph of the mass
defects of 350 nuclides that are stable or have half-lives greater than 100 years, as
a function of mass number A. The deep valley centered at A ~ 120 attests to the
great stability of elements in the middle part of the periodic table; negative values
of A connote intrinsic stability. The gap between A ~ 210 and 230 is due to the
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fact that there are no long-lived isotopes of elements between bismuth (Z = 83)
and thorium (Z = 90). Isotopes with A > 230 could be said to have a “mass
surplus.” Consistent with the idea that negative A-values connote stability, all such
positive A-valued nuclei eventually decay.

The two forgoing paragraphs actually muddle the concepts of mass defect and
binding energy for sake of simplifying the description. Strictly, these are separate
(but related) quantities. At a qualitative level, the details of the technical dis-
tinctions between them do not really add to the central concept that “lost mass”
transforms to “binding energy.” For sake of completeness, however, further
details are discussed in Sect. 2.5, which can be considered optional.

Figure 2.8 can be used to estimate the energy released in hypothetical nuclear
reactions. This is discussed in greater detail in Sect. 2.1.6, but the essence is
straightforward: Add up the A-values of all of the input reactants (be careful with
negative signs!), and then subtract from that result the sum of the A-values of the
output products. The arrows in Fig. 2.8 show an example: a hypothetical splitting
of a nucleus with A ~ 240 into two nuclei of A ~ 120. The input A-value
is ~ +40 MeV. The sum of the output A-values is approximately (—90 MeV) +
(=90 MeV) ~ —180 MeV. The difference between these is ~ (+40) —
(—180) ~ +220 MeV, a large amount of energy even by nuclear standards. In late
1938 it was discovered that reactions like this are very real possibilities indeed.

There exist 266 apparently permanently stable, naturally occurring isotopes of
the various elements, and about a hundred more “quasi-stable” ones with half-
lives of a hundred years or greater. A compact way of representing all these
nuclides is to plot each one as a point on a graph where the x-axis represents the
number of neutrons, and the y-axis the number of protons. All isotopes of a given
element will then lie on a horizontal line, since the number of protons in all nuclei
of a given element is the same. This is shown in Fig. 2.9 for the 350 stable and
quasi-stable nuclei of Fig. 2.8. Clearly, stable nuclei follow a very well-defined
Z(N) trend. Nature provides nuclei with neutrons to hold them together against the
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Fig. 2.9 Proton number Z versus neutron number N for 350 isotopes with half-lives >100 years,
showing the narrow “band of stability” for nuclides. The trendline is described by the equation
Z ~ 1.264 N *%_ As discussed in Sect. 2.1.6, “neutron-rich” nuclei would lie below the band of
points and decay to stability along leftward-diagonally-upwards trajectories by f~ decay.
Conversely, “neutron-poor” nuclei would lie above the band of points and decay along rightward-
diagonally-downwards trajectories by 8+ decay; see Fig. 2.12

mutual repulsion of their protons, but she is economical in doing so. Mass
represents energy (E = mc?), and Nature is evidently unwilling to invest more
mass-energy to stabilize nuclei than is strictly necessary.

Note also that the points in the graph curve off to the right; this indicates that
the vast majority of nuclei, except for a very few at the bottom-left of the graph,
contain more neutrons than protons; this effect is known as the neutron excess.
We will revisit such plots in Sect. 2.1.6.

We now return for one section to pick up the story of early nuclear physics,
after which will follow another tutorial on nuclear reactions.

2.1.5 Alpha Particles and the Nuclear Atom

In the spring of 1907, Rutherford returned to England to take a position at
Manchester University. When he arrived there, he made a list of promising
research projects, one of which was to pin down the precise nature of alpha
particles. Based on experiments where the number of alphas emitted by a sample
of radium had been counted and the charge carried by each had been determined,
he had begun to suspect that they were ionized helium nuclei. However, he needed
to trap a sample of alphas for confirming spectroscopic analysis. Working with
student Thomas Royds, Rutherford accomplished this with one of his typically
elegant experiments.

In the Rutherford-Royds experiment, a sample of radon gas was trapped in a
very thin-walled glass tube, which was itself surrounded by a thicker-walled tube.
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The space between the two tubes was evacuated, and the radon was allowed to
decay for a week. The energetic radon alphas could easily penetrate through the
1/100-mm thick wall of the inner tube. During their flights they would pick up
electrons, become neutralized, and then become trapped in the space between the
tubes. The neutralized alphas were then drawn off for analysis, and clearly showed
a helium spectrum. Rutherford and Royds published their finding in 1909. In the
notation described in the preceding section, alpha particles are identical to helium-
4 nuclei: jHe.

The discovery for which Rutherford is most famous is that atoms have nuclei;
this also had its beginnings in 1909. One of the projects on Rutherford’s to-do list
was to investigate how alpha particles “scattered” from atoms when they (the
alphas) were directed through a thin metal foil. At the time, the prevailing notion
of the structure of an atom was of a cloud of positive electrical material within
which were embedded negatively-charged electrons. Thomson had determined that
electrons weighed about 1/1,800 as much as a hydrogen atom; since hydrogen was
the lightest element, it seemed logical to presume that electrons were small in
comparison to their host atoms. This picture has been likened to a pudding, with
electrons playing the role of raisins inside the body of the pudding. Another line of
atomic structure evidence came from the chemistry community. From the bulk
densities of elements and their atomic weights, it could be estimated that indi-
vidual atoms behaved as if they were a few Angstroms in diameter
(1 A = 107'° m; see Exercise 2.1). The few Angstroms presumably represented
the size of the overall cloud of positive material.

Rutherford had been experimenting with the passage of alpha-particles through
metal foils since his earliest days of radioactivity research, and all of his experi-
ence indicated that the vast majority of alphas were deflected by only a very few
degrees from straight-line paths as they barreled their way through a layer of foil.
This observation was in line with theoretical expectations. Thomson had calcu-
lated that the combination of the size of a positively-charged atomic sphere and the
kinetic energy of an incoming alpha (itself also presumably a few Angstroms in
size) would be such that the alpha would typically suffer only a small deflection
from its initial trajectory. Deflections of a few degrees would be rare, and a
deflection of 90° was expected to be so improbable as to never have any rea-
sonable chance of being observed. In the Thomson atomic model, a collision
between an alpha and an atom should not be imagined as like that between two
billiard balls, but rather more like two diffuse clouds of positive electricity passing
through each other. The alphas would presumably strike a number of electrons
during the collision, but the effect of the electrons’ attractive force on the alphas
would be negligible due to the vast difference in their masses, a factor of nearly
8,000. Electrons played no part in Rutherford’s work.

Rutherford was working with Hans Geiger (Fig. 2.10) of Geiger counter fame,
who was looking for a project to occupy an undergraduate student, Ernest
Marsden, another New Zealand native. Rutherford suggested that Geiger and
Marsden check to see if they could observe any large-angle deflections of alphas



34 2 A Short History of Nuclear Physics to the Mid-1930s

Fig. 2.10 Hans Geiger
(1882-1945) in 1928. Source
http://commons.
wikimedia.org/wiki/
File:Geiger,Hans_1928.jpg

when they passed through a thin gold foil, fully expecting a negative result. Gold
was used because it could be pressed into a thin foil only about a thousand atoms
thick. To Geiger and Marsden’s surprise, a few alphas, about one in every 8,000,
were bounced backward toward the direction from which they came. The number
of such reflections was small, but was orders of magnitude more than what was
expected on the basis of Thomson’s model. Rutherford was later quoted as saying
that the result was “almost as incredible as if you had fired a 15-in. shell at a piece
of tissue paper and it came back and hit you.” Geiger and Marsden published their
anomalous result in July, 1909. The work of detecting the scattered alpha-particles
was excruciating. A Geiger counter could have been used to detect the alphas, but
they had to be seen to get detailed information on their direction of travel. This
was done by having the scattered alphas strike a phosphorescent screen; a small
flash of light (a “scintillation”) would be emitted, and could be counted by an
observer working in a darkened room. Geiger and Marsden counted thousands of
such scintillations.

So unexpected was Geiger and Marsden’s result that it took Rutherford the
better part of 18 months to infer what it meant. The conclusion he came to was that
the positive electrical material within atoms must be confined to much smaller
volumes than had been thought to be the case. The alpha-particles (themselves also
nuclei) had to be similarly minute; only in this way could the electrical force
experienced by an incoming alpha be intense enough to achieve the necessary
repulsion to turn it back if it should by chance strike a target nucleus head-on; the
vast majority of alpha nuclei sailed through the foil, missing gold nuclei by wide
margins. The compaction of the positive charge required to explain the scattering
experiments was stunning: down to a size of about 1/100,000 of an Angstrom. But,
atoms as a whole still behaved in bulk as if they were a few Angstroms in
diameter. Both numbers were experimentally secure and had to be accommodated.
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This, then, was the origin of our picture of atoms as miniature solar systems: very
small, positively-charged “nuclei” surrounded by orbiting electrons at distances
out to a few Angstroms. This configuration is now known as the “Rutherford
atom.”

A sense of the scale of Rutherford’s atom can be had by thinking of the lone
proton that forms the nucleus of an ordinary hydrogen atom as scaled up to being
two millimeters in diameter, about the size of an uncooked grain of rice. If this
enlarged proton is placed at the center of a football field, the diameter of the
lowest-energy electron orbit (that which comes closest to the nucleus) would reach
to about the goal lines. In giving us nuclei and being credited with the discovery of
the positively-charged protons that they contain, Rutherford bequeathed us atoms
that are largely empty space.

The first public announcement of this new model of atomic structure seems to
have been made on March 7, 1911, when Rutherford addressed the Manchester
Literary and Philosophical Society; this date is often cited as the birthdate of the
nuclear atom. The formal scientific publication came in July, and directly influ-
enced Niels Bohr’s famous atomic model which was published two years later.
Rutherford’s nucleus paper is a masterpiece of fusion of experimental evidence
and theoretical reasoning. After showing that the Thomson model could not
possibly generate the observed angular distribution of alpha scatterings, he dem-
onstrated that the nuclear “point-mass” model gave predictions in accord with the
data. Rutherford did not use the term “nucleus” in his paper; that nomenclature
seems to have been introduced by Cambridge astronomer John Nicholson in a
paper published in November, 1911. The term “proton” was not introduced until
June, 1920, but was coined by Rutherford himself.

With the understanding that scattering events were the results of such nuclear
collisions, Rutherford’s analysis could be applied to other elements in the sense of
using an observed scattering distribution to infer how many fundamental “pro-
tonic” charges the element possessed; this helped to place elements in their proper
locations in the periodic table. Elements had theretofore been defined by their
atomic weights (A), but it was the work of researchers such as Rutherford, Soddy,
Geiger, and Marsden which showed that it is an element’s atomic number (Z) that
dictates its chemical identity.

The atomic weights of elements were still important, however, and very much
the seat of a mystery. Together, chemical and scattering evidence indicated that the
atomic weights of atoms seemed to be proportional to their number of protonic
charges. Specifically, atoms of all elements weighed about twice as much or more
as could be accounted for on the basis of their numbers of protons. For some time,
this extra mass was thought to be due to additional protons in the nucleus which
for some reason contained electrons within themselves, an electrically neutral
combination. This would give net-charge nuclei consistent with the scattering
experiments, while explaining measured atomic weights. By the mid-1920s,
however, this proposal was becoming untenable: the Uncertainty Principle of
quantum mechanics ruled against the possibility of containing electrons within so
small a volume as a single proton, or even a whole nucleus. For many years before
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its discovery, Rutherford speculated that there existed a third fundamental con-
stituent of atoms, the neutron. As described in Sect. 2.2, he would live to see his
suspicion proven by one of his own students. That atoms are built of electrons
orbiting nuclei comprised of protons and neutrons is due very much to Rutherford
and his collaborators and students.

Having mentioned Hans Geiger, it is worthwhile to describe briefly the oper-
ation of his eponymous counter, as its use will turn up in other contexts in this
book. The original version of the Geiger counter was invented by Geiger and
Rutherford in 1908. In 1928, Geiger and a student, Walther Miiller, made some
improvements on the design, and these devices are now properly known as Geiger-
Miiller counters.

Geiger-Miiller counters operate by detecting ionizing radiation, that is, particles
that ionize atoms in a sample of gas through which they pass. Fundamentally, the
counter consists of a metal case which is closed at one end and which has a thin
plastic “window” at the other end (Fig. 2.11). Inside the tube is an inert gas,
usually helium. The case and a metallic central anode are connected to a battery
which makes (in the Figure) the tube negative and the anode positive. Energetic
particles such as alpha or beta rays penetrate through the window, and ionize
atoms of the inert gas. The liberated electrons will be attracted to the anode, while
the ionized atoms are attracted to the case. The net effect is to create an electrical
current, which is shunted by a resistor to pass through a meter. By incorporating a
speaker in the electronics, the current can be converted to the familiar “clicks” one
hears on news reports and in movies.

2.1.6 Reaction Notations, Q-Values, Alpha and Beta Decay,
and Decay Chains

In this and the following section we again break with chronological order to fill in
some background on notations for nuclear reactions, and the details of alpha and
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beta-decays and naturally-occurring decay schemes. We will pick up with more of
Rutherford’s work in Sect. 2.1.7. The present section is somewhat technical, but
involves no computations; the concept of a Q-value will prove very important later
on.

The notation for writing a nuclear reaction is very similar to used that for
describing a chemical reaction. Reactants or input nuclides are written on the left
side of a rightward-pointing arrow, and products or output nuclides are placed on
the other side, like this:

reactants — products. (2.10)

Decades of experimental evidence indicate that there are two rules that are
always obeyed in nuclear reactions:

(i) The total number of input nucleons must equal the total number of output
nucleons. The numbers of protons and neutrons may (and usually do) change,
but their sum must be conserved.

(i1) Total electric charge must be conserved. Protons count as one unit of positive
charge. Beta decays involve nuclei which create within themselves and then
eject either an electron or a positively-charged particle with the same mass as
an electron, a so-called positron. The charges of these ejected particles must
be taken into account in ensuring charge conservation (negative or positive
one unit), but they are not considered to be nucleons and so are not counted
when applying rule (i). Positrons are also known as beta-positive (") parti-
cles, while ordinary electrons are also known as beta-negative particles (7).

As an example of a typical reaction, here is one that will be discussed in more
detail in Sect. 2.1.7: alpha-bombardment of nitrogen to produce hydrogen and
oxygen:

{He + N — lH+ 0. (2.11)

Verification that both rules are followed can be seen in that (i)
4+ 14=1+417,and (i) 2 + 7 = 1 + 8. In this type of bombardment reaction,
the notational convention is to write the lighter incoming reactant first on the left
side, followed by the target nucleus. Note that a hydrogen nucleus, {H, is simply a
proton. A proton is sometimes written as just “p”, but this book will always
employ the more explicit JH notation. On the output side, the lighter product is
usually written first. In a “four-body” reaction such as this, a more compact
shorthand notation that puts the target nucleus first is sometimes employed:

1N (5He, |H){'O. (2.12)
In this format, the convention can be summarized as:

target (projectile, light product) heavy product (2.13)
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In any reaction where the input and input reactants are different, experiments
show that mass is not conserved. That is, the sum of the input masses will be
different from the sum of the output masses. Mass can either be created or lost;
what happens depends on the nuclides involved. The physical interpretation of this
relates to Einstein’s famous E = mc? equation. If mass is lost (sum of output
masses < sum of input masses), the lost mass will appear as kinetic energy of the
output products. If mass is gained (sum of output masses > sum of input masses),
energy must be drawn from somewhere to create the mass gained, and the only
source available is the kinetic energy of the “bombarding” input reactant. Nuclear
physicists always express the mass gain or loss in units of energy equivalent,
almost always in MeV. Such energy gains or losses are termed Q-values. If Q > 0,
kinetic energy is created by consuming input-reactant mass, whereas if Q <0,
input-particle kinetic energy has been consumed to create additional output mass.
The technical definition of Q is

Q = (sum of input masses) — (sum of product masses), (2.14)

quoted in units of equivalent energy (one atomic mass unit = 931.4 MeV). When
applied to computing the energy consumed or liberated in a reaction, this definition
gives the same result as the graphical method illustrated in Fig. 2.8.

The alpha-nitrogen reaction above has Q = —1.19 MeV. To approach the
nucleus and initiate the reaction, the incoming alpha-particle must possess at least
this much kinetic energy. In fact, the alpha must possess considerably more than
1.19 MeV of kinetic energy due to an effect that is not accounted for in computing
the Q-value alone, the so-called Coulomb barrier; this is discussed in Sect. 2.1.8.

Returning for a moment to mass spectroscopy, the development of means to
measure precise masses for isotopes was a crucial step forward in the progress of
nuclear physics. With precise masses and knowledge of Einstein’s E = mc?
equivalence, the energy liberated or consumed in reactions could be predicted.
Measurements of the kinetic energies of reaction products would then serve as
checks on the mass values. Conversely, for a reaction where the mass or identity of
some of the particles involved was not clear, measurements of the kinetic energies
could be used to infer what was happening. On reflecting on these connections,
you might wonder how Rutherford measured such kinetic energies; after all,
tracking a nucleus is obviously not the same as using a radar gun to measure the
speed of a car or a baseball. Experimenters had to rely on proxy measurements
such as how far a particle traveled through air or a stack of thin metal foils before
being brought to a stop. If precise mass defects are known from mass spectros-
copy, the energy liberated (or consumed) in a reaction can be computed, and the
numbers can be used to calibrate a range-versus-energy relationship. This com-
bination of theory, experimental technique, and instrumental development is an
excellent example of scientific cross-fertilization.
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2.1.6.1 Alpha Decay

Ernest Rutherford decoded alpha-decay as a nucleus spontaneously transmuting
itself to a more stable mass-energy configuration by ejecting a helium nucleus. In
doing so, the original nucleus loses two protons and two neutrons, which means
that it ends up two places down in atomic number on the periodic table and has
four fewer nucleons in total. Alpha-emission is a common decay mechanism in
heavy elements, and can be written in the arrowed notation as

4x 5 A7y + YHe. (2.15)

Here, X designates the element corresponding to the original nucleus, and Y that
of the “daughter product” nucleus. Sometimes the half-life is written below the
arrow; for example, the alpha-decay of uranium-235 can be written as

o
U 0T e 21Th + jHe. (2.16)

As always, electrical charge and nucleon number are conserved. In such decays,
the total mass of the output products is always less than that of the input particles:
Nature spontaneously seeks a lower mass-energy configuration (Q > 0). The
energy release in alpha-decays is typically QO ~ 5 — 10 MeV, the majority of
which appears as kinetic energy of the alpha-particle itself. Helium nuclei tend to
be ubiquitous in nuclear reactions as they have a large mass defect and so are very
stable.

As a tool to induce nuclear reactions, the Curies and Rutherford often utilized
alpha particles emitted in radium decay:

226Ra 159% 22Rn + He. (2.17)
,599 year
This decay has a Q-value of +4.87 MeV, which explains how the

1#N (3He, 1H)4"O reaction described above can be made to happen.

2.1.6.2 Beta Decay

Two types of beta decay occur naturally. Look back at Fig. 2.9, which illustrates
the narrow “band of stability” of long-lived isotopes. If an isotope should find
itself with too many neutrons for the number of protons that it possesses (or,
equivalently, too few protons for its number of neutrons), it will lie to the right of
the band of points. Conversely, should it have too few neutrons for the number of
protons that it possesses (or too many protons for its number of neutrons), it will
lie to the left of the band of points.

Suppose that a nucleus is too neutron-rich for its number of protons. Purely
empirically, it has been found that Nature deals with this by having a neutron
spontaneously decay into a proton. But this, by itself, would represent a net cre-
ation of electric charge, and hence a violation of charge conservation. So, a
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negative electron is created in the bargain to render no net charge created. Nucleon
number is conserved; remember that electrons do not count as nucleons. The
electron is also known as a = particle, and the reaction can be symbolized as
n — p+ e, or, equivalently, n — p + ~. The number of neutrons drops by one
while the number of protons grows by one, so the number of nucleons is
unchanged. The overall effect is

B ~
52X = Y+ (2.18)

Note that a “nucleon-like” notation has been appended to the electron to help
keep track of the charge and nucleon numbers. The result of i~ decay is to move a
nucleus up one place in the periodic table. It was Henri Becquerel who showed, in
1900, that the negatively-charged beta-rays being observed in such decays were
identical in their properties to Thomson’s electrons.

If a nucleus is neutron-poor, a proton will spontaneously decay into a neutron.
But this would represent a loss of one unit of charge, so Nature creates a posi-
tron—an anti-electron—to maintain the charge balance: p — n+e", or p —
n+ BT. Here the overall effect is

5+
Ax o4y 4 0%+, (2.19)

The result of B* decay is to move a nucleus down one place in the periodic
table.

As shown in Fig. 2.12, decay mechanisms can be represented graphically in the
(Z, N) grid format of Fig. 2.9. Also shown in Fig. 2.12 is the effect of neutron
capture. In this process, a nucleus absorbs an incoming neutron to become a
heavier isotope of itself; this will be important in later discussions of fission and
the synthesis of plutonium.
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2.1.6.3 Natural Decay Schemes

The work of the Curies and Rutherford and their various collaborators culminated
in the understanding that three lengthy decay sequences occur spontaneously in
Nature. All three begin with an isotope of thorium or uranium, and terminate with
three different isotopes of lead. These are illustrated in Fig. 2.13, which is of the
same form as Fig. 2.12.

As an example of the use of decay-chain notation, consider again Rutherford’s
one-minute thorium “emanation” of Sect. 2.1.2. The observed one-minute half-life
probably represented the decay of radon-220:

o o

= 2%Pb — ... (2.20)

228 224 %220 %218
90 Ih s Ra = goRn — 84P031m

1.9 year 3.63 days 556

The first step in this chain, thorium-228, is itself a decay product of uranium.
The identification of Rn-220 as Rutherford’s thorium emanation is strong, but not
absolutely secure: many heavy-element half-lives are on the order of a minute; as
described in a McGill University website, it is not clear exactly what isotopes
Rutherford detected, as the concept of isotopy had not yet been established in
1900.

The work accomplished by the world’s first generation of radiochemists was
staggering. Uranium and thorium ores contain constantly varying amounts of a
number of isotopes which are created by decays of heavier parent isotopes, and
which themselves decay to lighter daughter products until they arrive at stable
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Fig. 2.13 Natural radioactive decay sequences. Nuclei of uranium-238, uranium-235, and
thorium-232 all decay to isotopes of lead (Pb-206, 207, and 208, respectively) via sequences of
alpha and beta decays. These sequences are respectively indicted by the chains of dotted, dashed,
and solid lines
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neutron/proton configurations. Only by isolating samples of individual elements
and subjecting them to mass-spectroscopic analyses could individual isotopes be
characterized.

2.1.7 Artificial Transmutation

Rutherford’s last great discovery came in 1919. This was his realization that it was
possible to set up experimental situations wherein atoms of a given element could
be transmuted into those of another, when bombarded by nuclei of yet a third. The
idea of elemental transmutation was not new; after all, this is precisely what
happens in natural alpha and beta-decays. What was new was the realization that
transmutations could be induced by human intervention.

The work that led to this discovery began around 1915, and was carried out by
Ernest Marsden. As part of an experimental program involving measurements of
reaction energies, Marsden bombarded hydrogen atoms with alpha-particles
produced by the decay of samples of radon gas contained in a small glass vials.
A hydrogen nucleus would receive a significant kick from a collision with an
alpha-particle and be set into motion at high speed. These experiments were done
by sealing the alpha source and hydrogen gas inside a small chamber, as sketched
in Fig. 2.14. At one end of the chamber was a small scintillation screen which
could be viewed through a microscope, as had been done in the alpha-scattering
experiments. By placing thin metal foils just behind the screen, Marsden could
determine the ranges, and hence the energies, of the struck protons. So far, there is
nothing unusual here; these experiments were routine work that involved the use of
known laws of conservation of energy and momentum to cross-check and interpret
measurements.

Breakthroughs favor an attentive and experienced mind, and Marsden’s was
ready. His crucial observation was to notice that when the experimental chamber
was evacuated, the radon source itself seemed to give rise to scintillations like

Fig. 2.14 Sketch of vacuum gas
Rutherford’s apparatus for pump supply
the discovery of artificial

transmutation

scintillation .
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alpha (D
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those from hydrogen, even though there was no hydrogen in the chamber. The
implication seemed to be that hydrogen was arising in radioactive decay, an
occurrence that had never before been observed. Marsden returned to New
Zealand in 1915, and Rutherford, heavily occupied with research for the British
Admiralty, could manage only occasional experiments until World War I came to
an end in late 1918. In 1919, he turned to investigating Marsden’s unexpected
radium/hydrogen observation, and was rewarded with yet another pivotal
discovery.

Look again at Fig. 2.14. Rutherford placed a source of alpha particles within a
small brass chamber which could be evacuated and then filled with a gas with
which he wished to experiment. As Rutherford reported in his June, 1919, dis-
covery paper, he set out to investigate the phenomenon that “a metal source,
coated with a deposit of radium-C [bismuth-214], always gives rise to a number of
scintillations on a zinc sulphide screen far beyond the range of the « particles. The
swift atoms causing these scintillations carry a positive charge and are deflected by
a magnetic field, and have about the same range and energy as the swift H atoms
produced by the passage of o particles through hydrogen. These ‘natural’ scin-
tillations are believed to be due mainly to swift H atoms from the radioactive
source, but it is difficult to decide whether they are expelled from the radioactive
source itself or are due to the action of « particles on occluded hydrogen.”

Rutherford proceeded by investigating various possibilities as to the origin of
the hydrogen scintillations. No vacuum pump is ever perfect; some residual air
would always remain in the chamber no matter how thoroughly it had been
pumped down. While hydrogen is normally a very minute component of air (about
half a part per million), more could be present if the air contained water vapor.
Suspecting that the alpha particles might be striking residual hydrogen-bearing
water molecules, Rutherford began by introducing dried oxygen and carbon
dioxide into the chamber, observing, as he expected, that the number of scintil-
lations decreased. Surprisingly, however, when he admitted dry air into the
chamber, the number of hydrogen-like scintillations increased. This suggested that
hydrogen was arising not from the radium-C itself, but from some interaction of
the alpha particles with air.

The major constituents of air are nitrogen and oxygen; having eliminated
oxygen, Rutherford inferred that nitrogen might be involved. On admitting pure
nitrogen into the chamber, the number of scintillations increased yet again. As a
final test that hydrogen was not somehow arising from the radioactive source itself,
he found that on placing thin metal foils close to the radioactive source, the
scintillations persisted, but their range was reduced in accordance with what would
be expected if the alpha particles were traveling through the foils before striking
nitrogen atoms; the scintillations were evidently arising from within the volume of
the chamber. As Rutherford wrote, “it is difficult to avoid the conclusion that the
long-range atoms arising from collision of o particles with nitrogen are ... prob-
ably atoms of hydrogen .... If this be the case, we must conclude that the nitrogen
atom is disintegrated under the intense forces developed in a close collision with a
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swift o particle, and that the hydrogen atom which is liberated formed a constituent
part of the nitrogen nucleus”.
In modern notation, the reaction is written as

YHe + N — 'H+ 0 +9. (2.21)

The “y” here indicates that this reaction also releases a gamma-ray. The
gamma-ray plays no role in the interpretation of Rutherford’s experiment through
conservation of charge and mass numbers, but is included here for sake of
completeness; it will play a role in the discussion of the discovery of the neutron in
Sect. 2.2.

Because atoms are mostly empty space, only about one alpha per hundred
thousand induces such a reaction. Nuclear physicists speak of the yield of a
reaction, which is the fraction of incident particles that cause a reaction. Yield
values on the order of 107> in alpha-induced reactions are not uncommon.

Why does such a reaction not take place with oxygen, say,

He + 20 — 'H+ PF 497 (2.22)

The Q-value of this reaction is —8.1 MeV. Radium-C alphas have energies of
about 5.5 MeV, which is not enough to make the reaction happen. In the case of
nitrogen, the Q-value is about —1.2 MeV, so the alphas are sufficiently energetic
to make that reaction occur.

Rutherford and Marsden’s discovery opened yet another experimental venue:
Could alpha-particles induce transmutations in any other elements? What products
could be created? What yields were involved? As discussed in the next section,
however, there was a serious natural limitation to further experiments.

Later in 1919, Rutherford moved from Manchester University to Cambridge
University to fill the position of Director of the Cavendish Laboratory, which had
become vacant upon the retirement of J. J. Thomson. Rutherford would remain at
Cambridge until his death in October, 1937, nurturing another generation of
nuclear experimentalists. He died just 2 years before the discovery of nuclear
fission, which would lead, in a few more years, to the development and use of
nuclear weapons.

2.1.8 The Coulomb Barrier and Particle Accelerators
Consider again Rutherford’s alpha-bombardment of nitrogen, the first artificial
transmutation of an element (neglecting the gamma-ray):

iHe + 1N — lH+ 0. (2.23)

Neglecting the fact that this reaction has a negative Q-value, a simple inter-
pretation of this equation is that if you were to mix helium and nitrogen, say at
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room-temperature conditions, hydrogen and oxygen would result spontaneously.
But even if Q were positive, this would not happen because of an effect that is not
accounted for in merely writing down the reaction or in computing the Q-value:
the so-called “Coulomb barrier” problem.

Electrical charges of the same sign repel each other. This effect is known as
“the Coulomb force” after French physicist Charles-Augustin de Coulomb, who
performed some of the first quantitative experiments with electrical forces in the
late 1700s. Because of the Coulomb force, nitrogen nuclei will repel incoming
alpha-particles; only if an alpha has sufficiently great kinetic energy will it be able
to closely approach a nitrogen nucleus. Essentially, the two have to collide before
stronger but shorter-range “nuclear forces” between nucleons that effect trans-
mutations can come into play. The requisite amount of kinetic energy that the
incoming nucleus must possess to achieve a collision is called the “Coulomb
barrier.”

For an alpha-particle striking a nitrogen nucleus, the barrier amounts to about
4.2 MeV, a fairly substantial amount of energy. An atom or molecule at room
temperature will typically possess only a fraction of an eV of kinetic energy (about
0.025 eV on average), not nearly enough to initiate the reaction. Rutherford was
able to induce the nitrogen transmutation because his radium-C alphas possessed
over 5 MeV of kinetic energy.

The following material examines the physics of the Coulomb barrier. Readers
who wish to skip this material should proceed to the paragraph following
Eq. (2.31).

Figure 2.15 sketches two nuclei that are undergoing a collision. One of them, of
atomic number Z;, is presumed to be bombarding a fixed target nucleus of atomic
number Z,. Since the charge on each proton is the same magnitude as the electron
charge “e,” the charges within the nuclei will be +eZ, and +eZ,.

According to Coulomb’s law, if the centers of the two nuclei are distance
d apart, the system will possess a potential energy PE given by

PE — (621)(622) _ 622122 :
dmegd dmegd

(2.24)

where ¢¢ is a physical constant, 8.8544 x 10712 C2/(J-m).

To effect a collision, the incoming nucleus needs to approach to a distance
d which is equal to the sum of the radii of the two nuclei. To achieve such an
approach, the incoming nucleus must start with an amount of kinetic energy which

Fig. 2.15 Colliding nuclei. 7, A, 7, Ay
The nucleus on the right is
presumed to be fixed while
the one on the left approaches

A
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is at least equal to the potential energy of the system at the moment of contact in
order that it will not have been brought to a halt beforehand by the Coulomb
repulsion. Equation (2.24), when evaluated for the value of d corresponding to the
two nuclei just touching, gives the Coulomb barrier. We thus need a general way
to evaluate (2.24) for when two nuclei are just touching.

Empirically, scattering experiments show that the radii of nuclei can be
expressed in terms of their mass numbers according as the expression

radius ~ apA', (2.25)

where ag ~ 1.2 x 107> m. Designating the mass numbers as A; and A, we have

2 YAVZ,
Coulomb barrier ~ < ¢ > 122 . (2.26)
4 1 egag (Ai/3+ A;/3)

The value of e is 1.6022 x 10~'° C; substituting this, &, and ayg ~ 1.2 x 107 m
into (2.26) gives the bracketed factor as

eZ

= 1.9226 x 107 I. 227
47'580610 X ( )

This can be expressed more conveniently in terms of MeV; 1 MeV =
1.6022 x 107" J:

2

= 1.2 MeV. 2.28
4 1 gyag ¢ ( )
We can then write (2.26) as
1.2(Z,Z
Coulomb barrier ~ (42 MeV. (2.29)

(A}/ LAY 3)
For an alpha-particle striking a nitrogen nucleus, this gives, as claimed above,

12(2 x 7) 16.8

Coulomb barrier ~ ~
OUTOMD BATTIET ™ 4175 1 141/3) ~ (1.587 + 2.410)

~42MeV. (2.30)

Now imagine trying to induce a reaction by having alpha-particles strike nuclei
of uranium-235. The experiment would be hopeless if you are using an alpha
whose kinetic energy is of the typical 5-10 MeV decay energy:

1.2(2 x 92) 220.8

Coulomb barrier ~ ~
OULOMD DATIET ™ 4175 1 23513) (1587 + 6.171)

~28.5MeV. (2.31)

If one is using alphas created in natural decays, it is practical to carry out
bombardment experiments with target elements only up to Z ~ 20. By the mid-
1920s this was becoming a serious problem: researchers were literally running out
of elements to experiment with. The curiosity-driven desire to bombard heavier
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Fig. 2.16 Left Rolf Widerde (1902-1996). Right Ernest Lawrence (1901-1958). Sources
AIP Emilio Segre Visual Archives; http://commons.wikimedia.org/wiki/File:Ernest_Orlando_
Lawrence.jpg

elements thus generated a technological challenge: Was there any way that the
alpha (or other) particles could be accelerated once they had been emitted by their
parent nuclei? It was this challenge that gave birth to the first generation of particle
accelerators.

The first practical particle acceleration scheme was published by Norwegian
native Rolf Widerde (Fig. 2.16) in a German electrical engineering journal in
1928. The essence of Widerde’s proposal is pictured in Fig. 2.17. Two hollow
metal cylinders are placed end-to-end and connected to a source of variable-
polarity voltage. This means that the cylinders can be made positively or nega-
tively charged, and the charges can be switched as desired. A stream of protons
(say) is directed into the leftmost cylinder, which is initially negatively charged.
This will attract the protons, which will speed up as they pass through the cylinder.

Just as the bunch of protons emerges from the first cylinder, the voltage polarity
is switched, making the left cylinder positive and the right one negative. The
protons then get a push from the first cylinder while being pulled into the second
one, which further accelerates them. By placing a number of such units back-
to-back, substantial accelerations can be achieved; this is the principle of a linear
accelerator. Obviously, many of the incoming particles will be lost by crashing
into the side of a cylinder or because their speed does not match the frequency of
the polarity shifts of the voltage supplies; only a small number will emerge from
the last cylinder. But the point here is not necessarily efficiency; it is to generate
some high-speed particles which could surmount the Coulomb barriers of heavy
target nuclei. The longest linear accelerator in the world is now the Stanford Linear
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Accelerator in California, which can accelerate electrons to 50 billion electron-
volts of kinetic energy over a distance of 3.2 km (2 miles).

Widerde’s work came to the attention of Ernest Orlando Lawrence (Fig. 2.16),
an experimental physicist at the University of California at Berkeley. Lawrence
and collaborator David Sloan built a Wideroe device, which by late 1930 they had
used to accelerate mercury ions to kinetic energies of 90,000 eV. While experi-
menting with the Wideroe design, however, Lawrence had an inspiration that was
to have profound consequences. He desired to achieve higher energies, but was
daunted by the idea of building an accelerator that would be meters in length. How
could the device be made more compact?

In Sect. 2.1.4 a description was given of how Francis Aston utilized the Lorentz
force caused by a magnetic field to separate ions of different masses in his mass
spectrometer. Lawrence’s new device, which he called a cyclotron, also made use of
this force law, but in a way that simultaneously incorporated Wideroe’s alternating-
voltage acceleration scheme.

Lawrence’s cyclotron is sketched in Fig. 2.18, which is taken from his appli-
cation for a patent on the device. Here the voltage supply is connected to two
D-shaped metal tanks placed back-to back; they are known to cyclotron engineers
as “Dees.” The entire assembly must be placed within a surrounding vacuum tank
to avoid deflective effects of collisions of the accelerated particles with air
molecules.

The source of the ions (usually positive) is placed between the Dees. In the
diagram, the ions are initially directed toward the upper Dee, which is set to carry a
negative charge to attract them. If the voltage polarity is not changed and there is
nothing to otherwise deflect the ions, they would crash into the edge of the Dee.
But Lawrence knew from Aston’s work that if the assembly were placed between
the poles of a magnet (with the magnetic field again emerging from the page), the
Lorentz force would try to make the ions move in circular paths. The net result of
the combination of the ions’ acceleration toward the charged Dee and the Lorentz
force is that the ions move in outward-spiraling trajectories. If the magnetic field is
strong, the spiral pattern will be “tight”, and the ions will get nowhere near the
edge of the Dee in their first orbit. As ions leave the upper Dee, the polarity is
switched in order to attract them to the lower Dee. Switching and acceleration
continues (for microseconds only) until the ions strike a target at the periphery of
one of the Dees.

Lawrence and graduate student Nils Edlefsen first reported on the cyclotron
concept at a meeting of the American Association for the Advancement for
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Fig. 2.18 Schematic illustration of Lawrence’s cyclotron concept in top and side view, from his
patent application. Source http://commons.wikimedia.org/wiki/File:Cyclotron_patent.png

Science held in September, 1930, but they had no results available at that time. By
May, 1931, Lawrence had a 4.5-in. diameter device in operation (Fig. 2.19); he
and student M. Stanley Livingston reported at an American Physical Society
meeting that they were able to accelerate hydrogen molecule-ions (H3) to energies
of 80,000 eV using only a 2,000 V power supply. Later the same year, Lawrence
achieved MeV energies with an eleven-inch cyclotron. By 1932 he had constructed
a 27-in. device which achieved an energy of 3.6 MeV (Fig. 2.20), but had bigger
plans yet. Lawrence was as adept at fundraising as he was at electrical engineering,
and by 1937 had constructed a 37-in. model capable of accelerating deuterons
(nuclei of “heavy hydrogen,” 2H) to energies of 8 MeV. By 1939 he had brought
into operation a 60-in. model that required a 220-t magnet, and which could
accelerate deuterons to 16 MeV. In 1942 he brought online his 184-in. diameter
cyclotron, which is still operating and can accelerate various types of particles to
energies exceeding 100 MeV. Along the way, Lawrence established the University
of California Radiation Laboratory (“Rad Lab”), which is now the Lawrence
Berkeley National Laboratory (LBNL).

Particle accelerators allowed experimenters to surmount the Coulomb barrier and
so open up a broad range of energies and targets to experimentation. Lawrence’s
ingenuity earned him the 1939 Nobel Prize for Physics, and a variant of his cyclotron
concept would play a significant role in the Manhattan Project. Today’s giant
accelerators at the Fermi National Accelerator Laboratory (Fermilab) and the
European Organization for Nuclear Research (CERN) are the descendants of
Widerde’s and Lawrence’s pioneering efforts, and still use electric and magnetic
fields to accelerate and direct particles.

Lawrence’s development of the cyclotron occurred just as a pivotal discovery
was unfolding in Europe: the existence of the neutron. This is the topic of the next
section.
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Fig. 2.19 Left Lawrence’s original 4.5-in. cyclotron. Middle Lawrence at the controls of his
later 184-in. cyclotron. Right Lawrence, Glenn Seaborg (1912-1999), and Robert Oppenheimer
(1904-1967). Sources Lawrence Berkeley National Laboratory, courtesy AIP Emilio Segre
Visual Archives

Fig. 2.20 M. Stanley
Livingston and Ernest O.
Lawrence at the Berkeley 27-
in. cyclotron. Source
Lawrence Berkeley National
Laboratory, courtesy AIP
Emilio Segre Visual Archives

2.2 Discovery of the Neutron

The discovery of the neutron in early 1932 by Ernest Rutherford’s protégé, James
Chadwick, was a critical turning point in the history of nuclear physics. Within two
years, Enrico Fermi would generate artificially-induced radioactivity by neutron
bombardment, and five years after that, Otto Hahn, Fritz Strassmann, and Lise
Meitner would discover neutron-induced uranium fission. The latter would lead
directly to the Little Boy uranium-fission bomb, while Fermi’s work would lead to
reactors to produce plutonium for the Trinity and Fat Man bombs.

The experiments which led to the discovery of the neutron were first reported in
1930 by Walther Bothe (Fig. 2.21) and his student, Herbert Becker, who were
working in Germany. Their research involved studying the gamma radiation which
is produced when light elements such as magnesium and aluminum are bombarded
by energetic alpha-particles. In such reactions, the alpha particles often interact
with a target nucleus to yield a proton and a gamma-ray, as Ernest Rutherford had
found when he first achieved an artificially-induced nuclear transmutation:
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fHe + N — H+ 0 + 7. (2.32)

The mystery began when Bothe and Becker found that boron, lithium, and
particularly beryllium gave evidence of gamma emission under alpha bombard-
ment, but with no accompanying protons being emitted. A key point here is that
they were certain that some sort of energetic but electrically neutral “penetrating
radiation” was being emitted; this radiation could penetrate foils of metal but
could not be deflected by a magnetic field as charged particles would be. Gamma-
rays were the only electrically neutral form of penetrating radiation known at the
time, so it was natural for them to interpret their results as evidence of gamma-ray
emission despite the anomalous lack of protons.

Bothe and Becker’s beryllium result was picked up by the Paris-based husband-
and-wife team of Frédéric Joliot and Iréne Curie (the daughter of Pierre and Marie;
Fig. 2.3), hereafter referred to as the Joliot-Curies. In January, 1932, they reported
that the presumed gamma-ray “beryllium radiation” was capable of knocking
protons out of a layer of paraffin wax that had been put in its path. The situation is
shown schematically in Fig. 2.22, where the supposed gamma-rays are labeled as
“mystery radiation.”

At Cambridge, this interpretation struck Chadwick as untenable. He had sear-
ched for neutrons for many years with no success, and suspected that Bothe and
Becker and the Joliot-Curies had stumbled upon them. He immediately set about to
reproduce, re-analyze, and extend their work. In his recreation of the Joliot-Curies’
work, Chadwick’s experimental setup involved polonium (the alpha source)

Fig. 2.21 Left Walter Bothe (1891-1957); Right James Chadwick (1891-1974). Sources
Original drawing by Norman Feather, courtesy AIP Emilio Segre Visual Archives; http:/
commons.wikimedia.org/wiki/File:Chadwick.jpg
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Fig. 2.22 The “beryllium ]
radiation” experiment of beryllﬂm
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deposited on a silver disk 1 cm in diameter placed close to a disk of pure beryllium
2 cm in diameter, with both enclosed in a small vessel which could be evacuated.
In comparison to the gargantuan particle accelerators of today, these experiments
were literally table-top nuclear physics.

Let us first assume that Bothe and Becker and the Joliot-Curies were correct in
their interpretation that o-bombardment of beryllium creates gamma-rays. To
account for the lack of protons created in the bombardment, the Joliot-Curies
hypothesized that the reaction was

iHe + Be — °C + 7. (2.33)

The Q-value of this reaction is 10.65 MeV. Polonium decay yields alpha par-
ticles with kinetic energies of about 5.3 MeV, so the emergent y-ray can have at
most an energy of about 16 MeV. A more detailed analysis which accounts for the
energy and momentum transmitted to the carbon atom shows that the energy of the
gamma ray comes out to be about 14.6 MeV. The 14.6-MeV gamma-rays then
strike protons in the paraffin, setting them into motion. Upon reproducing the
experiment, Chadwick found that the struck protons would emerge with maximum
kinetic energies of about 5.7 MeV.

The problem, Chadwick realized, was that if a proton was to be accelerated to
this amount of energy by being struck by a gamma-ray, conservation of energy and
momentum demanded that the gamma-ray would have to possess about 54 MeV of
energy, nearly four times what it could have! This strikingly high energy demand
is a consequence of the fact that photons do not possess mass. Relativity theory
shows that massless particles do carry momentum, but much less than a “material”
particle of the same kinetic energy; only an extremely energetic gamma-ray can
kick a proton to a kinetic energy of several MeV. Analyzing a collision between a
photon and a material particle involves relativistic mass-energy and momentum
conservation; details can be found in Reed (2007). The results of such an analysis
show that if a target nucleus of rest-energy E, (that is, mc® equivalent energy) is to
be accelerated to kinetic energy K, by being struck head-on by a photon of energy
E, which then recoils backwards (this transfers maximum momentum to the struck
nucleus), then the energy of the photon must be
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!
E =3 [K, +V2E, K,]. (2.34)

For a proton, E, ~ 938 MeV; with K, ~ 5.7 MeV, the value of E, works out to
about 54 MeV, as claimed above. Remarkably, the Joliot-Curies had realized that
this discrepancy was a weak point in their interpretation, but attributed it to the
difficulty of accurately measuring the energy of their “gamma rays.” Another clue
that led Chadwick to suspect a material particle as opposed to a high-energy
photon was that the “beryllium radiation” was more intense in the forward
direction than in the backward direction; if the radiation was photonic, it should
have been of equal intensity in all directions.

Before invoking a mechanism involving a (hypothetical) neutron, Chadwick
devised a further test to investigate the remote possibility that 54-MeV gamma-
rays could be being created in the a-Be collision. In addition to having the
“beryllium radiation” strike protons, he also arranged for it to strike a sample of
nitrogen gas. If struck by such a photon, a nucleus of nitrogen should acquire a
kinetic energy of about 450 keV [A nitrogen nucleus has a rest energy of about
13,000 MeV; check the consistency of these numbers with Eq. (2.34)]. From prior
experience, Chadwick knew that when an energetic particle travels through air it
produces ions, with about 35 eV required to produce a single ionization, which
yields one pair of ions. A 450 keV nitrogen nucleus should thus generate some
(450 keV/35 eV) ~ 13,000 ion pairs. Upon performing the experiment, however,
he found that some 30,000—-40,000 ion pairs would typically be produced, which
implied kinetic energies of about 1.1-1.4 MeV for the recoiling nitrogen nuclei.
Such numbers would in turn require the nitrogen nuclei to have been struck by
gamma-rays of energy up to ~90 MeV, a value completely inconsistent with the
~54 MeV indicated by the proton experiment. Upon letting the supposed gamma-
rays strike heavier and heavier target nuclei, Chadwick found that “if the recoil
atoms are to be explained by collision with a quantum, we must assume a larger
and larger energy for the quantum as the mass of the struck atom increases.” The
absurdity of this situation led him to write that, “It is evident that we must either
relinquish the application of conservation of energy and momentum in these
collisions or adopt another hypothesis about the nature of the radiation.”

After refuting the Joliot-Curies’ interpretation, Chadwick provided a more
physically realistic one. This was that if the protons in the paraffin were in reality
being struck by neutral material particles of mass equal or closely similar to that of
a proton, then the kinetic energy of the striking particles need only be on the order
of the kinetic energy that the protons acquired in the collision. As an everyday
example, think of a head-on collision between two equal-mass billiard balls: the
incoming one stops, and the struck one is set into motion with the speed that the
incoming one had. This is the point at which the neutron makes it debut.

Chadwick hypothesized that instead of the Joliot-Curie reaction, the «-Be
collision leads to the production of carbon and a neutron via the reaction

SHe + 3Be — {*C + (n. (2.35)
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in denotes a neutron: it carries no electric charge but it does count as one
nucleon. In this interpretation, a '*C atom is produced as opposed to the Joliot-
Curies’ proposed '*C. Since the “beryllium radiation” was known to be electri-
cally neutral, Chadwick could not invoke a charged particle such as a proton or
electron to explain the reaction. Hypothesizing that the neutron’s mass was similar
to that of a proton (he was thinking of neutrons as being electrically neutral
combinations of single protons and single electrons), Chadwick was able to show
that the kinetic energy of the ejected neutron would be about 10.9 MeV. A sub-
sequent neutron/proton collision will be like a billiard-ball collision, so it is
entirely plausible that a neutron which begins with about 11 MeV of kinetic
energy would be sufficiently energetic to accelerate a proton to a kinetic energy of
5.7 MeV, even after the neutron battered its way out of the beryllium target and
through the window of the vacuum vessel on its way to the paraffin. As a check on
his hypothesis, Chadwick calculated that a neutron of kinetic energy 5.7 MeV
striking a nitrogen nucleus should set the latter into motion with a kinetic energy of
about 1.4 MeV, which was precisely what he had measured in the ion-pair
experiment!

Further experiments with other target substances showed similarly consistent
results. Chadwick estimated the mass of the neutron as between 1.005 and 1.008
atomic mass units; the modern figure is 1.00866. The accuracy he obtained with
equipment which would now be regarded as primitive is nothing short of awe-
inspiring. Chadwick reported his discovery in two papers. The first, titled
“Possible Existence of a Neutron,” was dated February 17, 1932, and was pub-
lished in the February 27 edition of Nature. An extensive follow-up analysis dated
May 10 was published in the June 1 edition of the Proceedings of the Royal
Society of London. Chadwick was awarded the 1935 Nobel Prize in Physics for his
discovery. While later experiments showed that the neutron is a fundamental
particle in its own right (as opposed to being a proton/electron composite), that
development does not affect the above analysis.

Why is the discovery of the neutron regarded as such a pivotal event in the
history of nuclear physics? The reason is that neutrons do not experience any
electrical forces, so they experience no Coulomb barrier. With neutrons, experi-
menters now had a way of producing particles that could be used to bombard
nuclei without being repelled by them, no matter what the kinetic energy of the
neutron or the atomic number of the target nucleus. It was not long before such
experiments were taken up. Neutrons would prove to be the gateway to reactors
and bombs, but, at the time, Chadwick anticipated neither development. In the
February 29, 1932, edition of the New York Times, he is quoted as stating that, “I
am afraid neutrons will not be of any use to any one.”

About 18 months after Chadwick’s dismissal of the value of neutrons, an idea
did arise as to a possible application for them: As links in the progression of a
nuclear chain reaction. This notion seems to have occurred inspirationally to a
Hungarian-born engineer, physicist, and inventor named Leo Szilard (Fig. 2.23), a
personal friend and sometimes collaborator of Albert Einstein.
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Fig. 2.23 Leo Szilard
(1898-1964) Source http://
commons.wikimedia.org/
wiki/File:Leo_Szilard.jpg

Szilard was living in London in the fall of 1933, and happened to read a
description of a meeting of the British Association for the Advancement of Science
published in the September 12 edition of the London Times. In an article
describing an address to the meeting by Rutherford on the prospects for reactions
that might be induced by accelerated protons, the Times quoted Rutherford as
stating that, “We might in these processes obtain very much more energy than the
proton supplied, but on the average we could not expect to obtain energy in this
way. It was a very poor and inefficient way of producing energy, and anyone who
looked for a source of power in the transformation of the atoms was talking
moonshine.” Historian of science John Jenkin has pointed out that Rutherford’s
private thoughts on the matter may have been very different, however. Some years
before World War II, Rutherford evidently advised a high government official that
he had a hunch that nuclear energy might one day have a decisive effect on war.

Szilard reflected on Rutherford’s remarks while later strolling the streets of
London. From a 1963 interview:

Pronouncements of experts to the effect that something cannot be done have always
irritated me. That day as I was walking down Southampton Row and was stopped for a
traffic light, I was pondering whether Lord Rutherford might not prove to be wrong. As the
light changed to green and I crossed the street, it suddenly occurred to me that if we could
find an element which is split by neutrons and which would emit two neutrons when it
absorbed one neutron, such an element, if assembled in sufficiently large mass, could
sustain a nuclear chain reaction, liberate energy on an industrial scale, and construct
atomic bombs. The thought that this might be possible became an obsession with me. It led
me to go into nuclear physics, a field in which I had not worked before, and the thought
stayed with me.


http://commons.wikimedia.org/wiki/File:Leo_Szilard.jpg
http://commons.wikimedia.org/wiki/File:Leo_Szilard.jpg
http://commons.wikimedia.org/wiki/File:Leo_Szilard.jpg

56 2 A Short History of Nuclear Physics to the Mid-1930s

It did not take Szilard long to get up to speed in his new area. Envisioning a
chain reaction as a source of power and possibly as an explosive, he filed for
patents on the idea in the spring and summer of 1934. His British patent number
630,726, “Improvements in or relating to the Transmutation of Chemical
Elements,” was issued on July 4, 1934 (curiously, the date of Marie Curie’s death),
and referred specifically to being able to produce an explosion given a sufficient
mass of material. To keep the idea secret, Szilard assigned the patent to the British
Admiralty in February, 1936. The patent was reassigned to him after the war, and
finally published in 1949.

2.3 Artificially-Induced Radioactivity

Iréne and Frédéric Joliot-Curie must have been deeply disappointed at their failure
to detect the neutron in early 1932, but scored a success almost exactly two years
later when they discovered that normally stable nuclei could be induced to become
radioactive upon alpha-particle bombardment. In early 1934, the Joliot-Curies
were performing some follow-up experiments involving bombarding thin foils of
aluminum with alpha-particles emitted by decay of polonium, the same source of
alphas used in the neutron-discovery reaction. To their surprise, their Geiger
counter continued to register a signal after the source of the alpha particles was
removed. The signal decayed with a half-life of about 3 min. Performing the
experiment in a magnetic field led them to conclude that positrons were being
emitted, that is, that f* decays were occurring.

They proposed a two-stage reaction to explain their observations. First was
formation of phosphorous-30 by alpha-capture and neutron emission:

tHe + 2JAl — [n + 3%P. (2.36)

The phosphorous-30 nucleus subsequently undergoes positron decay to silicon;
the modern value for the half-life is 2.5 min (the emitted beta-particle is omitted
here; it is the decay product that is important):

'B+

30Q;
Lo isi. (2.37)

0p

To be certain of their interpretation, the Joliot-Curies dissolved the bombarded
aluminum in acid; the small amount of phosphorous created could be separated
and chemically identified as such. That the radioactivity “carried with” the sep-
arated phosphorous and not the aluminum verified their suspicion. Bombardment
of boron and magnesium showed similar effects. They first observed the effect on
January 11, 1934, and reported it in the January 15 edition of the journal of the
French Academy of Sciences; an English version appeared in the February 10



2.3 Artificially-Induced Radioactivity 57

edition of Nature. The discovery of artificially-induced radioactivity opened up the
whole field of synthesizing short-lived isotopes for medical treatments. Emilio
Segre, one of Enrico Fermi’s students, described this development as one of the
most important discoveries of the century.

Induced radioactivity had almost been discovered in California, where Ernest
Lawrence’s cyclotron operators often noticed that their detectors kept registering a
signal after the cyclotron had been shut down following bombardment experi-
ments. Thinking that the detectors were misbehaving, they arranged circuitry to
shut them down simultaneously with the cyclotron. The history of nuclear physics,
particularly events surrounding the discovery of fission, is replete with such missed
chances.

2.4 Enrico Fermi and Neutron-Induced Radioactivity

Surprisingly, neither the Joliot-Curies nor James Chadwick particularly experi-
mented with using neutrons as bombarding particles. Norman Feather, one of
Chadwick’s collaborators, did carry out some experiments with light elements, and
found that neutrons would disintegrate nitrogen nuclei to produce an alpha-particle
and a boron nucleus:

dn+ YN — $He + I'B. (2.38)

The same type of reaction also occurs with elements such as oxygen, fluorine,
and neon, but apparently neither British nor French researchers carried out
experiments with heavy-element targets.

The idea of systematically using neutrons as bombarding particles did occur to
a physicist at the University of Rome, Enrico Fermi (Fig. 2.24). Fermi had
established himself as a first-rate theoretical physicist at a young age, publishing
his first paper while still a student. As a postdoctoral student with quantum
mechanist Max Born, Fermi had prepared an important review article on relativity
theory while in his early twenties, and a few years later made seminal contribu-
tions to statistical mechanics. At the young age of 26 he was appointed to a full
professorship at the University of Rome, and in late 1933 he developed a quan-
tum-mechanically-based theory of beta decay. He was to prove equally gifted as a
nuclear experimentalist.

The reticence of Chadwick and the Joliot-Curies to carry out neutron-
bombardment experiments may seem strange, but was understandable in view of
the low yields expected. Chadwick estimated that he produced only about 30
neutrons for every million alpha-particles emitted by his sample of polonium. If
the neutrons interacted with target nuclei with similarly low yields, virtually
nothing could be expected to result. Otto Frisch, one of the co-interpreters of
fission, later remarked that, “I remember that my reaction and probably that of
many others was that Fermi’s was a silly experiment because neutrons were so
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Fig. 2.24 Left Enrico Fermi (1901-1954). Right The Fermi family (Laura, Giulio, Nella and
Enrico) arrive in America, January, 1939. Sources University of Chicago, courtesy AIP Emilio
Segre Visual Archives; AIP Emilio Segre Visual Archives, Wheeler Collection

much fewer than alpha particles.” But this overlooked the fact that neutrons would
not experience a Coulomb barrier.

Fermi desired to break into nuclear experimentation, and saw his opening in this
under-exploited possibility. He began work in the spring of 1934 with a group of
students and collaborators including Edoardo Amaldi, Franco Rasetti, chemist
Oscar D’Agostino, and Emilio Segre (Fig. 2.25), who would later write an very
engaging biography of Fermi, titled Enrico Fermi: Physicist.

In the early 2000s a group of Italian historians, Giovanni Acocella, Francesco
Guerra, Matteo Leone, and Nadia Robotti found Fermi’s original laboratory
notebooks (and some of his neutron sources!) from the spring of 1934, so there is
now available a very detailed record of his work. Much of the material in this
section is adapted from their analysis of Fermi’s notes.

Fermi’s first challenge was to secure a strong neutron source. In this sense he
was fortunate in that his laboratory was located in the same building as the
Physical Laboratory of the Institute of Public Health, which was charged with

Fig. 2.25 Some of Fermi’s
collaborators. Left to right
Oscar D’ Agostino
(1901-1975), Emilio Segre
(1905-1989), Edoardo
Amaldi (1908-1989), and
Franco Rasetti (1901-2001).
Source Agenzia Giornalistica
Fotovedo, courtesy AIP
Emilio Segre Visual Archives
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controlling radioactive substances in Italy. The Laboratory held many radium
sources that had been used for cancer treatments, and Fermi used them as a source
of radon gas. When mixed with powdered beryllium, the radon gave rise to a
copious supply of neutrons. Radon is produced in the decay of radium,

§§6Ra15£> 3¢’Rn + 3He. (2.39)
,599 year

The radon daughter product has a very short half-life, which means a corre-
spondingly great flux of alpha-particles from the decay

o

ke
3.82 days

18P0 + JHe. (2.40)

After being harvested from the decaying radium, the radon gas was captured in
inch-long glass vials which contained powdered beryllium. The radon-produced
alphas in (2.40) then gave rise to neutrons via the same reaction that Bothe and
Becker, the Joliot-Curies, and Chadwick had experimented with:

“He + 3Be — *C + \n. (2.41)

This series of reactions yields neutrons with energies of up to about 10 MeV,
more than energetic enough to escape through the thin walls of the glass vials and
so bombard a sample of a target element. Fermi estimated that his sources yielded
about 100,000 neutrons per second. Because the neutrons generated by his radon-
beryllium sources tended to be emitted in all directions, Fermi usually formed
samples of the target elements to be investigated into cylinders which could be
placed around the sources in order to achieve maximum exposure. The cylinders
were made large enough so that after being irradiated they could be slipped around
a small handmade Geiger counter.

Fermi’s goal was to see if he could induce artificial radioactivity with neutron
bombardment. Possibly anxious to see if he could induce heavy-element radio-
activity, his first target was the heavy element platinum (atomic number 78).
Fifteen minutes of irradiation gave no discernible signal. Perhaps inspired by the
Joliot-Curies’ experience, he then turned to aluminum. Here he did succeed, and
found a different half-life than they had. The reaction involved ejection of a proton
from the bombarded aluminum, leaving behind magnesium,

In+27A1 — H + IMg. (2.42)
The magnesium beta-decays back to aluminum with a half-life of about 10 min:

27 B o7
Mg — AL (2.43)
9.5 min

After aluminum, Fermi tried lead, but with negative results. His next attempt
was with fluorine, irradiation of which produced a very short-lived heavier isotope

of that element:
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I+ PF = 2F =0 2Ne. (2.44)

Guerra and Robotti have pinpointed the date of Fermi’s first success with
aluminum as having occurred on March 20, 1934. Fermi announced his discovery
five days later in the official journal of the Italian National Research Council, and
an English-language report dated April 10 appeared in the May 19 edition of
Nature. By late April, the Rome group had performed experiments on about 30
elements, 22 of which yielded positive results, including the four medium-weight
elements antimony (Z = 51), iodine (53), barium (56), and lanthanum (57).

Fermi and his co-workers found that, as a rule, light elements exhibited three
reaction channels: a proton or an alpha could be ejected, or the element might
simply capture the neutron to become a heavier isotope of itself and then subse-
quently decay. In all three cases, the products would undergo = decay. Aluminum
is typical in this regard:

o+ Mg 5o Al
DAL= dHe +3Na D Mg (2.45)
.
134l 2.2%:1111 i3S

With a heavy-element target, the result is typically the latter of the above

channels. Gold is characteristic in this regard:

bn WAn s 1An L sy (2.46)
2.69 days

By the early summer of 1934, Fermi had prepared improved sources, which he
estimated were yielding about a million neutrons per second. Based on work with
these new sources, he published a stunning result in the June 16, 1934, edition of
Nature: that his group was producing transuranic elements, that is, ones with
atomic numbers greater than that of uranium. Since uranium was the heaviest-
known element, this meant that they believed that they were synthesizing new
elements. If true, this would be a remarkable development.

Fermi’s radical assertion was based on the fact that uranium could be activated
to produce beta-decay upon neutron bombardment. The results were complex,
however, with evidence for half-lives of 10 s, 40 s, 13 min, and at least two more
half-lives of up to one day. Whether this was a chain of decays or some sort of
parallel sequence was unknown. Whatever sequence was occurring, however, the
initial step was presumably the formation of a heavy isotope of uranium, followed
by a beta-decay as in the gold reaction above:

meu Ul 47

where X denotes a new, transuranic element.
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The 13-min decay was convenient to work with, and the Rome group managed
to separate chemically its decay product from the bombarded uranium. Analysis
showed that the decay product did not appear to be any of the elements between
lead (Z = 82) and uranium. Since no natural or artificial transmutation had ever
been observed to change the identity of a target element by more than one or two
places in the periodic table, it would have seemed perfectly plausible to assume
that a new element was being created.

To isolate the product of the 13-min activity, Fermi and his group began with
manganese dioxide as a chemical carrier. The rationale for this was that if element
93 were actually being created, it was expected that it would fall in the same
column of the periodic table as manganese (Z = 25), and so the two should have
similar chemistry (see Fig. 3.2). The Romans’ analysis came in for criticism,
however, from a German scientist, Ida Noddack (Fig. 2.26). Noddack was a well-
regarded chemist who in 1925 had participated in the discovery of rhenium; she
would be nominated for a Nobel Prize on three occasions. In a paper published in
September, 1934, Noddack criticized Fermi on the grounds that numerous
elements were known to precipitate with manganese dioxide, and that he should
have checked for the possibility that elements of lower atomic numbers than that
of lead were being produced. In what would prove to be a prescient comment,
Noddack remarked that, “When heavy nuclei are bombarded by neutrons, it is
conceivable that the nucleus breaks up into several large fragments, which would
of course be isotopes of known elements but would not be neighbors of the
irradiated element.” Noddack’s “breaking up” is now known as “fission.”

Noddack was ahead of her time in suggesting that heavy nuclei might fission.
Ironically, Fermi was probably both inducing fissions and creating transuranic
elements. Nuclei of the most common isotope of uranium, U-238 (>99 % of
natural uranium), are fissile when bombarded by the very fast neutrons that Fermi
was using, but when struck by slow neutrons tend to capture them and subse-
quently decay to neptunium and plutonium. These processes will be discussed at
length in subsequent sections.

That Noddack’s idea was not taken seriously has sometimes been construed as
an example of blatant sexism. But the reasons were much more prosaic. She
offered no supporting calculations of the energetics of such a proposed splitting,
and years of experience with nuclear reactions had always yielded products that
were near the bombarded elements in atomic number. Nobody had any reason to
anticipate such a splitting. Otto Frisch thought Noddack’s paper was “carping
criticism.” In any case, by the summer of 1934, Fermi’s group had developed an
improved rhenium-based chemical analysis of the 13-min uranium activation
which appeared to strengthen the transuranic interpretation.

Fermi’s next discovery would prove pivotal to the eventual development of
plutonium-based nuclear weapons. In the fall of 1934, his group decided that they
needed to more precisely quantify their assessments of activities induced in var-
ious elements; previously they had assigned only qualitative “strong-medium-
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Fig. 2.26 1da Noddack
(1896-1978) Source http://
commons.wikimedia.org/
wiki/File:Ida_Noddack-
Tacke.png

weak” designations. As a standard of activity, they settled on a 2.4-min half-life
induced in silver:
et Wag - Wag Loeq (2.45)

However, they soon ran into a problem: the activity induced in silver seemed to
depend on where in the laboratory the sample was irradiated. In particular, silver
irradiated on a wooden table became much more active then when irradiated on a
marble-topped one. To try to discern what was happening, a series of calibration
experiments was undertaken, some of which involved investigating the effects of
“filtering” neutrons by interposing layers of lead between the neutron source and
the target sample.

Fermi made the key breakthrough on October 22, 1934: “One day, as I came
into the laboratory, it occurred to me that I should examine the effect of placing a
piece of lead before the incident neutrons. Instead of my usual custom, I took great
pains to have the piece of lead precisely machined. I was clearly dissatisfied with
something; I tried every excuse to postpone putting the piece of lead in its place.
When finally, with some reluctance, I was going to put it in its place, I said to
myself: “No, I don’t want this piece of lead here; what I want is a piece of
paraffin.” It was just like that with no advance warning, no conscious prior rea-
soning. I immediately took some odd piece of paraffin and placed it where the
piece of lead was to have been.”
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To Fermi’s surprise, the presence of the paraffin caused the level of induced
radioactivity to increase. Further experimentation showed that the effect was
characteristic of filtering materials which contained hydrogen; paraffin and water
were most effective. Within a few hours of the discovery, Fermi developed a
working hypothesis: That by being slowed by collisions with hydrogen nuclei, the
neutrons would have more time in the vicinity of target nuclei to induce a reaction.
Neutrons and protons have essentially identical masses, and, as with a billiard-ball
collision, a head-on strike would essentially bring a neutron to a stop. Since atoms
always have random motions due to being at a temperature that is above absolute
zero, the incoming neutrons will never be brought to dead stops, but in practice
only a few centimeters of paraffin or water are needed to bring them to an average
speed characteristic of the temperature of the slowing medium. This process is
now called “thermalization.” Nuclear physicists define “thermal” neutrons as
having kinetic energy equivalent to a temperature of 298 K, or 77 °F—not much
warmer than the average daily temperature in Rome in October. The speed of a
thermal neutron is about 2,200 m/s, and the corresponding kinetic energy is about
0.025 eV, much less than the ~10 MeV of Fermi’s radon-beryllium neutrons.
Thermal neutrons are also known as “slow” neutrons; those of MeV-scale kinetic
energies are, for obvious reasons, termed “fast.” The water or paraffin is now
known as a “moderator”; graphite (crystallized carbon) also works well in this
respect. Fermi’s wooden lab bench, by virtue of its water content, was a more
effective moderator than was his marble-topped one.

Be sure to understand what is meant by “fast” and “slow” neutrons. When
uranium is bombarded by neutrons, what happens depends very critically on the
kinetic energies of the neutrons. Fast and slow neutrons lie at the heart of why
nuclear reactors and bombs function differently, and why a bomb requires
“enriched” uranium to function. This is a complex topic with a number of
interconnecting aspects; the following chapter is devoted to a detailed analysis of
the ramifications of this fast-versus-slow issue.

Following Fermi’s serendipitous discovery, his group began re-investigating all
elements which they had previously subjected to fast (energetic) neutron bom-
bardment. Extensive results were reported in a paper published in the spring of
1935. For some target elements, the effect was dramatic: activity in vanadium and
silver were increased by factors of 40 and 30, respectively, over that achieved by
unmoderated neutrons. Uranium also showed increased activation, by a factor of
about 1.6.

Fermi’s hypothesis that slower neutrons have a greater chance of inducing a
reaction is now quantified in the concept of a reaction cross-section. This is a
measure of the cross-sectional area that a target nucleus effectively presents to a
bombarding particle that results in a given reaction. Because of a quantum-—
mechanical effect known as the de Broglie wavelength, a target nucleus will
appear larger to a slower bombarding particle than to a faster one, sometimes by
factors of hundreds. Each possible reaction channel for a target nucleus will have
its own characteristic run of cross-section as a function of bombarding-particle
energy.
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Cross-sections are designated with the Greek letter sigma (), equivalent to the
English letter “s,” which serves as a reminder that they have units of surface area.
The fundamental unit of cross-section is the “barn”; 1 bn = 1072 m2. This
miniscule number is characteristic of the geometric cross-sectional area of nuclei,
which is given approximately in terms of the mass number by the empirical
relationship

Geometric cross—section ~ 0.0452 A>3 (barns). (2.49)

As an example, Fig. 2.27 shows the “radiative capture cross-section” for
aluminum-27 when bombarded by neutrons of energies from 10~'' to 10 MeV.
(Al-27 is the one stable isotope of that element.) In this reaction, the aluminum
absorbs the neutron, sheds some energy via a gamma-ray, and eventually decays to
silicon via the last branch of the three-channel reaction in (2.45); both “capture”
and “radiation” occur, hence the name of the cross-section. Both scales of the
graph are logarithmic; this is done in order to accommodate a wide range of
energies and cross-sections. Thermal neutrons have log (Energy) ~ —7.6 when
the energy is measured in MeV. For an Al-27 nucleus, the geometric cross-section
is about 0.407 barns, or log(area) = —3.91. For fast neutrons, reaction cross-
sections are typically of the size of the geometrical cross-sectional area of the
target nucleus.

The spikes in Fig. 2.27 are known as “resonance capture lines.” Just as atomic
orbital electrons can be excited to different energy levels, so can the protons and
neutrons within nuclei; resonance energies correspond to the bombarding particles
having just the right energies to excite nucleons to higher energy levels. As the
number of nucleons grows, so does the complexity of the structure of the reso-
nance spikes; for a more dramatic example, see the graph for the uranium-238
neutron capture cross-section in Fig. 3.11.

Fermi was awarded the 1938 Nobel Prize for Physics for his demonstration of
the existence of new radioactive elements produced by neutron irradiation. Fermi’s

Fig. 2.27 Radiative capture 2
cross-section for neutrons on F
aluminum-27
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Fig. 2.28 Arthur Dempster
(1886-1950). Source http://
commons.wikimedia.org/
wiki/File: Arthur_Jeffrey_
Dempster_-_Portrait.jpg

wife and children were Jewish, and he and his family used the excuse of the trip to
Stockholm to escape the rapidly deteriorating fascist political situation in Italy by
subsequently emigrating to America, where he had arranged for a position at
Columbia University. The American branch of the Fermi family was established
on January 2, 1939.

Before proceeding to the story of the discovery of nuclear fission, a brief but
important intervening discovery needs to be mentioned. This is that uranium
possesses a second, much less abundant isotope than the U-238 that Fermi had
assumed was the sole form of that element. In 1931, Francis Aston had run
uranium hexafluoride through his mass spectrometer and concluded that only an
isotope of mass number 238 was present. In the summer of 1935, Arthur Dempster
of the University of Chicago (Fig. 2.28) discovered evidence for a lighter isotope
of mass number 235. Dempster estimated U-235 to be present to an extent of less
than one percent of the abundance of its sister isotope of mass 238. Within a few
years that one percent would prove very important indeed.

2.5 Another Look at Mass Defect and Binding Energy
(Optional)

In Sect. 2.1.4, the concepts of mass defect and binding energy were treated as
interchangeable. They are, however, separate but related quantities. The strict
definition of binding energy is described in this section, which can be considered
optional.

Atomic masses are measured in terms of mass units. Abbreviated simply as u,
the mass unit is defined as one-twelfth of the mass of a neutral carbon-12 atom.
Chemists will know the mass unit as a “Dalton,” and older readers will be more
familiar with the term atomic mass unit (amu). The numerical value is

1u = 1.660539 x 107" kg. (2.50)
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The masses of the proton, neutron, and electron in mass units are

m, = 1.00727646677 u (2.51)
m, = 1.00866491597 u (2.52)
m, = 5.4857990943 x 10~ u (2.53)

An important conversion factor here is that the energy equivalent of one mass
unit is 931.494 MeV; this comes from E = mc?. Give this value the symbol &:

¢ =931.494 MeV. (2.54)

A neutral atom comprises Z protons, Z electrons, and N neutrons. In the notation
of (2.51)—(2.53), one would naively expect the mass of the assembled atom to be
equal to Z(m, + m,) + N(m,) mass units. However, naturally-occurring “assem-
bled” neutral atoms are always lighter than what this argument predicts. The
binding energy Eg of an atom is defined as the difference between the naively-
predicted mass and the “true” measured mass m of the assembled atom (in mass
units), all expressed as an energy equivalent:

Ep = [Z(m, + m,) + N(m,) — my|e. (2.55)
Substituting (2.51)—(2.54) into (2.55) gives the binding energy as
Ep = [938.783Z + 939.565 N — 931.494 my] MeV. (2.56)
As an example, for iron-56 (my = 55.934937):
Eg = 938.783(26) + 939.565(30) — 931.494(55.934937) = 492.2 MeV.

To correct a misleading statement in Sect. 2.1.4, it is this binding energy that
holds nuclei together, not the mass-defect; a positive mass defect does not by itself
connote instability. Stable atoms will have positive Ep values, but, conversely, a
positive Ep value does not necessarily denote intrinsic stability. For example,
uranium-235 has Ez = 1,784 MeV, but is unstable against alpha-decay, which is
fundamentally a quantum-mechanical effect that cannot be understood on the basis
of energy considerations alone.

For heavy elements, E values are large. To display them graphically it is more
convenient to plot the binding emery per nucleon, Eg/A, versus the nucleon
number A. This is shown in Fig. 2.29 for the same 350 nuclides as in Fig. 2.8. This
plot immediately tells us that for A > ~ 25, each nucleon in a nucleus is “glued”
into the structure of the nucleus to the extent of about 8 MeV/nucleon. This plot is
known as “the curve of binding energy.” For Fe-56, Ez/A = 8.79 MeV/nucleon.
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Consider an element with atomic weight A grams per mole and density p
grams per cubic centimeter. If atoms are imagined to be hard spheres of radius
R packed edge-to edge, each atom will effectively occupy a cube of volume
8R>. Show that R can be expressed approximately as

R~ 0.59(A/p)'*A.

Apply this result to lithium; (p, A) = (0.534 g/cm3, 7 g/mol), and uranium;
(p, A) = (18.95 g/cm3, 238 g/mol). [Ans: R ~ 1.4 A in each case]

Show that a 100 food-calorie snack is equivalent to about 2.6 x 10'® MeV.

Take radium to have an atomic weight of 226 g/mol. The energy of each radium
alpha-decay is 4.78 MeV. If all of the atoms in one gram of radium decay and all
of that energy could be used to lift a mass m to a height 7 = 1 mile = 1,609 m,
how much mass could be so lifted (hint: mgh)? You will find Rutherford’s
estimate of 500 t to be optimistic, but the answer, 129,000 kg ~ 143 t, is still
impressive.

Consider one gram of freshly-isolated radium-226 (t;, = 1,599 year). If each
alpha-decay liberates 4.78 MeV, how much energy will be emitted in the first
year after the sample is isolated? [Ans: 884 kJ]

A serving of a sports drink contains 50 mg of potassium to help athletes restore
their electrolyte levels. However, one naturally-occurring isotope of potassium,
K-40, is a beta-decayer with a half-life of 1.25 billion years. This isotope is
present to the level of 1.17 % in natural potassium. If the average atomic weight
of potassium is 39.089 g/mol, what level of beta-activity will you consume with
one serving—at least until you excrete it? [Ans: 158 decay/s]

Given the empirical relationship R ~ apA'? between nucleon number and
nuclear radius with ap = 1.2 x 107> m, verify Eq. (2.49) for the geometric
cross-section of a nucleus.
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2.7 In a particle accelerator, it is desired to fire calcium atoms, (Z, A) = (20, 40),
into a stationary uranium target, (Z, A) = (92, 238), in an effort to synthesize
nuclei of high atomic number. What Coulomb barrier will have to be over-
come? [Ans: 230 MeV]
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Chapter 3
The Discovery and Interpretation
of Nuclear Fission

If the story of the four-year progression from Enrico Fermi’s discovery of neutron-
induced radioactivity to the discovery of fission were cast as a suspense novel, it
would probably be considered too concocted to be credible. Apparently reason-
able, mutually-supporting assumptions, experimental near-misses, and unprece-
dented interpretations of data all conspired to create a situation of immense
confusion before the truth was revealed by chemical detective work. Historian of
science Ruth Sime has described the discovery of fission as an example of the
illogical progress of scientific discovery.

Fortunately, histories of physics are not bound by the same literary conventions
as detective stories, so there is no harm in giving away the ultimate resolution of
the case up front; having the outcome in mind will help in understanding the
travails with which the discoverers of fission struggled. This Chapter opens, then,
with a description of what happens in the fission process.

3.1 The Discovery of Fission

In nuclear fission, a uranium or similar heavy-element nucleus, when struck by a
bombarding neutron, breaks up into two lighter nuclei, accompanied by the release
of a great deal of energy and the essentially instantaneous release of two or three
neutrons. Fission was first detected when barium and krypton showed up as a result
of neutron bombardment of uranium:

én + SSU — énga + %Kr +3 ((l)n) (3.1)

An astute reader will have noticed that this reaction involves U-235, not the
more common U-238 isotope. This is a crucial part of the story, which will take
some time to explain in the balance of this section and the following ones.

This reaction is unlike any previously described in this book (or, in 1938,
known) in a number ways. First, neither of the products are near uranium in the
periodic table. Since alpha and beta decays or neutron bombardments had always
led to changes in the atomic number of the bombarded element by at most one or
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two, radiochemists naturally concentrated on looking for such “nearby” products,
never anticipating such a radical departure from accumulated experience. Second,
the energy released in this reaction, about 170 MeV, is enormous even by the
violent standards of nuclear reactions. Most of this energy appears as kinetic
energy of the fission products. Third, the reaction liberates three “secondary
neutrons,” as Leo Szilard had anticipated.

A less obvious consequence of this reaction is that since fission products are
typically very neutron-rich for their Z-values (recall that the neutron excess
increases with atomic number), they will undergo a series of successive beta-
decays until they achieve stability. It is the products of fission that are responsible
for radioactive fallout persisting long after the destructive effects of the energy
release have made themselves felt. Fission bombs are not simply scaled-up
ordinary chemical bombs. (Spent reactor fuel rods also contain fission products,
but, unless the rods are recycled, the products remain stuck in them.)

Why did Fermi and his collaborators fail to discover high-energy fission
fragments in 1934? The culprit was the nature of their radon-beryllium neutron
sources. In addition to being an alpha-emitter, radon is a fairly prolific gamma-ray
emitter, and these gamma-rays caused unwanted background signals in Geiger
counters when the latter were placed near the neutron sources. Consequently, the
procedure the Rome group adopted was to irradiate target samples and then lit-
erally run them down a hallway to a detector in a room far from the neutron
source. Since the goal of the experiments was to detect delayed effects (the
induced half-lives were often on the order of minutes), this procedure would not
affect their results. But any high-energy fission fragments that might have been
detected would have been brought to rest by the time the sample arrived at the
detector. What the Romans attributed to decays of transuranic elements were beta-
decays from the fission fragments, although the transuranics were no doubt also
being created, as will be explained later. Fermi and his group had concentrated on
a 13-min decay product of uranium bombardment. A common fission product is
barium, and a particular isotope of this element, Ba-131, has a half-life of
14.6 min; this may have been what they were detecting. Fermi never expected
fission to happen and so never considered that his experimental arrangement might
be biasing him against detecting it. Retrospect is always perfect.

Fermi’s claim that transuranic elements could be created through neutron
bombardment stimulated great interest within the nuclear research community. In
addition to Frédéric and Iréne Joliot-Curie, the other main leaders of that com-
munity were Otto Hahn and Lise Meitner at the Kaiser Wilhelm Institute for
Chemistry in Berlin (Fig. 3.1). Hahn, a radiochemist, and Meitner, a physicist, had
known each other and collaborated on-and-off for 30 years. In 1918 they had
discovered the rare element protactinium (Z = 91), and by the 1930s had accu-
mulated between them years of experience with the chemistry and physics of
radioactive elements. Meitner became interested in Fermi’s experiments, and in
1935 convinced Hahn to renew their collaboration in order to sort out exactly how
uranium transmuted under slow neutron bombardment. To help with the work they
brought on board chemist Fritz Strassmann.
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Fig. 3.1 Left Lise Meitner (1878-1968) and Otto Hahn (1879-1968) in their laboratory, 1913.
Right Fritz Strassmann (1902-1980). Sources http://commons.wikimedia.org/wiki/File:Otto_
Hahn_und_Lise_Meitner.jpg; AIP Emilio Segre Visual Archives, gift of Irmgard Strassmann

To understand the Berlin group’s assignments of identities for putative new
elements, it is helpful to understand the nature of their chemical procedures. In the
1930s, heavy elements such as thorium, protactinium, and uranium were thought
to be “transition” elements occupying the seventh row of the periodic table; this
was before they were recognized as a separate group of “actinide elements” whose
chemical properties are more similar to each other then they are to elements above
them in the columns of the table in which they were presumed to reside. It is now
understood that as one moves along the actinide row, additional electrons fill an
inner electron shell, the 5f shell, as opposed to an outer shell. The outer-shell
electron configuration remains the same as one moves along the row, which
explains why these elements have such similar chemistry.

It was presumed that elements 93, 94, and so on would have chemical prop-
erties analogous to elements above them in the columns of the table in which they
were expected to reside. Those elements are successively rhenium (presumably
above Z = 93), osmium (above 94), iridium (95), platinum (96), and gold (97); see
Fig. 3.2. The anticipated new elements were given the tentative names eka-rhe-
nium (EkaRe), eka-osmium, and so forth; the root “eka” is from the Greek for
“beyond.” In line with this expectation, Hahn, Meitner, and Strassmann separated
their induced radioactivities from uranium by precipitating them out of solutions
with transition-metal compounds, and naturally assumed that the activities were
due to the sought-after transuranic elements.

By 1937 the situation had become extremely muddled. The Berlin team had
identified no less than 9 distinct half lives arising from uranium bombardment,
many more than Fermi had detected. These were thought to involve a number of
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Fig. 3.2 A simplified periodic table of the elements, with their atomic numbers. Elements 58-71
are the so-called “rare earth” elements, which have chemical properties similar to each other, as
do the “actinide” elements in the bottom row. Otherwise, elements in a given column
(“families”) have similar chemical properties. Elements up to number 112 have now been named,
but play no role in the events described in this book
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new transuranic elements, with atomic numbers up to 97. The activities were
assigned to three possible reaction processes:

8
n+oU— (oU+n) 1[7)
N

) ) ) ) (3.2)
93EkaRe ,8—> 94FEkaOs B—> 95Eka1rﬁ—>96EkaPtﬂ—>g7EkaAu?
2.2min 59 min 66h 2.5h
B i B
n—+o U— (92U + )—>9;EkaRe 6/_) 94Eka0s71>95Eka1r7 (33)
n+ 0l — (U +n) 3”—> osEkaRe. (3.4)
min

Chemically, these identifications seemed secure, but Meitner struggled to
understand the corresponding physics. How could the neutrons be exciting three
different energy levels in uranium? Such a situation had never been observed before.
Also contrary to all previous experience were the three extended decay sequences,
with the first two appearing to involve “inherited” excited energy levels.

To confound the situation further, in October, 1937, Iréene Curie and Paul
Savitch in Paris identified an approximately 3.5-h beta-decay half-life resulting
from slow-neutron bombardment of uranium, an activity which the Berlin group
had not found. Curie and Savitch suggested that the decay might be attributable to
thorium, element number 90. If this were true, it would mean that thermal
neutrons—slowed to the point of possessing less than a single electron-volt of
kinetic energy—were somehow capable of prompting uranium nuclei to eject
alpha-particles. The presumed reaction was

on+atU — 3He + 535Th g?‘Pa (3.5)

While such a reaction is energetically possible, the chance of an alpha-ejection
could be computed from quantum mechanics, and was found to be extremely
unlikely. (The half-life for natural U-238 alpha-decay is 4.5 billion years.)
Thorium 235 is in fact a beta-decayer, but has a half-life of about 7.2 min; no
known isotope of thorium has a half-life in the vicinity of 3.5 h. In Berlin, Meitner
asked Strassmann to search for thorium. He did so, but in a way that overlooked
the fission product that was actually present and being mistaken for thorium, of
which he found no evidence. Ironically, in Rome in 1935, Edoardo Amaldi had
tried looking for evidence of alpha-emitting reactions in bombarded uranium. But
to do so he had to filter out the natural alpha-decay activity of uranium, which he
did by wrapping his samples in thin aluminum foils on the rationale that any alphas
arising from short half-life decays should be energetic enough to pass through the
foils on their way to his detector. He detected no alphas, but the foils also blocked
fission products.
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October, 1937, was also notable for a more somber event. On the 19th of that
month, Ernest Rutherford passed away following a fall at his home in Cambridge.
With Rutherford’s passing it could be said that the first great era of nuclear physics
had come to a close. Element 104, Rutherfordium, is now named in his honor; its
most stable known isotope, 2°’Rf, has a spontaneous-fission half-life of about 2 h.

Further work by Curie and Savitch resulted in a paper published in September,
1938, wherein they argued that their 3.5-h beta-emitter seemed to have chemical
properties similar to that of lanthanum, element 57. Lanthanum is in the same
column of the periodic table as actinium, element 89, which is only three places
away from uranium, so it seemed sensible to attribute the activity to actinium, or
perhaps a new transuranic element; they would not have dared propose that they
were actually detecting lanthanum. While one could propose producing actinium
directly, say via a reaction such as

30 — 1L+ B*Ac, (3.6)

the problem remains that if the probability of ejecting an alpha-particle is unlikely
to begin with, that of ejecting a lithium nucleus will be even less. One might then
posit modifying the original alpha-producing reaction to be followed by a positron
decay to produce actinium, perhaps

1 238 4 2354y BT 235
0n+92 U_>2He+90 Th‘—?789 AC. (3.7)

Here the problem is that the positron-decay part of this reaction is energetically
unfavorable, having Q = —3.95 MeV. While Curie and Savitch’s chemistry was
indicating thorium or actinium, all of the known physics of their proposed decay
schemes seemed improbable. Curie and Savitch may have been detecting La-141,
which is now known to have a half-life of 3.9 h; another possibility is yttrium-92,
which has a 3.54-h half-life; yttrium is also in the same column of the periodic
table as lanthanum and actinium.

A few months before this confusion arose, Lise Meitner had been forced to flee
Berlin. Born into a Jewish family in Austria, she had assumed that her Austrian
citizenship protected her against German anti-Semitic laws. That protection ended
with the German annexation of Austria in March, 1938. On July 13 of that year she
fled to Holland with only 10 Marks in her purse and literally the clothes on her
back. She eventually made her way to Sweden, where she was given a position at
the Nobel Institute for Experimental Physics, but she was not too warmly received
nor particularly well supported. While she continued to collaborate with Hahn and
Strassmann by letter, her career was essentially destroyed, and her pension was
stolen by the Nazi government.

In later years, Hahn would largely disavow Meitner’s contributions, even to the
point of suggesting that her considerations of physics impeded the discovery of
fission. Fritz Strassmann set the record straight: “What does it matter that Lise
Meitner did not take direct part in the discovery? ... [She] has been the intellectual
leader of our team and therefore she was one of us, even if she was not actually
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present for the ‘discovery of fission.”” Hahn was awarded (solely) the 1944 Nobel
Prize for Chemistry; Meitner and Strassmann did not share in the recognition,
although Element 109, Meitnerium, is now named in her honor.

In Berlin, Hahn and Strassmann continued to look for Curie and Savitch’s 3.5-h
activity. In a series of letters to Meitner through October and November, Hahn
chronicled their progress. By October 25 he had become convinced of the exis-
tence of the 3.5-h activity, but suspected that a radium isotope (element 88) might
be involved. By November 2 he was becoming convinced that two or three radium
isotopes were being created. If so, that implied a two-stage double-alpha decay,
say

s+ 38U — SHe + 3°Th — SHe + 23'Ra, (3.8)

an even more improbable sequence than the Curie-Savitch process. On November
8, Hahn and Strassmann sent a paper to Naturwissenschaften reporting half-lives
for three radium and three actinium isotopes. By mid-December, Hahn and
Strassmann had further refined their chemical techniques, and came to the startling
conclusion that what they had thought were radium isotopes were actually barium
isotopes (element 56). Since radium and barium are in the same column of the
periodic table, it is not surprising that it took them some time to sort this out.

Hahn wrote to Meitner late in the evening of Monday, December 19, to explain
the situation and to seek her opinion as to how neutron bombardment of uranium
might yield a product of atomic weight only about half that of uranium. Hahn
apparently did not yet realize that their results meant that uranium nuclei were
bursting into two or more fragments. An indication of the extent to which Meitner
was still considered part of the team is indicated by a second letter from Hahn on
the 21st, which included the sentiment “How beautiful and exciting it would be
just now if we could have worked together as before.”

Hahn'’s first letter reached Meitner in Stockholm on Wednesday, December 21.
Excited by such an unexpected turn of events, she replied at once: “Your radium
results are very startling ... At the moment the assumption of such a thorough-
going breakup seems very difficult to me, but in nuclear physics we have expe-
rienced so many surprises that one cannot unconditionally say: it is impossible.”
Hahn would receive her reply on December 23. Anxious not to be scooped, Hahn
and Strassmann did not wait for Meitner’s reply before submitting a paper to the
journal Naturwissenschaften on December 22. The paper was written by Hahn,
who hedged by referring to “alkaline earth” elements, although he did specifically
mention the barium finding. The paper would be published on January 6, 1939.

On December 23, the same day that Hahn received Meitner’s reply to his letter
of the 19th, Meitner traveled from Stockholm to spend Christmas with some
friends in the town of Kungilv, near Goteborg on the west coast of Sweden. Her
nephew, Otto Frisch, a nuclear physicist—and another refugee from their native
Austria—was then working at Niels Bohr’s Institute for Theoretical Physics in
Copenhagen. He traveled to Sweden to spend Christmas with his aunt, arriving
also around the 23rd (Fig. 3.3).
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Fig. 3.3 Otto Frisch
(1904-1979). Source
Photograph by Lotte Meitner-
Graf, London, courtesy AIP
Emilio Segre Visual Archives

At some time in the following few days—Ilikely some time after Christmas—
Meitner and Frisch went for a walk in the snow, he on skis and she keeping up on
foot. He had hoped to interest her in an experiment he was planning, but she
instead drew him into a discussion of Hahn’s letter of the 19th. Hahn’s manuscript
had also been forwarded to her from her home in Stockholm. As Frisch relates in
his memoires, they sat down on a tree trunk, and began to calculate on scraps of
paper. Working from a theoretical model of nuclei that had been developed some
years previously by George Gamow and Niels Bohr, the so-called liquid-drop
model (see below), Meitner and Frisch knew that uranium nuclei with their many
protons are near the limit of intrinsic stability beyond which no additional number
of neutrons can inhibit them from spontaneously breaking up. Uranium nuclei are
somewhat like wobbly drops, liable to fragment in response to a modest provo-
cation such as the impact of a neutron. Should a uranium nucleus break in two, the
resulting fragments would experience a mutually repulsive Coulomb force, and fly
away from each other at high speeds.

How much energy might be liberated in such a process? Meitner had the mass-
defect curve of Sect. 2.1.4 committed to memory, and quickly calculated that the
two fragments formed by the breakup of a uranium nucleus would total to a mass
less than that of a uranium nucleus by about one-fifth of the mass of a proton,
equivalent to about 200 MeV. This substantial amount of energy would appear to
the outside world in the form of the kinetic energy of the fission fragments. Thus
was the process of fission conceived in a snowy Swedish forest.

On average, the energy liberated in the fission of uranium nuclei is about
170 MeV. One gram of uranium contains some 2.5 x 10%! atoms, so fission of one
kilogram of atoms will liberate some 4.4 x 10%° MeV, or 7 x 10" Joules.
Explosion of a thousand metric tons (10° kg; a so-called kiloton) of TNT liberates
some 4.2 x 10'* Joules, which means that one kilogram of uranium is equivalent
to about 17 kilotons of conventional explosive.

One can only wonder what it must have felt like to be one of the only two
people in the world who at that moment realized that a fundamentally new
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physical process had been discovered. For Meitner especially there must have been
a torrent of mixed emotions. On one hand was the realization that a rich new area
of physics was opening up, while on the other was the revelation that phenomena
which for several years she had attributed to transuranic elements were likely to
have been the products of neutron-rich fission fragments decaying toward stability.
Only the 23-min decay of reaction (3.4) would prove to be yielding a transuranic
element. But it was those years of “transuranic” groundwork that had paved the
way to the discovery of fission.

In another of the curious confluences of events that seem to characterize nuclear
history, it was around this time (December 24, to be precise) when Enrico Fermi
and his family set out for America from Southampton, England. Fermi would
know nothing of these developments until he met Niels Bohr some three weeks
later in New York. Since his Nobel Prize was made for the presumed discovery of
elements 93 and 94, the discovery of fission would prompt Fermi to add a footnote
to the published version of his Nobel lecture.

In the meantime, Otto Hahn had also begun thinking that what he had previ-
ously assumed to be transuranic elements might be lighter elements, and on the
27th phoned the editor of Naturwissenschaften to append a comment to this effect
to his and Strassmann’s paper. The next day he wrote Meitner again, pleading with
her to consider whether the energetics of the proposed splitting made sense. The
mail must have been speedy, for she replied on the 29th, asking whether the
“actinium” products were correspondingly turning out to be lanthanum. Back in
Stockholm for New Year’s Eve, Meitner again wrote Hahn: “We have read and
considered your paper very carefully; perhaps it is energetically possible for such a
heavy nucleus to break up.” On New Year’s Day, Frisch returned to Copenhagen,
promising to keep in telephone contact with his aunt as they drafted a paper based
on the work they had begun on a tree trunk a few days earlier.

In his memoirs, Frisch relates that in all the excitement, he and Meitner missed
an important point: the possibility of a chain reaction. A Danish colleague,
Christian Mgller, suggested to him that the fission fragments might contain enough
energy to each eject a neutron or two, which might go on to cause other fissions.
That the fragments would be neutron-rich in comparison to stable nuclides of the
same atomic number made this possibility very real. Frisch’s immediate response
was that if such were the case, no deposits of uranium ore should exist as they
would have blown themselves up long ago. But he then realized that this argument
was too naive: ores contained other elements which might absorb neutrons, and
many neutrons might simply escape before causing another fission. Leo Szilard’s
chain-reaction vision of five years earlier had taken its first steps toward possible
reality.

Meitner wrote Hahn again on January 3 to congratulate him and Strassmann,
and to express her frustration at having to watch developments from afar: “I am
now almost certain that the two of you really do have a splitting to Ba and I find
that to be a truly beautiful result, for which I most heartily congratulate you and
Strassmann ... And believe me, even though I stand here with very empty hands,
I am nevertheless happy for these wondrous findings.”
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In early January, 1939, the focus of fission research shifted briefly to Copen-
hagen, and then primarily to America. On the 3rd, Frisch caught up with Niels
Bohr to apprise him of the situation. The conversation was brief; Bohr was pre-
paring to spend a semester at the Institute for Advanced Study in Princeton, New
Jersey. According to Frisch, Bohr’s reaction was to wonder why he had not
thought of fission before; Frisch would later depict Bohr as hitting himself on the
forehead and exclaiming, “Oh what idiots we have all been. Oh but this is
wonderful! This is just as it must be! Have you and Lise Meitner written a paper
about it?” Bohr promised not to disclose the discovery until their paper had been
prepared.

Bohr and Frisch conversed again on January 6 to review the calculation of the
near-instability of uranium. Frisch also discussed the situation with theoretician
George Placzek, who recalled that Iréene Curie had told him in the fall of 1938 that
she had found light elements from uranium bombardment, but did not trust herself
to publish it. The next morning, Frisch met Bohr just before the latter’s departure,
and handed him a two-page draft of the paper he was coauthoring with Meitner.

Curiously, Frisch had not thought of setting up an experiment to detect the
expected high-energy fission fragments until Placzek encouraged him to do so.
(For that matter, neither had Hahn and Strassmann.) He did so on Friday, January
13, and immediately detected the fragments. Frisch is thus credited with being the
first person to set up an experiment to deliberately demonstrate fission. He is also
credited with coining the term “nuclear fission,” after having asked an American
biologist working in Copenhagen, William Arnold, what term was used for the
process of cell division: “binary fission”. Extending Hahn and Strassmann’s work,
Frisch also tested thorium, which proved to act like uranium in that it would fission
under bombardment by fast (unmoderated) neutrons, but to act unlike uranium in
that it did notr do so when bombarded with slow (moderated) neutrons. Frisch
consequently prepared two papers. The first was co-authored with Meitner and
described their Christmastime insights, while the second described his own
experiments. Both were sent to Nature on January 16; the joint paper was pub-
lished on February 11, and the experimental one on February 18. The uranium/
thorium asymmetry would prove to be a crucial observation a few weeks later,
when Niels Bohr worked to understand the underlying physics of the process.

Bohr sailed to America, accompanied by his son Erik and collaborator Léon
Rosenfeld of the University of Liege in Belgium. Bohr had a blackboard installed
in his stateroom, and during the transatlantic voyage he and Rosenfeld, despite
seasickness, began to develop a theoretical understanding of fission. They arrived
in New York on the afternoon of Monday, January 16, where they were met by
Enrico and Laura Fermi. Bohr had business in New York, and Rosenfeld left
directly for Princeton. But Bohr had not told Rosenfeld of his promise to Frisch to
keep the news of fission quiet until Meitner and Frisch’s paper had been submitted,
and Rosenfeld spilled the beans that evening at a meeting of the Princeton Physics
Journal Club. When Bohr heard that word of fission was out, he hastily drafted his
own note to Nature on January 20 to assert Meitner and Frisch’s priority; it would
be published on February 25.
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Bohr’s January 20 paper is worth attention. In it he gives a description of how
the fission process could be envisioned. This was based on his “liquid drop”
model, which involved conceiving of nuclei as acting like droplets of liquid that
could be distorted when perturbed by some external cause, such as a bombarding
particle. In ordinary (non-fission) reactions, Bohr speculated that the energy of the
bombarding particle was distributed in the target nucleus among various modes of
vibration in a manner resembling the thermal agitation of a liquid drop. If a large
part of the energy should come to be concentrated on some particle at the surface
of the nucleus, then that particle will be ejected, akin to the evaporation of a
molecule from a drop. In a fission reaction, Bohr reasoned, the distribution of
energy would have to result in a mode of vibration of the nucleus that involved a
considerable deformation of the surface (Fig. 3.4). He deduced, purely qualita-
tively as yet, that in heavy nuclei the energy sufficient to distort the surface to the
point where two lobes formed that would repel each other and so cause the nucleus
to fission must be of the same order of magnitude as the energy necessary for the
escape of a single particle from a lighter nucleus. The concept of a requisite
deformation energy would soon find rigorous quantitative expression as the fission
barrier described in Sect. 3.3.

The first demonstration of fission in America occurred at Columbia University.
On Wednesday, January 25, Bohr, while on his way to attend a conference in
Washington (about which more below), stopped at Columbia to find Fermi. Fermi
was out, and Bohr instead encountered one of Fermi’s graduate students, Herbert
Anderson (Fig. 3.5). As Anderson told the story, Bohr came right over to him,
grabbed him by the shoulder, and whispered in his ear “Young man, let me explain
to you about something new and exciting in physics”. Anderson, who was pre-
paring a thesis on neutron scattering, instantly understood the significance of what
Bohr related.

Bohr went on his way, and Anderson went to find Fermi, who had already heard
the news through a contact at Princeton. Fermi had to leave for Washington as
well, and so was not present that evening when Anderson set up an experiment to
detect the high-energy fission fragments with an ionization chamber he had pre-
pared for his thesis work. The ionization pulses were readily apparent, and the
experiment was witnessed by Professor John Dunning (Fig. 3.6). Anderson states
that Dunning telegraphed the news to Fermi in Washington, but it is not clear if he
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Fig. 3.4 Schematic representation of steps in the progression of “droplet fission.” An initially
spherical nucleus (left) is perturbed by some agency such as a bombarding neutron (not shown),
and begins to distort. In the middle diagram, two lobes have formed, which will force each other
apart due to electrostatic repulsion, leading to fission. Adapted with the kind permission of the
author from R. M. Eisberg, Fundamentals of Modern Physics (New York: John Wiley and Sons,
1961), p. 616
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Fig. 3.5 Enrico Fermi and his reactor group at the University of Chicago. This photograph was
taken December 2, 1946, on the fourth anniversary of the operation of Fermi’s CP-1 reactor
(Chap. 5). Back row (I-r) Norman Hilberry, Samuel Allison, Thomas Brill, Robert Nobles,
Warren Nyer, Marvin Wilkening. Middle row (l-r): Harold Agnew, William Sturm, Harold
Lichtenberger, Leona Woods, Leo Szilard. Front row (I-r) Enrico Fermi, Walter Zinn, Albert
Wattenberg, Herbert Anderson. Source http://commons.wikimedia.org/wiki/File:Chicago
PileTeam.png

Fig. 3.6 Left John Dunning (left) and Eugene Booth inspect a cyclotron at Columbia University.
Right George Gamow (1904-1968). Sources AIP Emilio Segre Visual Archives; AIP Emilio
Segre Visual Archives, Physics Today Collection

actually did so. In Paris the next day, Frédéric Joliot read Hahn and Strassmann’s
paper, and also detected evidence of fission.

While word of the discovery had been spreading privately at Princeton and
Columbia since Bohr and Rosenfeld’s arrival on the 16th, the public coming-out of


http://dx.doi.org/10.1007/978-3-642-40297-5_5
http://commons.wikimedia.org/wiki/File:ChicagoPileTeam.png
http://commons.wikimedia.org/wiki/File:ChicagoPileTeam.png

3.1 The Discovery of Fission 83

the news came on January 26. What had drawn Fermi and Bohr to Washington was
the Fifth Washington Conference on Theoretical Physics. These conferences were
co-hosted by George Washington University (GWU) and the Carnegie Institution
of Washington (a prestigious private research institution), and were mainly
organized by George Gamow (Fig. 3.6) and Edward Teller (Fig. 4.13), both of
whom were then at GWU. The topic of the 1938 meeting was to be low-
temperature physics, but that agenda quickly found itself derailed.

The conference, scheduled for January 26-28, opened at two o’clock on the
afternoon of Thursday, the 26th. Gamow opened the proceedings by introducing
Bohr, who related Hahn and Strassmann’s discovery and Meitner and Frisch’s
interpretation. The news electrified the fifty-odd participants, some of whom
departed promptly to perform their own experiments. Today, a plaque outside
Room 209 of GWU’s Hall of Government commemorates Bohr’s historic
announcement.

The next deliberate demonstration of fission in America seems to have occurred
on Saturday morning, January 28, at Johns Hopkins University in Baltimore.
Apparently tipped off by a colleague attending the conference, R. D. Fowler and
R. W. Dodson tested both uranium and thorium, and verified Frisch’s observation
that slowing neutrons with paraffin increased the fission rate in uranium, but had no
effect on that for thorium. That evening at the Carnegie Institution, Richard
Roberts and colleagues Lawrence Hafstad and Robert Meyer demonstrated fission,
with Bohr, Fermi, Rosenfeld, Teller, and others in attendance. In the public
domain, the New York Times reported on the discovery in its Sunday, January 29,
edition, noting that scientists at the Washington meeting thought that it might be
twenty or twenty-five years before the phenomenon could be put to use. In
Berkeley, Luis Alvarez, a member of Ernest Lawrence’s Radiation Laboratory
staff, read of the discovery in the San Francisco Chronicle and passed the word to
his graduate student, Philip Abelson, who verified the finding on January 31.
Abelson detected iodine as a decay product of tellurium, which was itself a direct
fission product, and over subsequent weeks identified a number of other fission
products. Independently, Alvarez also verified that slow neutrons were more
effective in causing fission than fast ones. The Johns Hopkins, Carnegie, and
Berkeley reports all appeared in the February 15, 1939, edition of the Physical
Review. The Columbia group’s first paper did not appear until the March 1 edition,
but contained the first quantitative cross-section measurements for both fast and
slow neutrons.

Fission can happen in a number of ways, but it is always accompanied by a
tremendous release of energy. For example, the Hahn and Strassmann discovery
reaction,

(l)n + é;SU — énga + géKr +3 ((l)n), (3.9)

assuming that three secondary neutrons are emitted, releases just over 170 MeV of
energy. The vast majority of this is carried off in the form of kinetic energy by the
barium and krypton fission products, but the neutrons carry off on average about
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2 MeV each, a number that will prove to be important. The neutron-rich fission
products then decay by a series of beta decays,
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As some 30 different elements are produced by uranium fission, it is no wonder
that Hahn, Meitner, and Strassmann had observed a confusing plethora of lengthy
decay chains. Their detection of the barium-krypton fission channel was pre-
sumably a result of their use of barium chemistry.

Intuitively, one might expect that if the channel that a particular reaction
chooses to follow is some sort of random process, then the distribution of masses
of fission fragments should be more-or-less symmetric around A ~ 235/2 ~ 118.
But this is far from the case in reality, which shows that fission can happen in a
great multiplicity of ways, leading to dozens of possible products. Curiously, an
equal splitting of the uranium nucleus is quite rare, although not impossible.
Figure 3.7 shows the distribution of fragment masses from thermal-neutron fission
of U-235 as a function of mass number A. Fragment masses with A ~ 90 and 140
are clearly preferred; equal splitting is actually somewhat unlikely. As the energy
of the bombarding neutron increases, the distribution becomes more centrally
peaked, but there is as yet no known reason from fundamental physics as to why
thermal-neutron yields are so asymmetric.

As Leo Szilard and doubtlessly many others realized, there would have to be on
average at least one neutron liberated per fission if there was to be any hope of
sustaining a neutron-moderated chain reaction. As Herbert Anderson later wrote,
“Nothing known then guaranteed the emission of neutrons. Neutron emission had
to be observed experimentally and measured quantitatively.” Soon after the
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discovery of fission, a number of research teams began looking for evidence of
such “secondary” neutrons, and proof of their presence was not long in coming.
On March 16, two independent groups at Columbia submitted reports to The
Physical Review reporting their discovery: Anderson, Fermi & Hanstein, and
Szilard & Zinn. Both groups estimated about two neutrons emitted per each
captured; their papers were published on April 15. Anderson, Fermi, and Hanstein
were able to determine from their experiment that the total thermal-neutron
absorption cross-section for natural uranium (fission, radiative capture, and other
processes) is about 5 barns; this is in respectable agreement with the modern value
of about 7.6 barns.' Szilard and Zinn configured their experiment to detect the
emission of any fast neutrons as a consequence of fission, and indeed observed
them. Szilard recalled later his reaction upon detecting the neutrons: “That night,
there was very little doubt in my mind that the world was headed for grief.”
Confirming evidence for secondary neutrons soon came in from Europe: in Paris
on April 7, Hans von Halban, Frédéric Joliot, and Lew Kowarski submitted a paper
to Nature (published April 22) in which they reported 3.5 + 0.7 neutrons liberated
per fission. The modern value for the average number of secondary neutrons
liberated by U-235 when it is fissioned by thermal neutrons is about 2.4.

The physics of fission is a complex topic, and is the subject of the following
three sections.

3.2 The Physics of Fission I: Nuclear Parity, Isotopes,
and Fast and Slow Neutrons

The observation that the propensity of uranium to fission depended on the velocity
of bombarding neutrons and that uranium and thorium differed in their responses
to slow-neutron bombardment catalyzed several crucial revelations on the part of
Niels Bohr in early February, 1939. Working with remarkable haste, Bohr pre-
pared and sent off a paper to the Physical Review dated February 7, 1939; it was
published in the February 15 edition alongside the reports of fission detected in
various American laboratories. In this paper, Bohr developed arguments to show
that it was likely the rare isotope uranium-235 that must be responsible for slow-
neutron fission in that element, and to explain why thorium did not exhibit
slow-neutron fission.

Bohr’s argument comprised two interlinked components. The first involved his
liquid-drop model of the preceding section. In his new paper, Bohr linked this
argument to some earlier experiments of Meitner, Hahn, and Strassmann wherein
they examined the radiative-capture response of uranium to neutrons of varying
speeds. This work had revealed a rich forest of very strong resonance capture lines

! The 7.6-barn figure is a weighted average of the (total—elastic scattering) cross sections for
thermal neutrons on U-235 (683 bn) and U-238 (2.7 bn), using abundances 0.0072 and 0.9928.
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for neutrons of energies of from a few to thousands of eV; look ahead to Fig. 3.11.
Based on some arguments from an area of statistical mechanics known as dis-
persion theory, Meitner, Hahn, and Strassmann had concluded that these reso-
nances were likely attributable to the abundant isotope, U-238. However, the
resonance captures were not associated with any corresponding increase in the
fission cross-section, which led Bohr to infer that nuclei of the 238 isotope must
consequently be very stable, since the liquid-drop model indicated that they would
be expected to fission upon taking in such energetic neutrons. If U-238 does not
fission under intermediate-energy neutron bombardment, it would certainly not be
expected to do so under slow-neutron bombardment. Thus, Bohr reasoned that
U-235 could be the only candidate for slow-neutron fission.

Bohr’s second argument helped to clarify what was happening with thorium by
looking at the situation from the point of view of what is known as “nuclear
parity.” Nuclear physicists classify the “parity” of nuclei according to the even-
ness or oddness of the number of protons and neutrons that they contain, always
expressed in the order protons/neutrons, or Z/N. In this scheme, uranium-235 is an
even/odd nucleus (Z = 92, N = 143), whereas uranium-238 is classified as even/
even (Z = 92, N = 146). The parity distribution of the 266 known stable nuclides
is summarized in Table 3.1.

Clearly, Nature has a preference for even/even nuclides. Virtually identical
numbers of stable nuclides are even/odd or odd/even, and only a handful are
odd/odd. The latter are all light nuclei; specifically, heavy hydrogen, lithium-6,
boron-10, and nitrogen-14. This distribution is now considered to be a manifes-
tation of the nature of the forces exerted between pairs of nucleons. Speaking
somewhat loosely, a nucleus wherein every nucleon has a “partner” will exist in a
more stable mass-energy state (greater mass defect) than one where unpaired
nucleons are present. This is described below via an analogy, but, for the moment,
let us return to Bohr’s argument.

Bohr pointed out that uranium consists of two isotopes, one even/odd (%35 U ) and
one even/even (33%U), whereas thorium has only one stable isotope, 23*Th, of
even/even parity. If it is the even/odd isotope that is responsible for slow-neutron
fission in uranium, then one might not expect to see slow-neutron fission in thorium,
as it lacks an isotope of such parity. This was consistent with what Otto Frisch and
others had observed. Purely qualitatively, another way of paraphrasing Bohr’s
analysis is to say that when an even/odd nucleus (such as U-235) absorbs a neutron, it
will find itself in a more excited energy state—and hence more prone to fission—
than would an even/even nucleus. Numerical details on this point will follow shortly.

Table 3.1 Distribution of 7IN

. . Number of stable isotopes
stable-nuclide parities

Even/Even 159
Even/Odd 53
Odd/Even 50

0dd/Odd 4




3.2 The Physics of Fission I: Nuclear Parity, Isotopes, and Fast and Slow Neutrons 87

The second-last paragraph of Bohr’s paper presented an important hypothesis
concerning fast-neutron fission, a speculation which was likely largely overlooked
at the time with all the attention being devoted to slow neutrons. It is worth
examining this part of his argument in some detail.

Quantum-mechanical considerations indicated that as the energy of bombard-
ing neutrons increases (that is, as they become faster), the fission cross-section
should generally decrease (see, for example, Fig. 3.12 for the case of U-235). For
very fast (MeV) neutrons, the cross-section should never exceed the geometric
cross-section of the nucleus itself, which for uranium is about 1.7 barns (Eq. 2.49).
Since U-238 did not fission under intermediate-energy neutron bombardment, it
would certainly not be expected to do so when struck by fast ones because of the
lower cross-section to be expected at higher energies. (This reasoning appears to
contradict the argument above that U-238 should not suffer slow-neutron fission,
as the quantum-mechanical conclusion would lead one to expect a greater chance
of fission for lower-energy neutrons. As described in the following pages, how-
ever, there are a number of further levels of subtlety to this story yet to be
revealed.) On the other hand, Bohr pointed out, U-235 might have a chance of
sustaining fast-neutron fission in view of its apparently very large cross-section for
slow neutrons, that is, there might be sufficient “remaining” cross-section for fast
neutrons despite the expected decrease in cross-section with increasing neutron
energy.

While Bohr left unstated the question of what might happen if U-235 could be
separated from U-238 and bombarded with fast neutrons, the possible implications
of this question had not gone unnoticed. Philip Morrison, a student of Robert
Oppenheimer, recalled that “when fission was discovered, within perhaps a week
there was on the blackboard in Robert Oppenheimer’s office a drawing ... of a
bomb.”

The levels of argument that Bohr wove into a two-page paper are dizzying. In
his own words, it all reduced to “allowing us to account both for the observed
yield of the process concerned for thermal neutrons and for the absence of any
appreciable effect for neutrons of somewhat higher velocities. For fast neutrons ...
because of the scarcity of the isotope concerned [U-235] the fission yields will be
much smaller than those obtained from neutron impacts on the abundant isotope
[U-238].” The details of Bohr’s analysis would be revised as further experimental
data accumulated, but by the spring of 1939, general outlines of understanding of
the response of different uranium isotopes to neutron bombardment and the
prospects for a chain reaction were beginning to become clear, at least in principle.

The parity distribution in Table 3.1 deserves further comment, and at least a
pseudo-explanation. If we presume that these numbers reflect some underlying
fundamental physics regarding stability of nuclei, a simple interpretation of the
large number of even/even isotopes is that nuclei achieve their greatest stability
when all of their nucleons can find a partner with which to “pair-bond.” Given the
large number of even/even isotopes, this pairing could be explained with two
possible schemes: (i) neutrons are happy to pair with protons, with excess neutrons
then being equally content to pair with others of their own kind (the neutron excess
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N —Z is >0 for all isotopes except ordinary hydrogen and helium-3), or
(i1) nucleons prefer to pair with other nucleons of their own kind. In comparing
(i) and (ii), note that (i) refers to neutrons, and (ii) to nucleons.

To decide between these two possibilities, look to the small number of odd/odd
isotopes. In an odd/odd isotope, the number of excess neutrons N-Z will always be
even. If case (i) is in play, high stability would be achieved, as no neutron or
proton would be left unpaired. But we would then have to explain why nature
discriminates so strongly against odd/odd isotopes. On the other hand, if case (ii) is
in play, then the small number of odd/odd isotopes is readily explained by the fact
they would always contain one unpaired nucleon of each type, apparently the least-
stable overall configuration. The intermediate even/odd and odd/even cases fit
perfectly into possibility (ii), in that there is only one unpaired nucleon in either
case. The conclusion must be that nucleons prefer to pair with others of their own
kind, with much less (if not no) attraction at all to the other kind.

With the pair-bonding preferences of nuclei somewhat understood, we can now
get to the promised analogy regarding the effect of odd and even numbers of
nucleons on nuclear stability, and with it a quantification of the binding energy
released upon neutron absorption.

Imagine neutrons as guests at a party, which is the nucleus itself. (Protons play
no role here, as fission is a neutron-initiated phenomenon.) As with a human party,
it is desirable for every guest to have a partner with whom to converse. Additional
guests are welcome so long as the total number does not grow so large as to attract
a visit from the beta-decay stability police. To attract new neutrons to the party,
those already present can be thought of as each willing to give up a small amount
of their mass to make room for newcomers. Particularly preferable would be a new
guest whose addition would make the total number of guests even, so that
everyone then has a partner. For a large party (a heavy nucleus), measured nuclear
masses indicate that the already-present guests are collectively willing to sacrifice
an amount of mass equivalent to about 6.5 MeV of energy to achieve an even
number of guests. That liberated energy appears in the form of excitation energy of
the nucleus. The party becomes louder, and some of the guests might fission out
the door (taking protons with them) to form sub-parties. On the other hand, a
newcomer whose addition would make the total number of guests odd is also
welcome (neutrons never repel other particles), but less so in that those already
present are somewhat less willing to make room for an odd-one-out. In this case
they are willing to sacrifice only about 5 MeV mass equivalent, and the nucleus
becomes less roiled than if it had sustained an odd-to-even neutron-number
transition.

This scheme predicts that a nucleus which transforms from an odd/odd
(or even/odd) to an odd/even (or even/even) configuration by absorbing a neutron
will liberate more energy than one that goes from an odd/even (or even/even) to an
odd/odd (or even/odd) configuration. The difference is about 1.5 MeV. This is
precisely what happens when a uranium-235 nucleus (even/odd) takes in a neutron,
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versus what happens when a uranium-238 nucleus (even/even) does so. As
described in more detail in the next section, the extra 1.5 MeV is enough to cause a
neutron-bombarded U-235 nucleus to fission, whereas a U-238 nucleus simply
absorbs the neutron and subsequently beta-decays.

The changes of parity upon neutron absorption and the corresponding energy
releases can be summarized as

even/even } { even/odd
—

5 MeV 3.12
odd/even odd/odd } o Me (3.12)

neutron + {

and

} +6.5MeV. (3.13)

{ even/odd } { even/even
neutron + —

odd/odd odd [even

The energy values are approximate; exact numbers depend on the isotopes

involved. An example of the first type of reaction is jn+ 38U — 33°U, and an

example of the second type is jn + 23°U — 23°U. For practical purposes, there are

no cases of odd/odd — odd/even transitions to have to consider as there are no
appreciably long-lived heavy odd/odd isotopes.

This scheme predicts that uranium-239 would appear to be a favorable candi-
date as a fissile material, as it would transmute from being even/odd to being
even/even upon absorbing a neutron. This is true, but since U-239 has a beta-decay
half life of only 23.5 min, it is not practical for consideration as a weapons
material. The anticipated decay product of U-239, Np-239, would not be a
favorable candidate, as its neutron-absorption transmutation would be odd/even to
odd/odd. But, if Np-239 beta-decays to Pu-239, the latter would undergo an
even/odd to even/even transmutation under neutron absorption, exactly as does U-
235. As is described in Sect. 3.8, precisely this line of reasoning occurred to Louis
Turner of Princeton University in early 1940, who realized that if Pu-239 should
prove to be a reasonably stable decay product of neutron bombardment of U-238,
it could open an alternate route to obtaining bomb-quality, fast-neutron-fissile
material.

Analogies can never take the place of rigorous physical reasoning or experi-
ments, but they can be helpful in organizing empirical data and serving as a basis
on which to make qualitative predictions. Even for nuclear physicists, these parity
arguments are still largely in the realm of empirical knowledge. At present, par-
ticle physics can only just predict the masses of individual fundamental particles
from theories of the underlying physics of nuclear forces, let alone the mass of an
entire nucleus.



90 3 The Discovery and Interpretation of Nuclear Fission

3.3 The Physics of Fission II: The Fission Barrier
and Chain Reactions

Niels Bohr’s insight of February, 1939, that it was likely the rare isotope of
uranium of mass number 235 that was responsible for slow-neutron fission was but
the first step in an extensive chain of experimental and theoretical investigations
into the fission process that unfolded over the following year. Verification of
Bohr’s hypothesis would come about a year later, as described in Sect. 3.6. The
emphasis in the present section is on exploring how understanding of the roles
played by different isotopes under fast and slow neutron bombardment developed
in view of the parity argument presented in the preceding section.

Upon his arrival in America, Bohr began collaborating with John Wheeler, a
young Assistant Professor at Princeton University (Fig. 3.8). Bohr and Wheeler
had known each other since 1934, when Wheeler began a postdoctoral year at
Bohr’s Institute for Theoretical Physics in Copenhagen. In the September 1, 1939,
edition of The Physical Review, they published an extensive analysis of the
energetics of fission. For the purposes of this discussion, the results of this historic
work can be summarized in three statements. These are:

(i) There exists a natural limit Z> /A ~48 beyond which nuclei are unstable
against disintegration by spontaneous fission. This arbitrary-looking expression
arises from a combination of parameters used to fit a theoretical curve to the
mass-defect data of Fig. 2.8.

(ii) In order to induce a nucleus with a Z> /A value less than this limit to fission, it
must be supplied with a necessary “activation energy,” a quantity also known
as the “fission barrier.” This is the case for both isotopes of uranium.

(iii) The Z/N parity of an isotope plays a significant role in determining whether or

not an isotope is slow-neutron fissile.

Points (ii) and (iii) are the key ones for understanding why uranium-235 makes
an excellent bomb material while uranium-238 does not. Point (i) does address an

Fig. 3.8 John Wheeler
(1911-2008). Source AIP
Emilio Segre Visual Archives
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interesting empirical question, however: Why does nature stock the periodic table
with only about 100 elements? Nuclei have A ~ 2Z, so Z> /A ~ 48 corresponds to
a limiting Z of approximately 96, about the right value.

First consider point (ii). Bohr and Wheeler’s analysis indicated that any
otherwise stable nucleus can be induced to fission under neutron bombardment.
However, any specific isotope possesses a characteristic fission barrier. This
means that a certain minimum energy has to be supplied to deform the nucleus
sufficiently to induce the process sketched in Fig. 3.4 to proceed. This activation
energy can be supplied by a combination of two factors: (i) in the form of kinetic
energy carried in by the bombarding neutron, and (ii) from binding energy lib-
erated when the target nucleus absorbs the bombarding particle and becomes a
different nuclide with its own characteristic mass. Both factors play roles in
understanding uranium fission.

Figure 3.9 shows theoretically-computed fission barrier energies in MeV as a
function of nucleon mass number A. Barrier energies vary from a maximum of
about 55 MeV for isotopes with A ~ 90 down to a few MeV for the heaviest
elements such as uranium and plutonium. For elements heavier than plutonium
(A ~ 240), half-lives for « and f decays and spontaneous fission tend to be so
short as to make them impractical candidates for weapons materials despite their
low fission barriers.

In the discussion which follows, the situation for uranium is examined in detail.

In 1936, Bohr had developed a conceptual model of nuclei that is now known as
the “compound nucleus” model. Based on this model, Bohr and Wheeler posited
that fission is not an instantaneous process, but rather that the incoming neutron
and target nucleus first combine to form an intermediate compound nucleus. Two
cases are relevant for uranium:

U - BU, (3.14)

Fig. 3.9 Fission barrier 60
versus mass number

50 -

20 -

Fission barrier (MeV)

10

0 100 200 300
Mass number A



92 3 The Discovery and Interpretation of Nuclear Fission

and
m+3tu - 30U (3.13)

In accordance with their even/odd — even/even and even/even — even/odd
parity changes, the (Q-values of these reactions are respectively 6.55 and
4.81 MeV. If the bombarding neutrons are “slow,” that is, if they bring essentially
no kinetic energy into the reactions, then the nucleus of ***U formed in reaction
(3.14) will find itself in an excited state with an internal energy of about 6.6 MeV,
while the ***U nucleus formed in reaction (3.15) will have a like energy of about
4.8 MeV. In comparison, the fission barriers for **°U and **°U are respectively
about 5.7 and 6.4 MeV. It is the differences between the Q-values and the barrier
energies that are crucial here. In the case of 2°U, the Q-value exceeds the fission
barrier by nearly 0.9 MeV. Any bombarding neutron, no matter how little kinetic
energy it has, can induce fission in >>U. On the other hand, the Q-value of reaction
(3.15) falls some 1.6 MeV short of the fission barrier, which means that to fission
2381 by neutron bombardment requires supplying neutrons of at least this amount
of energy. **°U is known as a “fissile” nuclide, while ***U is termed “fissionable.”

In Fig. 3.10, O—Epg.ier 1S plotted as a function of target-nuclide mass number
A for uranium and plutonium isotopes. The upper line is for plutonium isotopes,
and the lower for uranium isotopes. Here the effect of the different parity changes
appears quite strikingly as high Q—FEg,,...- values for targets whose mass numbers
are odd; both uranium and plutonium possess even numbers of protons.

It appears that both *?U and ***U would make good candidates for weapons
materials. >*?U is untenable, however, as it has a 70-year alpha-decay half-life. For
practical purposes, 22U is not convenient as it does not occur naturally, and has to
be created by neutron bombardment of thorium in a reactor that is already pro-
ducing plutonium. Aside from its fission-barrier issue, *>*U has such a low natural
abundance as to be of negligible consequence (~0.006 %), and *°U does not
occur naturally at all. B7U is close to having O-Eg,,ier > 0, but has only a
6.75-day half-life against beta-decay. In the case of plutonium, isotopes of mass
numbers 236, 237, 238 and 241 have such short half-lives against various decay
processes as to render them too unstable for use in a weapon even if one went to
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the trouble of synthesizing them in the first place: 2.87-day alpha-decay, 45-day
electron capture, 88-day alpha-decay, and 14-day beta-decay, respectively. *°Pu
turns out to have such a high spontaneous fission rate that its very presence in a
bomb core actually presents a danger of causing an uncontrollable premature
detonation (Chap. 7). Plutonium-239 is the only isotope of that element that is
suitable as a weapons material.

Taken together, Bohr and Wheeler’s points (i) and (ii) provided the first real
understanding as to why only a very few isotopes at the heavy end of the periodic
table are subject to fission by slow neutrons: yet heavier ones are too near the Z> / A
limit to remain stable for very long against spontaneous breakup, while for lighter
ones the fission barrier is too great to be overcome by the binding energy released
upon neutron absorption. There is a very narrow “window of fissility” at the
high-Z end of the periodic table.

The issue of the unsuitability of uranium-238 as a weapons material is actually
somewhat more subtle than the above argument lets on. The average kinetic
energy of secondary neutrons liberated in the fission of uranium nuclei is about
2 MeV, and about half of them have energies greater than the ~1.6 MeV exci-
tation energy of the n + **U — *U reaction. In view of this, it would appear
that >*U might make a viable weapons material. Why does it not? The problem
depends on what happens when fast neutrons strike U nuclei.

When a neutron strikes and is scattered by a target nucleus (that is, if the
neutron is “deflected” and goes on its way, as opposed to being absorbed or
causing a fission), the collision may happen in one of two ways: elastically or
inelastically. In elastic scattering the kinetic energy of the incoming neutron is
unaffected. If the collision is inelastic, the neutron loses kinetic energy. The “lost”
energy goes into leaving the struck nucleus in an excited energy state, analogous to
a chemical reaction that leaves an electron in a higher-energy orbit.

Averaged across the range of energies of fission-produced neutrons, the effec-
tive inelastic-scattering cross-section for neutrons against U is about 2.6 barns.
In comparison, the equivalent effective fission cross-section for neutrons against
23817 is about 0.31 barns. The ratio of these cross-sections, 2.6/0.31 ~ 8.4, indi-
cates that a fast neutron striking a ***U nucleus is about eight times as likely to be
inelastically scattered as it is to induce a fission. Experimentally, neutrons of
energy 2.5 MeV that inelastically scatter from ***U have their kinetic energy
reduced to a most probable value of about 0.275 MeV as a result of a single
scattering. As a result, the vast majority of neutrons striking *>*U nuclei are
promptly slowed to energies below the 1.6-MeV fission threshold. To make the
situation worse, >**U has an appreciable radiative-capture cross-section for neu-
trons of energy less than about 1 MeV; for energies below about 0.01 MeV, the
capture cross-section is characterized by a dense forest of resonances with cross-
sections of up to thousands of barns. These trends are illustrated in Figs. 3.11,
3.12, 3.13; the curves in Fig. 3.13 terminate at about 0.03 MeV at the low-energy
end. At the time of Bohr and Wheeler’s work, physicists were aware of the
presence of these intermediate-energy capture resonances, but did not have the
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Fig. 3.11 Total neutron-capture cross-section for uranium-238 as a function of neutron energy in
MeV, from 1078 MeV to 1 MeV. Both scales are logarithmic. Many of the resonance capture
spikes are so finely spaced that they cannot be resolved here. Data from Korean Atomic Energy
Research Institute file pendfb7/U238:102. Only about 1 % of the available data is plotted here

benefit of the detailed data we now enjoy access to. It is this inelastic scattering
effect that resolves the apparent contradiction involving neutron speeds in the
preceding section.

In short, the non-utility of **U as a weapons material is due not to a lack of
fission cross-section for fast neutrons, but rather to a parasitic combination of
inelastic scattering and a fission threshold below which that isotope has an
appreciable capture cross-section for slowed neutrons. The presence of even small
amounts of ***U in a fast-neutron environment will consequently suppress any
chain reaction. ***U and **’Pu possess inelastic scattering cross-sections as well,
but they differ from **U in that they have no fission threshold. Slow neutrons will
fission >*°U and ***Pu, and fission strongly dominates over capture for them. All of
these isotopes also elastically scatter neutrons, but this is of no concern here as that
process does not degrade the neutrons’ kinetic energies.

To put further understanding to this fast-fission poisoning effect of **U, con-
sider the following example. Suppose that 2-MeV fission-generated secondary
neutrons lost only half their energy due to inelastic scattering. At 1 MeV, the
fission cross-section of 2*°U is about 1.22 bn, while the capture cross-section of
23817 is about 0.13 bn. In a sample of natural uranium, the 2381 to 23U abundance
ratio is 140:1, so capture will dominate fission by a factor of about [0.13(140)/
1.22] = 15. The net result is that only **’U can sustain a fast-neutron chain
reaction, and it is for this reason that the lighter isotope must be laboriously
isolated from its more populous sister isotope if one aspires to build a “fast-
fission” uranium bomb. Further numerical details regarding chain reactions will be
discussed in the next section.

Despite its non-fissility, U did play a crucial role in the Manhattan Project.
The **°U nucleus formed in reaction (3.15) above sheds its excess energy in a
series of two beta-decays, ultimately giving rise to plutonium-239:

239 B~ 239 B~ 239
Uu — Np — Pu. 3.16
92 23.5 min 93 P 2.36 days 94 ( )
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Fig. 3.12 Fission cross- 4
section for uranium-235; r
scales are as in Fig. 3.11.
Data from Korean Atomic
Energy Research Institute file
pendfb7/U235:19. For
thermal neutrons (log E =
—7.6), the cross-section is
585 barns. Only about 5 % of
the available data is plotted L
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Fig. 3.13 *°Py, *U, and 35
238U fission cross-sections
and 28U capture and 3r
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sections as functions of
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Like 22U, ?*Pu is fissile under slow-neutron bombardment. The reaction
on -+ 52 Pu — 34°Pu (3.17)

has a Q-value of 6.53 MeV, but the fission barrier of 240py, is only about 6.1 MeV.
Slow neutron bombardment of Pu-239 can lead to two outcomes: fission (cross-
Section 750 bn), or neutron absorption (cross-Section 270 bn), which produces
semi-stable Pu-240. This latter isotope has an a-decay half-life of only 6560 years.

3.4 The Physics of Fission III: Summary

The preceding two sections covered a great deal of material that involves a number
of interconnecting issues. This section offers a brief summary comparison of the
possibilities for reactors and bombs.
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First, consider trying to establish a chain-reaction using slow neutrons. The
neutrons emitted in fissions will be fast, but are subject to the U-238 inelastic-
scattering and capture problem. In order to have any hope of keeping the reaction
going, the neutrons have to be moderated in order to (i) avoid being captured by
U-238 nuclei, while (ii) taking advantage of the enormous fission cross-section of
U-235 nuclei for thermal neutrons (585 barns; see below). However, a bomb based
on such a scheme would weigh tons and be impractical to deliver to a target in any
way; essentially, it would be a reactor. More important, the neutrons would be so
slow that the reaction would grow at a rate not much faster than an ordinary
chemical reaction. The result would be that the device would heat itself, melt, and
disperse, which would allow neutrons to escape and cause the reaction to shut
down. A slow-neutron bomb would create an expensive fizzle, not a “bang”.

To create a reaction violent enough to warrant making a bomb requires using
fast neutrons. In this case, the only isotope that might be able to sustain a fast-
neutron chain reaction is U-235, but this would require separating the two isotopes
of uranium in kilogram quantities. Even if the separation could be achieved, there
was no guarantee in 1939 that some unanticipated effect might not arise that could
render a bomb unworkable. It is not surprising that Niels Bohr thought that a
weapon based on uranium fission would be impractical or impossible.

Quantifying some of the fast-versus-slow issues can help in developing a deeper
appreciation of them. Some of these quantifications are straightforward, and are
discussed in the following paragraphs.

One quantification involves comparing the possibilities for fast and slow-neutron
chain-reactions by making use of available modern values for the cross-sections.
Table 3.2 shows values for fission and radiative capture cross-sections (in barns)
for U-235 and U-238 for fast neutrons. The last column of the Table shows
overall effective cross—sections, computed by taking into account the natural frac-
tional abundances of the isotopes: 0.0072 for U-235, and 0.9928 for U-238. For
example, for fast neutrons, the overall fission cross-section is calculated as
1.235(0.0072) + 0.308(0.9928) = 0.315. In this case, capture overwhelms fission,
so there is no possibility of maintaining a chain reaction. A fast-neutron reaction
cannot be maintained with ordinary-abundance uranium. To maintain a fast-neutron
reaction, the abundance ratio must be changed to increase the fraction of U-235 in
order that fission can compete against capture. The break-even point is a fractional
U-235 abundance of about 0.66, an extremely difficult level of enrichment to achieve
(bomb-grade uranium is defined as 90 % pure **° U). Even then, fission would be
only just as probable as capture.

Table 3.2 Fast-neutron cross-sections (barns)

Process U-235 U-238 Overall cross-section
weighted by abundance
Fission 1.235 0.308 0.315

Capture 0 2.661 2.642
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Table 3.3 Slow-neutron cross-sections (barns)

Process U-235 U-238 Overall cross-section
weighted by abundance

Fission 584.4 0 4.208

Capture 98.8 2.717 3.409

The situation for slow (thermal) neutrons is summarized in Table 3.3. For slow
neutrons, fission is the dominant process (although not overwhelmingly so), due to
the enormous fission cross-section for U-235. This is what makes possible the idea
of a chain-reaction using natural-abundance uranium as fuel, as some types of
commercial reactors do. The hard part is to slow down the high-energy neutrons
emitted in fissions of U-235 nuclei without having them be captured or otherwise
lost while they are being slowed.

A second quantification relates to the issue of neutron speed. This is analyzed
more fully in Sect. 3.7, but the key point is that the energy liberated by a nuclear
bomb proves to be proportional to the inverse-square of the time required for a
neutron to travel from where it is born in a fission to where it is likely to cause a
subsequent fission. For a slow-neutron bomb, the energy yield works out to be only
about 10~ of that which would be liberated by a fast-neutron bomb. For a 20-
kiloton TNT equivalent fast-neutron bomb, this implies that a slow-neutron bomb
would release less energy than one pound of TNT. There is simply no point in
making a slow-neutron bomb.

In summary, Bohr and Wheeler’s work provided a solid theoretical foundation
for understanding the fission process and its possibilities. But in 1939 a huge gulf
lay between theoretical understanding and any possible practical application of the
phenomenon. That gulf could only be filled with further experimental data on
cross-sections and secondary neutron numbers, and consideration of large-scale
techniques for isotope separation. Nobody could yet speak definitively regarding
the prospects for a chain reaction or a bomb. But that did not mean that the
possibilities could not be considered hypothetically.

3.5 Criticality Considered

Following the discovery that uranium fission did give rise to secondary neutrons, a
number of physicists began to consider the conditions necessary for achieving a
chain reaction, at least in theory.

Even if one has a fission to begin a putative chain reaction, the secondary
neutrons that are liberated are by no means guaranteed to strike other nuclei. Some
of the neutrons will inevitably reach the surface of the sample of uranium and
escape, particularly if the sample is small. As the size of the sample increases, the
probability that a given neutron will escape decreases, and while the probability
never goes strictly to zero (unless the sample becomes infinitely large), it will
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eventually become low enough that a neutron is more likely to cause a subsequent
fission than to escape. The key concept becomes that of a critical mass: the
minimum mass of uranium that has to be assembled in one place in order to have a
self-sustaining reaction which in principle continues until all of the uranium has
fissioned, or (more likely) the material heats itself up and disperses.

Technically, criticality is said to obtain if the density of neutrons (that is, the
number of neutrons per cubic meter) within the sample is increasing with time.
Whether or not this condition is fulfilled depends on the density of the fissile
material, its cross-sections for fission and scattering, and the number of neutrons
emitted per fission. To analyze the evolution of the number of neutrons in a reactor
or bomb core requires the use of time-dependent diffusion theory, which is covered
in a number of technically-oriented texts. Diffusion theory goes back to classical
thermodynamics, and was a well-established branch of theoretical physics by 1939.

First out of the gate was French physicist Francis Perrin (Fig. 3.14), who
published a brief paper in the May 1, 1939, edition of the journal Comptes Rendus.
Perrin applied diffusion theory to an assemblage of natural-abundance uranium in
its oxide form (U;Og), assuming fast (unmoderated) neutrons. With rough esti-
mates for some of the relevant parameters, he arrived at a critical mass of 40
metric tons (40,000 kg). Perrin also analyzed how this figure could be reduced by
surrounding the material with a tamper. The purpose of a tamper is to reflect
escaped neutrons back into the fissile material, giving them another chance at
causing fissions; the net effect is to lower the critical mass. In the case of a bomb,
the tamper also briefly retards the expansion of the exploding core, allowing
criticality to hold for a few tenths of a microsecond longer than if no tamper were
present; this yields a more efficient explosion. Perrin’s 40-ton figure has no real
relevance for a bomb, where pure U-235 is used. However, he did clearly establish
the relevant diffusion physics, and introduced the notion of tampering.

Not far behind Perrin was German physicist Siegfried Fliigge of the Kaiser
Wilhelm Institute for Chemistry in Berlin, who published a much lengthier
analysis in the June 9 edition of Naturwissenschaften. Also considering U;Og,

Fig. 3.14 Francis Perrin
(1901-1992) in 1951. Source
AIP Emilio Segre Visual
Archives, Physics Today
Collection
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Fliigge deduced the astounding figure that if all of the uranium in one cubic meter
of U;30g were to fission, the energy released could raise a cubic kilometer of water
to a height of 27 km. Fliigge assumed that both uranium isotopes fissioned; if
fission of only U-235 is assumed, the correct height is much less, but still
impressive: about 370 m. Fliigge did not estimate a critical mass, but gave a figure
for the critical radius of greater than 50 cm, again based on estimated parameters.

For English-language readers, the most accessible of the early criticality papers
is one published by Rudolf Peierls (Fig. 3.15) of the University of Birmingham in
October, 1939. Peierls was an outstanding theoretical physicist who had been born
in Germany and emigrated to England in 1933. Like Otto Frisch, Peierls was
Jewish; both men would come to be concerned about fission research being done in
Germany.

How Peierls came to be in Birmingham is worthy of a brief digression, which
also serves to introduce another important person in this history. In the fall of
1937, Marcus Oliphant, an Australian native who had been one of Rutherford’s
many students, was appointed head of the physics department at Birmingham. One
of Oliphant’s first faculty recruits was Peierls, to whom he offered a permanent
Professorship. Peierls leapt at the opportunity, especially as it carried a salary over
twice what he had been receiving in a non-permanent position at Cambridge.
Peierls took up his position in the fall of 1937, and became a naturalized British
citizen in February, 1940.

In mid-1939, with the threat of war clearly looming in Europe, Oliphant made
another valuable acquisition: Otto Frisch, who was then still in Copenhagen. Not
bothering with formalities, Oliphant simply invited Frisch over for a summer
vacation, and found him work as an auxiliary lecturer.

Oliphant’s strategic disregard for proper channels manifested itself in other
productive ways. Working on radar research for the British Admiralty, he found
Peierls” knowledge of electromagnetism an invaluable resource. But as an enemy

-

Fig. 3.15 Left Genia (1908-1986) and Rudolf (1907-1995) Peierls in New York 1943. Right
Marcus Oliphant (1901-2000). Sources Photograph by Francis Simon, courtesy AIP Emilio Segre
Visual Archives, Francis Simon Collection; AIP Emilio Segre Visual Archives, Physics Today
Collection
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alien, Peierls could have no official contact with classified work. Oliphant cir-
cumvented the problem by the artifice of posing questions to Peierls in the guise of
their being purely academic exercises. Both men were well aware of the fiction,
but it worked. Oliphant would later play a seminal role in prodding American
physicists to accelerate their country’s fission-bomb efforts.

In his memoirs, Peierls described how he read Perrin’s paper and realized that
he could refine the calculation. Given the potential military applications, he had
some doubts about publishing his analysis openly, and claims that he consulted
Frisch on the advisability of doing so. Confident that Bohr had shown that an
atomic bomb was not a realistic proposition, Frisch saw no reason not to publish.
Frisch makes no reference to such a conversation in his own memoirs, but a few
months later the two would find themselves in a very different circumstance.

Peierls developed explicit formulae for estimating the critical mass in two
extreme cases. These were when the number of neutrons generated per fission was
very close to one, or much greater than one. In the region of practical interest,
where the number is about 2.5, the two expressions turn out to not differ greatly in
their predictions, and a sensible estimate can be obtained by averaging the two
results. When applied in this way with modern parameter values to U-235, the
predicted critical radius comes within 5 % of what later, more sophisticated, Los
Alamos diffusion theory predicted. Curiously, Peierls did not bother to substitute
any numbers into his expressions; his paper was entirely analytic. One cannot help
but wonder if he would have published had he been in possession of even
approximately accurate values for the relevant cross-sections for U-235 by itself.

3.6 Bohr Verified

Niels Bohr’s February, 1939, suggestion that it was the rare 235 isotope of ura-
nium that was responsible for slow-neutron fission begged for experimental test.
The only sure way to test the hypothesis would be to isolate pure, separated
samples of U-235 and U-238, and subject them both to neutron bombardment. The

Fig. 3.16 Alfred Nier
(1911-1994) Source
University of Minnesota,
courtesy AIP Emilio Segre
Visual Archives
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only practical method of isotope separation known at the time was mass spec-
troscopy. The task of preparing the samples came into the hands of a superb mass
spectroscopist, Alfred Nier of the University of Minnesota (Fig. 3.16).

Nier had come to the attention of uranium physicists with a paper he had
published in the January 15, 1939, edition of Physical Review in which he reported
the discovery of a third isotope of uranium, U-234. Despite the fact that this
isotope is present to the extent of only about one atom per every 18,000 atoms of
U-238 in a sample of natural uranium, Nier’s mass spectrometer was sensitive
enough to achieve the detection. Nier met Enrico Fermi at an American Physical
Society meeting held in Washington in April, 1939, at which time Fermi
encouraged him to try to separate small samples of uranium isotopes in order to
put Bohr’s theory to experimental test. Busy with teaching and other projects,
Nier did not take up the challenge until prodded again by Fermi in October of the
same year.

In order to achieve sufficient isotopic separation, Nier had to build a new mass
spectrometer, which he completed in February, 1940. His first successful separa-
tion runs were carried out on February 28 and 29. Nier glued the minute samples to
a letter which he posted by airmail special delivery to Columbia University, where
they were promptly subjected to slow-neutron bombardment.

The samples Nier isolated were truly miniscule. He did two separation runs, of
10 and 11 hour durations, which he predicted yielded 0.17 and 0.29 micrograms of
U-238, respectively, assuming that all of the ions stuck to the collector. The
amounts of U-235 would have been 1/140 as much, or about 1.2 and 2.1 nano-
grams. To collect a full kilogram at a rate of 2.1 nanograms per 11 hours of
operation would require some 600 million years of continuous operation, a tes-
tament to Niels Bohr’s opinion of the impracticality of a U-235 bomb.

At Columbia, the U-235 samples clearly showed evidence for slow-neutron
fission, while the U-238 samples showed none at all. Despite the minute sample
sizes, the Columbia team was able to estimate the slow-neutron fission cross-
section for U-235 as 400-500 barns; the modern value is 585. These results were
reported in a paper published in the March 15, 1940, edition of the Physical
Review, which listed Nier, Eugene Booth, John Dunning, and Aristide von Grosse
as authors. Their paper closed with the observation that “These experiments
emphasize the importance of uranium isotope separation on a larger scale for the
investigation of chain reaction possibilities in uranium.” The concept of isotopy,
barely 25 years old, was about to assume enormous importance. Unfortunately,
Nier’s samples were too small to test for fast-neutron fission.

A follow-up paper published a month later reported further results based on
operating the mass spectrometer with increased ion currents. This time the U-238
samples comprised 3.1 and 4.4 micrograms, over 10 times as much as had been
obtained in the earlier runs. This was enough to allow testing U-238 for fission by
both slow and fast neutrons, and that isotope was verified to fission only under fast-
neutron bombardment. The paper did not report the energy of the fast neutrons; it
must have been greater than the ~1.6-MeV threshold for U-238 fission discussed
in Sect. 3.3. Slow-neutron fissility of U-235 was again verified, but the sample of
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U-235 was too small to test for fast-neutron fission. Nier later wrote that had his
budget been a few hundred dollars richer, he could have afforded better vacuum
pumps, which would have facilitated obtaining a sample of U-235 large enough for
the fast-neutron test.

The Nier/Columbia work received some remarkable public exposure. In the May
5, 1940, edition of the New York Times, science reporter William Laurence—who
would later witness the Trinity test and the Nagasaki bombing—was overly opti-
mistic in stating that the prospect of nuclear power was perhaps just a few months to
a year distant, but otherwise gave a fairly clear description of the Columbia work, the
Bohr/Wheeler nuclear parity argument, the role of slow neutrons in sustaining a
chain reaction, and the fact that one pound of U-235 would be equivalent to some 15
kilotons of conventional explosive. According to Laurence, “reliable sources”
indicated that the Nazi government in Germany had ordered its greatest scientists to
concentrate their energies on the uranium issue. In the June edition of Harpers
Magazine, John O’Neill reported on the work, explaining the effects of fast and slow
neutrons, the neutron-absorbing effects of U-238, how a chain-reaction could work,
and the difficulty of isotope separation. While some of O’Neill’s speculations were
over-the-top (nuclear-powered automobiles would put gasoline stations out of
business), he did raise the possibility of explosives: “But ... if we use too pure a
sample of Uranium 235 the process may take place at such a rapid rate that all the
energy ... may be given off ... before control processes can become operative. If this
condition were brought about ... we should then have not an atomic power source
but an atomic energy explosive.”

The Nier/Columbia work verified Bohr’s hypothesis, although it did leave open
the question of the fast-neutron fissility of U-235. But even as Nier and his col-
laborators were undertaking their work, Otto Frisch and Rudolf Peierls were
considering that very question.

3.7 The Frisch-Peierls Memorandum and the MAUD
Committee

It is rare for a scientific manuscript to have an impact on world affairs, but such
was the importance of what has come to be called the “Frisch-Peierls Memo-
randum” of March, 1940. This document directly initiated British investigations
which resulted in a consensus that nuclear weapons were not only feasible, but
within close enough grasp to likely affect the outcome of the war. The British
efforts would have significant impact on American opinions beginning about the
summer of 1941, and would strongly influence a report delivered to President
Roosevelt later that year. Our focus here is with the memorandum’s background
and technical content.

At Birmingham, Otto Frisch, like Rudolf Peierls, was barred from war research,
and had plenty of free time to pursue his own interests. Aware of Bohr’s prediction
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regarding slow-neutron fission being caused by U-235, he began to contemplate
how the theory might be put to a test. Months before Alfred Nier and his col-
laborators performed their experiments, Frisch concluded that one approach would
be to prepare a sample of uranium in which the proportion of U-235 had been
artificially increased, that is, to prepare a sample of enriched uranium. If Bohr was
correct, then the enriched sample should show an increased rate of fission under
slow-neutron bombardment when compared to an unenriched sample.

Frisch began to research isotope enrichment methods, and soon zeroed in on the
thermal-diffusion method described briefly in Chap. 1. This was also known as the
Clusius-Dickel method, after the two German scientists, Klaus Clusius and
Gerhard Dickel, who had then only recently (1938) developed and successfully
applied it to enriching neon and chlorine isotopes. Frisch went so far as to have the
Birmingham physics department’s glassblower prepare a diffusion tube, although
the experiment did not succeed. But his attention soon became drawn in a much
more compelling direction.

Unexpectedly, Frisch received an invitation from the Royal Society for Chem-
istry to write a review article on radioactivity and subatomic phenomena for the
1940 edition of their Annual Report on the Progress of Chemistry. In his memoirs,
Frisch relates that the winter of 1940 was unusually cold and snowy in Birmingham,
and that he prepared the report while wrapped in a winter coat, sitting before a fire
in a room which did not get warmer than 42 °F during the day and fell to below
freezing at night. The image of Frisch with his coat and typewriter has a certain
charm, but the preparation of the review must have been a more extended effort, as
it includes references to papers published as late as December, 1940.

Ironically, Frisch opened the introduction to his paper with the statement that
“The year 1940 has produced no spectacular progress in nuclear physics. The
“boom” in papers about nuclear fission ... has almost faded out.” Much of the
report is concerned with the decay products of various bombardment reactions,
with only a brief mention given to verification of Bohr’s speculation that U-235
was responsible for slow-neutron fission. The possibility of a chain reaction is
raised in one lone sentence, only to be dismissed. Later, Frisch wrote that when he
prepared the report, he truly believed that an atomic bomb was impossible. But
writing the report evidently caused his thoughts to turn back to his enrichment
experiment, and at some point he began to wonder if, in the event that he could
produce enough pure or highly enriched U-235, would it be possible to make a
truly explosive chain reaction based on fast neutrons as opposed to slow ones?
Making a rough estimate of the fission cross-section of U-235 and using the
critical-size formula that had been published by Peierls the previous October,
Frisch estimated, to his surprise, a critical mass on the order of a pound.

Frisch’s memoirs give the impression that he worked out the critical mass first,
and then discussed the result with Peierls. On considering the expected efficiency
of a single Clusius-Dickel tube, they estimated that a cascade of 100,000 such
tubes might be sufficient to produce enough U-235 for a bomb in a matter of
weeks. As Frisch wrote: “At that point we stared at each other and realized that an
atomic bomb might after all be possible.”
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In his own memoirs, Peierls states that Frisch approached him in February or
March of 1940 with the question: “Suppose someone gave you a quantity of pure
235 isotope of uranium—what would happen?” In Peierls’ telling, they then
worked out the critical mass together, arriving at the figure of about a pound. They
then went on to estimate, with what Peierls described as a “back of the proverbial
envelope” calculation, how much energy the reaction might liberate until the
uranium dispersed itself. The result was equivalent to thousands of tons of ordinary
explosive. Peierls related that, in a classic understatement, they said to themselves:
“Even if this plant costs as much as a battleship, it would be worth having.”
Alarmed at the idea that German scientists might be thinking along the same lines,
Frisch and Peierls felt it their duty to inform the British government of the pos-
sibility of atomic weapons, but in a way that would keep their work secret in case
German researchers hadn’t yet thought of it. They decided to prepare a memo-
randum on the matter, which Peierls typed up himself rather than entrust to a
secretary. They kept only one carbon copy.

Frisch and Peierls actually prepared two memoranda. The first, titled “Mem-
orandum on the Properties of a Radioactive Super-bomb,” was a relatively brief
qualitative description intended for government officials. The second, titled “On
the construction of a “super bomb” based on a nuclear chain reaction in uranium,”
ran to seven pages and was more technically detailed. Both are reproduced in
Robert Serber’s Los Alamos Primer, although many reprintings of the technical
memorandum contain transcription errors when compared to a copy of the original
held by the Bodleian Library of Oxford University.

The two memoranda still make for fascinating reading. The non-technical one
lays out in a few pages all of the key factors concerning how such a bomb might
operate, as well as the associated strategic implications. After describing how there
exists a critical mass and how such a device could be triggered by rapidly bringing
together two otherwise perfectly safe sub-critical pieces of uranium, Frisch and
Peierls describe some of the military implications: “As a weapon, such a bomb
would be practically irresistible. There is no material or structure that could be
expected to resist the force of the explosion.” The ethics of nuclear warfare are
touched upon: “the bomb could probably not be used without killing large num-
bers of civilians, and this may make it unsuitable as a weapon for use by this
country.” On civil defense and deterrence strategy: “no shelters are available that
would be effective and could be used on a large scale. The most effective reply
would be a counter-threat with a similar bomb. Therefore it seems to us important
to start production as soon and as rapidly as possible, even if it is not intended to
use the bomb as a means of attack.” Without realizing it, Frisch and Peierls were
drafting a script for the later Cold War.

The estimate of about a pound for the critical mass appears in the technical
memorandum. As discussed by Bernstein (2011), this serious underestimate was
caused by an overestimate of the effective fast-neutron fission cross-section for
U-235: Frisch and Peierls assumed 10 barns, as opposed to the true value of about
1.24. The critical mass is approximately proportional to the inverse-square of the
cross-section, so an error of a factor of eight in the cross-section has a significant
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effect. The true critical mass is more on the order of 100 pounds, although this can
be reduced by use of a tamper (as Perrin had anticipated), a refinement Frisch and
Peierls did not explore.

Frisch and Peierls’ critical mass estimate was erroneous, but their underlying
physics was entirely sound. The technical memorandum contained one mathe-
matical formula, which was presented without derivation: an expression for the
energy E liberated by a bomb whose core is of mass M and radius R.,,.. This

appeared as
E ~ 02M Reor ,/Rmm 1 (3.18)
. tz Rcrit . .

In this expression, R, is the critical radius for the fissile material involved, and
t is the average time that a neutron travels between being emitted in a fission and
causing another fission. For fast neutrons in uranium, this is about 10 ns (see Table
7.1). If values are entered in the formula in meter-kilogram-second units, the result
will be in Joules, and can be converted to kilotons (kt) TNT equivalent through the
conversion factor 1 kt ~ 4.2 x 10" Joules. What is remarkable about this
expression is that it can be shown to be exactly equivalent to what is predicted by
modeling an exploding bomb core with neutron-diffusion theory, as Robert Serber
did in his 1943 Los Alamos Primer. Peierls must have worked out the diffusion
theory “in the background” on the back of his proverbial envelope. This
expression also exemplifies what generations of physics professors have told their
students: work out your problem analytically first, and then substitute numerical
values at the end of the derivation. That way, if a numerical value changes, it is
easy to recompute the result. Frisch and Peierls were surely aware that the numbers
they adopted were at best approximations which would have to be refined through
further experiments.

The Frisch-Peierls energy formula shows very directly why the energy that
would be liberated in a slow-neutron bomb would not be worth the effort of
making such a device, as alluded to in Sect. 3.4. The critical radius R.,;; depends
purely on nuclear parameters such as the fission cross-section and the density of
uranium,; it is not affected by the speed of the neutrons. For a bomb core of a given
size, the only factor in the expression that is affected by the neutron speed v is the
time ¢, which is inversely proportional to v. (A core which contains a moderator to
slow neutrons will be bigger than one that does not, but the point here is a quick
order-of-magnitude estimate.) A neutron’s speed is proportional to the square root
of its kinetic energy K. With all other factors held constant, the ratio of energies
liberated in slow-neutron and fast-neutron reactions will then compare as

Eslow _ (@)2: (Vslow)zz Kslow ) (319)
Efa.&'t Lsiow Vast vaast
Taking Ky, ~ 0.025 eV and Kj, ~ 2 MeV gives Eyp/Epy ~ 1075 as
claimed in Sect. 3.4.
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Towards the end of their technical memorandum, Frisch and Peierls empha-
sized a crucial qualitative difference between fission bombs and ordinary explo-
sives. This is that in addition to the immense destructive effect of the explosion
itself, the blast will distribute highly radioactive fission products over a wide area,
plus material from the bomb casing that is rendered radioactive by neutron capture.
Frisch and Peierls estimated that since a bomb would generate radioactivity
equivalent to hundreds of tons of radium, it would be dangerous for anybody to
enter the devastated area for several days following the explosion.

At the time they prepared their memoranda, Peierls had only recently been
naturalized, and Frisch was still an enemy alien; they were not sure how to get
their ideas to appropriate officials. They took their documents to Oliphant, who
forwarded them to Sir Henry Tizard, Chairman of the Committee on the Scientific
Survey of Air Warfare. British historian Ronald Clark found the non-technical
memorandum among Tizard’s papers some years later, and deduced that the
documents reached him on March 19, 1940. In another confluence of fission-
history events, this was just four days after the publication date of the
Nier-Columbia verification that it was indeed U-235 that was responsible for
slow-neutron fission.

As it happened, Tizard had already been in contact regarding fission with
George P. Thomson, a professor of physics at Imperial College, London (and son
of J. J. Thomson of electron-discovery fame). In April, 1939, when Hans von
Halban and his collaborators had published their discovery of approximately three
neutrons emitted per fissioning uranium nucleus, Thomson had begun to consider
the possibility of achieving a chain reaction if a sufficient mass of uranium could
be brought together. Tizard was initially very skeptical of the idea that any
practical form of bomb could be made with uranium, but had to take the possibility
seriously.

James Chadwick initially also very much doubted the idea of a uranium bomb,
but began to reconsider with publication of the Bohr-Wheeler theory in September,
1939. In early December he wrote to Professor Edward Appleton, the Secretary of
the Department of Industrial and Applied Research, to express his concern.
Appleton referred Chadwick to Thomson, who replied that he had done some work
on slow-neutron fission, but that it did not look promising. By February, 1940—
about the time Frisch and Peierls were reconsidering the matter—Thomson had
almost come to the conclusion that atomic energy was not worth pursuing as a war
effort; his group at Imperial College had tried to a achieve a chain reaction, but had
been unsuccessful. Despite this, Chadwick began to ready his cyclotron at
Liverpool to make measurements of the fission cross-section of uranium for fast
neutron bombardment.

It was against this background that that the Frisch-Peierls memorandum reached
Tizard, who prevailed upon Thomson to convene a committee to investigate the
matter. Thomson served as chair; the members included, among others, Chadwick
and Oliphant. Frisch and Peierls, being refugees, were barred from serving on the
committee, and so were initially excluded from learning what happened in
response to their memoranda. They appealed to Thompson, and it was agreed that
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they could serve as consultants. In March, 1941, the work of the committee was
split into two groups, a Policy Committee and a Technical Committee; Frisch and
Peierls were allowed to serve on the latter.

Thomson’s group came to be called the MAUD Committee. This unusual name
had a curious provenance. In April, 1940, Germany occupied Denmark. As this
was happening, Niels Bohr sent a telegram to Otto Frisch through Lise Meitner,
the six concluding words of which were “Tell Cockcroft and Maud Ray Kent.”
Cockcroft was John Cockcroft of Cambridge University, but the identity of “Maud
Ray Kent” was a mystery. One theory was that by changing the “y” to an “i”,
“Maud Ray Kent” became an anagram for “radium taken.” Somebody suggested
MAUD as a cover name for the committee, and the appellation stuck. Officially, it
had periods between the letters (M.A.U.D.), but I will use the simplified form. The
mystery was not resolved until after Bohr escaped from Denmark to Sweden in late
1943, and then made his way to England. Maud Ray lived in Kent, and had at one
time served as a governess for Bohr’s children.

The MAUD committee held its first meeting on April 10, 1940, in the com-
mittee room of the venerable Royal Society in London. Within weeks, the Battle of
Britain would be in full engagement. By the summer of 1940, research under
MAUD auspices was underway at the universities of Liverpool (cross-section
measurements), Birmingham (uranium chemistry), Cambridge and Oxford (sepa-
ration methods), and at Imperial Chemical Industries. Peierls spent the summer
studying isotope separation methods, and reported in September that the most
promising approach looked to be gaseous diffusion through a mesh of fine holes;
experiments along this line were being conducted by another refugee scientist,
Franz Simon, at Oxford. By December, Simon’s group was far enough along to
estimate parameters for an actual production plant. For an output of 1 kg of U-235
per day, some 70,000 square meters (17 acres) of diffusion membrane would be
required; the plant would cover some 40 acres, and consume power at a rate of
about 60 megawatts. The estimate of the plant area would prove strikingly
accurate: the K-25 diffusion plant in Tennessee would cover about 46 acres.
Estimates of the cost of plant construction and the necessary number of operators
proved far too low, but the important thing was that, in Britain at least, thoughts on
atomic bombs were moving toward practical engineering considerations.

At the same time as enrichment techniques were being considered, James
Chadwick’s cross-section measurements were tending toward confirming Frisch
and Peierls’ theoretical analysis. Chadwick’s initial skepticism began to turn to a
gnawing worry. From a 1969 interview: “I remember the spring of 1941 ...
I realized then that a nuclear bomb was not only possible—it was inevitable. ...
I had many sleepless nights. ... And I had then to start taking sleeping pills. It was
the only remedy. I’ve never stopped since then. It’s been 28 years, and I don’t
think I’ve missed a single night in all those 28 years.”

By March, 1941, Rudolf Peierls was convinced that a bomb was distinctly
possible, writing that “there is no doubt that the whole scheme is feasible ... and
that the critical size for a U sphere is manageable.” On April 9, he reported his
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conclusion to a meeting of the MAUD committee. In early summer, the committee
began to prepare its final report to Tizard.

The MAUD report would have a significant impact in America. So as not to get
chronologies too far out of alignment, however, a description of the details of the
report is deferred to Sect. 4.4. For now, our story goes back across the Atlantic to
pick up on some important contemporaneous events occurring in America.

3.8 Predicting and Producing Plutonium

At about the time that Otto Frisch and Rudolf Peierls were re-evaluating the
possibility of uranium bombs, an idea for extracting atomic energy in an indirect
way from the apparently inert U-238 isotope was also being developed. The idea
occurred to Princeton University physicist Louis Turner (Fig. 3.17), who had
published a magisterial review article on nuclear fission in early 1940. Turner
wrote up his speculation in a brief paper dated May 29, 1940, which he submitted
to the Physical Review. In accordance with wartime censorship guidelines, he
voluntarily withheld publication until after the war; it eventually appeared in April,
1946.

To understand Turner’s idea, look back at how isotope parities change upon
neutron absorption (Sect. 3.2):

even/even } { even/odd
—

tron +
newtron { odd/even odd/odd

} +5MeV (3.20)
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Fig. 3.17 Louis Turner
(1898-1977). Source
Argonne National
Laboratory, courtesy AIP
Emilio Segre Visual
Archives, Physics Today
Collection
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When a U-238 nucleus (even/even) takes in a neutron, it becomes U-239
(even/odd). Turner’s insight was based on the understanding that neutron-rich
nuclei tend to suffer f~ decays and transmute to elements of greater atomic
number, as Fermi thought he had achieved with uranium bombardment in late
1934. As mentioned in Sect. 3.2, Turner realized that U-239 might then undergo
one or two such decays, creating new transuranic elements:

ntipu v Loy Loy Low (3.22)

Here, X and Y represent the new elements. The succession of products, U-239,
X-239, and Y-239, are respectively of parity even/odd, odd/even, and even/odd.
The first and last of these are precisely the parities that tend to release greater
amounts of binding energy when they themselves absorb neutrons. Turner spec-
ulated that these products might consequently be thermal-neutron fissile, and
particularly drew attention to the possible even/odd Y-239 decay product, as it
would be of the same parity as U-235 (U-239, by being neutron rich, would likely
decay quite promptly). If neutron bombardment of U-238 did generate such a
product and it proved stable, it could be separated from the bombarded uranium by
ordinary chemical means, and hence provide a path for extracting nuclear energy
from U-238. Leo Szilard would remark in a 1946 address that “With this remark of
Turner, a whole landscape of the future of atomic energy arose before our eyes in
the Spring of 1940 and from then on the struggle with ideas ceased and the
struggle with the inertia of Man began.” With timing that Szilard would have
appreciated, this very landscape was already being opened on the other side of the
country.

One of the first confirmations of uranium fission had been at Ernest Lawrence’s
Radiation Laboratory at Berkeley, and work on elucidating the nature of that
process continued there. In the March 1, 1939, edition of the Physical Review,
Edwin McMillan (Fig. 3.18) reported on an experiment where a thin foil of ura-
nium was placed against a stack of aluminum foils, and then exposed to neutrons
from a cyclotron. Fission products ejected from the uranium were collected in the
aluminum foils, from which they could be chemically extracted and their decay
schemes studied.

McMillan observed that following the neutron bombardment, the uranium itself
(not the fission products) appeared to be exhibiting two beta-decays, with half lives
of approximately 25 min and 2 days. He attributed the 25-min decay to an isotope
of uranium formed by neutron capture, a suggestion that had initially been made
by Meitner, Hahn, and Strassmann in 1937.

In June, Emilio Segré confirmed that the 25-min decayer (by then refined to
23 min) was indeed a uranium isotope (U-239), and also determined that since the
2-day decayer could be chemically separated from uranium, it must be a different
element. Segre’s suspicion was that the product of the 23-min decay was a long-
lived isotope of element 93, while the 2-day source was an isotope of some rare-
earth element, presumably a fission product. If the 23-min decay product was truly
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Fig. 3.18 Edwin McMillan
(1907-1991), Emilio Segre,
and Glenn Seaborg. Source
AIP Emilio Segre Visual

Archives, Segre Collection

an isotope of element 93, it would mean that a transuranic element had finally been
synthesized. A loose end in Segre’s interpretation, however, was that if the 2-day
source was a fission product, it behaved anomalously in that it remained stuck in
the bombarded uranium as opposed to being ejected; this was something to be
followed up.

The next installment in this story is a brief paper prepared a year later by
McMillan and Philip Abelson. Their paper was dated May 27, 1940, just two days
before Louis Turner’s speculation on the possible fissility of uranium decay
products. However, unlike Turner’s paper, McMillan and Abelson’s report was
published promptly, in the June 15 edition of the Physical Review. They reported
two key observations. These were that the McMillan/Segre 2-day source (refined
to 2.3 days) did not in fact behave like a rare-earth element, and that there was a
clear relationship between the decay of the 23-min substance and the growth of the
2.3-day decayer: the latter was evidently a decay product of the former. The
reaction and decay scheme appeared to be exactly as Turner had speculated:

. .
23§—>min 3§9X 2.3é—d;ys 529 Y (3 23)

U 3PU
The names neptunium and plutonium were not yet assigned to X and Y.
Given the potential of Y-239 as a source of atomic energy, it seems surprising
that McMillan and Abelson published their result. They may have been unaware of
Turner’s speculation when they prepared their paper, and the possibility of Y-239
as a weapons material might simply not have occurred to them, although this
seems hard to imagine. James Chadwick was so upset with the publication,
however, that he placed an official protest through the British Embassy.
McMillan and Abelson’s work came to the attention of Glenn Seaborg, who in
the summer of 1939 had been appointed as an Instructor of Chemistry at Berkeley
after completing his Ph.D. at the same institution. Seaborg resolved to search for
the product of the 2.3-day beta-decay of element 93, which was presumed to be an
isotope of element 94. McMillan had detected indications of a long-lived alpha-
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activity building up in a sample of purified element 93; Seaborg suspected that the
alphas might be a decay signature of element 94. Fortunately, Seaborg was a
meticulous diary-keeper, and bequeathed history a nearly day-by-day record of his
life and work.

Seaborg teamed up with fellow faculty member Joseph Kennedy and graduate
student Arthur Wahl, who would study element 93 for his doctoral thesis. With
access to Lawrence’s 60-in. cyclotron, the group was able to create their samples
of element 93 by bombarding uranium targets, which were usually in the form of
uranium-nitrate-hydride, UNH. The bombardment method depended on what other
experiments were underway with the cyclotron. Two methods were used, and both
played roles in the discovery of plutonium. In one, which was first used on August
30, 1940, a beryllium target was bombarded with deuterons to create neutrons via
the reaction 1H + }Be — {n + 1°B. The neutrons would then be thermalized with
paraffin and allowed to strike the target, presumably giving rise to elements 93 and
94 via the above sequence. The ultimate goal was to detect the presence of element
94 via its own alpha-decay:

1 238 239 B~ 239 B~ 239 * 235
n+eU—5U — Np — Pu — U 3.24
0% T 92 2% rsmin® P 236 days 24,100 y 92 (3.24)

By October, Kennedy had developed a counter capable of detecting alpha
particles in the presence of background beta decays, and by late November Wahl
had perfected a technique for isolating very pure samples of element 93. They
were ready to begin their search for element 94.

The second bombardment method, first used around December 14, 1940,
involved direct exposure of the uranium to accelerated deuterons. Various reaction
channels are possible in this case, but a representative one is

2 238 | 238 B~ o3 * 234
tH +53°U = 2(on) + 53 sz.la)ays o Pu o2 o' U (3.25)

While this method generates plutonium as well, it gives rise to the short-lived
Pu-238 isotope, not the even/odd Pu-239 isotope generated by direct neutron
bombardment of uranium. This deuteron-bombardment reaction was historically
important, however, as it was Pu-238 that Seaborg and his group first isolated; this
process is considered to be the discovery reaction for plutonium. Evidence for the
2.1-day decay of neptunium-238 was detected just before Christmas, 1940. By
January 5, 1941, Wahl had proven that the alpha-emitting material was definitely
not element 93, and that it had chemical properties similar to rare earth elements
such as thorium and actinium. By the end of January, 1941, the group felt suffi-
ciently confident of their results to prepare a brief paper announcing the discovery
of element 94, based on the fact that the 88-year alpha decayer was chemically
separable from both uranium and element 93. Dated January 28, 1941, the paper
was withheld from publication until April, 1946, but established priority for the
discovery. Our main interest here, however, is with the creation of Pu-239 via
reaction (3.24).



112 3 The Discovery and Interpretation of Nuclear Fission

Seaborg’s goal was to produce sufficient plutonium to test its slow-neutron
fissility. On January 31, 1941, he began a “practice run” neutron bombardment of
over 500 grams of UNH. Within a few days a sample of element 93 of initial
radioactivity 480 microcuries had been extracted, an amount equivalent to about 2
nanograms. On February 23, bombardment of a 1.2-kg sample of UNH was
commenced, and proceeded intermittently until March 3. This was to be the
sample from which slow-neutron fissility of the new element would be tested.

On March 6, the sample of element 93 extracted from this second bombardment
gave a beta-decay count estimated at 76 millicuries, which corresponds to a mass
of about 0.3 micrograms. The sample was allowed to sit for three weeks, by which
time, with its half-life of only 2.3 days, essentially all of the 93 would have beta-
decayed to element 94. The first test of element 94’s slow-neutron fissility was
carried out on March 28 using paraffin-thermalized neutrons generated in Law-
rence’s 37-in. cyclotron. The result was that the new element did indeed seem to
be slow-neutron fissile, with a cross-section estimated to be about one-fifth that of
uranium-235. The sample geometry was poor, however (it was too thick), and
since it was covered in a drop of glue, the true cross-section would likely be
greater.

By May 12, Wahl had succeeded in further purifying and thinning the minute
sample of element 94, and a second slow-neutron experiment was begun on the
17th. This time the results gave a cross-Section 1.7 times greater than that for
U-235, in fair accord with the modern-day value of about 1.3. They were also able
to estimate the alpha-decay half life at roughly 30,000 years. The slow-neutron
fissility was reported in a paper dated May 29, 1941, which also had to wait until
1946 for publication. On May 19, Seaborg related the result to Ernest Lawrence,
who promptly phoned Arthur Compton at the University of Chicago with the news.
Compton had just finished preparing a report on behalf of the National Academy of
Sciences concerning possible military applications of atomic fission (Sect. 4.3). If
element 94 bred from U-238 was indeed so fissile, Seaborg and his team had just
increased the amount of potential bomb material by a factor of over 100.

Plutonium is one of the most unusual elements known. As described by former
Los Alamos National Laboratory Director Siegfried Hecker, it seems an element at
odds with itself. With little provocation, its density can change by as much as 25
percent; it can be brittle or malleable; expands when solidifying from a liquid;
tarnishes within minutes; reacts vigorously with oxygen, hydrogen, and water; its
own alpha-decay causes self-irradiation damage that can fundamentally change its
crystalline properties; and its corrosion products can spontaneously combust in air.
As was discovered at Los Alamos in the spring of 1944, plutonium is further
unusual in that it exhibits five different “allotropic forms” between room tem-
perature and its melting point: that is, it exhibits different crystal structures as a
function of temperature (Fig. 3.19; six such forms are now known). The allotropes
all have different densities and mechanical properties, which can affect alloying
properties and corresponding critical masses. To top it off, plutonium is, as Glenn
Seaborg described it, “fiendishly toxic, even in small amounts.”
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Fig. 3.19 Effective volume of individual plutonium atoms (cubic Angstroms) versus temperature
(C). Allotropic phases are identified by Greek letters. Vertical line segments correspond to phase
transitions. Note that density increases with temperature in the ¢ and J-primed phases; that is, Pu
contracts within those phases. Data from F. W. Schonfeld and R. E. Tate, “The Thermal Expansion
Behavior of Unalloyed Plutonium,” Los Alamos report LA-13034-MS (September 1996)

These unusual properties of plutonium were entirely unknown in the spring of
1941, but in time they and others would cast into serious doubt the idea of using
plutonium in a weapon. These complications, however, should not detract from
appreciation of the incredible adroitness of Seaborg and his collaborators with
microchemical experimentation and their intimate understanding of the radio-
chemistry of heavy elements.

Due to the efforts of investigators like Nier and Seaborg, it was appreciated by
the spring of 1941 that two routes to fissile material for nuclear weapons were
possible: isolating uranium-235, and breeding plutonium by neutron bombardment
of uranium-238. But only micrograms of either U-235 or Pu-239 had been isolated;
to secure the kilograms that would be necessary to make a bomb would require an
industrial-scale effort. In London and Washington, the organization of such efforts

was coming under increasing official scrutiny. These considerations are the subject
of Chap. 4.

Exercises

3.1 Assume uranium oxide, U30g, to be composed entirely of U-238 and O-16.
What will be its atomic weight? The modern value for the density of U;Og is
8,380 kg/m3. If every atom of uranium in a cubic meter of U;Og fissions with
a release of 170 MeV of energy, how high could one cubic kilometer of water
be raised? How does your result compare with Siegfried Fliigge’s estimate of
27 km? [Ans: 842 gr/mol, and about 50 km. The discrepancy is due to the fact
that Fliigge took the density to be about 4,200 kg/m"]
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In investigating the energetics of fission, an important factor is the electrostatic
self-potential-energy of the nucleus. From electromagnetic theory, the self-
potential Uy, of a sphere of radius R throughout which a total electrical
charge Q is uniformly distributed is given by

302

Use Bl
Y 20me,R

For a nucleus of Z protons, Q = Ze. Empirically, the radii of nuclei depends
on their nucleon number as R ~ a,A">, where a, ~ 1.2 x 107" m. Hence
the self-potential can be written as

Uo — 32 72
= 20ne,a, \A/3)

Show that the group of physical and numerical constants here reduces to a
value of 0.72 MeV. This quantity is usually abbreviated as ac, the “Coulomb
energy constant” for nuclei.

Refer to the previous problem. As sketched below, suppose that a spherical
nucleus of atomic number Z and nucleon number A fissions into two identical
spherical nuclei each of atomic number Z/2 and nucleon number A/2. Nuclei
are essentially incompressible, so the radius of each product nucleus must be
27" times that of the original nucleus in order to conserve volume.

(O-¢

Show that the self-potential energy of the fissioned system when the product
nuclei are just touching is given by

A v z?
fission —m acm

HINT: Do not forget the potential energy contributed by now having two
charges (Ze/2) a distance 2027 3)Roriginal apart; recall the Coulomb potential
energy 010, /4ne,d for two charges separated by distance d. Apply your results
to the case of Z = 92 and A = 235 to show that the potential energy of the
fissioned system is about 100 MeV [ess than the original system. The “lost”
100 MeV must appear in the form of kinetic energy of the product nuclei.

How would you classify the parity of protactinium, 33'Pa? Based on
Egs. (3.12) and (3.13), would you expect this isotope to behave like U-235 or
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U-238 under neutron bombardment? Experimentally, protactinium fissions
only under fast-neutron bombardment [Grosse, Booth, and Dunning; Phys.
Rev. 56, 382 (1939)].
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Chapter 4

Organizing the Manhattan Project,
1939-1943

Effective organization and administration were vital to the success of the Man-
hattan Project. Between late 1939 and the end of the war, government funding of
the Project would grow by a factor of over 300,000 from an initial investment of
$6,000 to nearly $2 billion. Without aggressive, competent, and committed leaders
of great personal integrity drawn from the ranks of civilian scientists and engi-
neers, industrial executives, military officers, and government officials to oversee
such an undertaking, the possibilities for inefficiency, lack of results, misman-
agement, and outright waste would have been rife. It is a testament to the quality of
these people that the record reveals both spectacular success and not even minor
examples of such malfeasance. Without these individuals the Project could never
have been mounted and carried out as effectively as it was.

Examining the history of the administration of the Project is valuable not only
for getting a sense of how its leaders kept many threads of activity on track and
coordinated, but also for dispelling the popular myth that America paid little
attention to possible military applications of nuclear fission until after the Japanese
attack on Pearl Harbor in December, 1941. The reality was much different. The
ominous possibilities for nuclear energy were recognized soon after the discovery
of fission, and research to explore the relevant properties of uranium began in
1939. This background research may not hold the drama of starting up a reactor or
detonating a bomb, but it was vital for determining if these things could be done.

This chapter relates the administrative history of the Project from the fall of
1939 to early 1943, when the Army’s Manhattan Engineer District (MED) began
to oversee the construction and operation of vast facilities for enriching uranium,
synthesizing plutonium, and establishing the parameters of bomb physics and
design. This history is related largely in chronological order, with occasional
diversions for coherence.

As described in Chap. 3, the understanding that uranium fissioned under slow-
neutron bombardment was beginning to become established by mid-1939, and the
notion that there appeared to be two possible methods of liberating nuclear energy
on a large scale was gaining currency by the spring of 1941. One method would be
to isolate a sample of the fissile U-235 isotope from a supply of uranium ore, and
use it to create an explosive fast-neutron reaction. The other would be to construct

B. C. Reed, The History and Science of the Manhattan Project, 119
Undergraduate Lecture Notes in Physics, DOI: 10.1007/978-3-642-40297-5_4,
© Springer-Verlag Berlin Heidelberg 2014
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some sort of slow-neutron reactor to breed plutonium, which could also be used to
make a bomb. The purpose of this chapter is to explore how experimental nuclear
physics was transformed into a project to produce a practical nuclear weapon. Our
story for this chapter opens in early 1939, with physicists’ first attempts to alert
government officials to the potentialities of fission.

4.1 Fall 1939: Szilard, Einstein, the President,
and the Uranium Committee

The first formal contact between nuclear scientists and government representatives
occurred on March 18, 1939, when, at a meeting set up by Columbia University
Dean of Science George Pegram, Enrico Fermi met with naval officers in Wash-
ington to explain the possibilities of using chain reactions as power sources or in
bombs. One of the officers present was Admiral Stanford Hooper, technical
assistant to the Chief of Naval Operations; also present was Ross Gunn, a civilian
physicist working for the Naval Research Laboratory who would become involved
with the liquid thermal diffusion project for uranium enrichment. The group
decided to donate $1,500 to Columbia to help advance Fermi’s research.

By 1939, Leo Szilard was living in New York, where, although independently
wealthy, he maintained a part-time appointment at Columbia University. Szilard
was much more alarmed than Fermi at the possibility of nuclear fission being
turned into a powerful weapon, and felt that responsible government officials
needed to be alerted to the issue. He discussed the matter with fellow émigré
Eugene Wigner (Fig. 4.1), a brilliant theoretical physicist and chemical engineer
who had been on the faculty of Princeton University since 1930. In 1936, Wigner
had predicted that scientists would figure out how to release nuclear energy; he
would later make significant contributions to reactor engineering.

Fig. 4.1 Eugene Wigner (1902-1995), at the time of his receiving the Nobel Prize (1963).
Source http://commons.wikimedia.org/wiki/File:Wigner.jpg. Right In this 1946 photo, Albert
Einstein and Leo Szilard re-enact the preparation of a letter to President Roosevelt. Source
Courtesy Atomic Heritage Foundation, http://www.atomicheritage.org/mediawiki/index.php/
File:Einstein_Szilard.jpg
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Both Szilard and Wigner had grown up in Hungary, and had witnessed the rise
of totalitarianism in their native country and in Germany. On the rationale that a
possible strategy would be to deny Germany access to uranium ore, they decided
to warn the government of Belgium of the issue. Some of the world’s richest
uranium ores were in the Congo, which was then a colony of Belgium. But how
could two Hungarian scientists living in America deliver such a warning? On
recalling that Albert Einstein was a personal friend of Belgium’s queen mother,
they decided to enlist his help. On July 16, 1939, six years to the day before the
Trinity test, Szilard and Wigner drove to Einstein’s summer home on Long Island.
Szilard explained the possibility of an explosive chain reaction, which apparently
came as a revelation to Einstein.

Wigner suggested that a letter written by refugees on a security issue to a
foreign government might not be appropriate, so they decided that Einstein—the
only one with a name famous enough to be recognized—would prepare a letter to
the Belgian ambassador, with a covering letter to the State Department. Einstein
drafted a letter in German, which Wigner translated, had typed up, and sent to
Szilard. A few days later, however, Szilard came into contact with Alexander
Sachs, an economist with the Lehman Brothers financial firm. Sachs had also
trained as a biologist, and was a personal friend of and advisor to President
Roosevelt. Sachs suggested that a better approach would be a letter directly to the
President, and he offered to deliver one personally.

Sachs is little-known outside Manhattan Project scholarship circles, but one of
the most valuable sources of information on the early history of the Project is a
“Documentary Historical Report” that he prepared in August, 1945. This 27-page
report covers the period from the Szilard/Einstein letter to when the project was
placed under the oversight of the National Defense Research Committee in June,
1940 (Sect. 4.2). Sachs wrote in a peculiarly florid manner, but was an excep-
tionally perceptive and foresightful observer of the rapidly-evolving world situa-
tion of the time.

Szilard, this time accompanied by Edward Teller, visited Einstein again on July
30 to revise their original work. Einstein dictated another letter, which addressed
not only the issue of Congolese uranium ores, but also the possibility of a sig-
nificantly destructive new type of bomb.

The text of Einstein’s letter follows:

Albert Einstein

Old Grove Rd.
Nassau Point
Peconic, Long Island
August 2nd 1939

F. D. Roosevelt

President of the United States
White House

Washington, D.C.
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Sir:

Some recent work by E. Fermi and L. Szilard, which has been communicated to
me in manuscript, leads me to expect that the element uranium may be turned into
a new and important source of energy in the immediate future. Certain aspects of
the situation which has arisen seem to call for watchfulness and, if necessary,
quick action on the part of the Administration. I believe therefore that it is my duty
to bring to your attention the following facts and recommendations:

In the course of the last four months it has been made probable—through the
work of Joliot in France as well as Fermi and Szilard in America—that it may
become possible to set up a nuclear chain reaction in a large mass of uranium, by
which vast amounts of power and large quantities of new radium-like elements
would be generated. Now it appears almost certain that this could be achieved in
the immediate future.

This new phenomenon would also lead to the construction of bombs, and it is
conceivable—though much less certain—that extremely powerful bombs of a new
type may thus be constructed. A single bomb of this type, carried by boat and
exploded in a port, might very well destroy the whole port together with some of
the surrounding territory. However, such bombs might very well prove to be too
heavy for transportation by air.

The United States has only very poor ores of uranium in moderate quantities.
There is some good ore in Canada and the former Czechoslovakia, while the most
important source of uranium is Belgian Congo.

In view of the situation you may think it desirable to have more permanent
contact maintained between the Administration and the group of physicists
working on chain reactions in America. One possible way of achieving this might
be for you to entrust with this task a person who has your confidence and who
could perhaps serve in an inofficial capacity. His task might comprise the
following:

(a) to approach Government Departments, keep them informed of the further
development, and put forward recommendations for Government action,
giving particular attention to the problem of securing a supply of uranium ore
for the United States;

(b) to speed up the experimental work, which is at present being carried on within
the limits of the budgets of University laboratories, by providing funds, if such
funds be required, through his contacts with private persons who are willing to
make contributions for this cause, and perhaps also by obtaining the co-
operation of industrial laboratories which have the necessary equipment.

I understand that Germany has actually stopped the sale of uranium from the
Czechoslovakian mines which she has taken over. That she should have taken such
early action might perhaps be understood on the ground that the son of the German
Under-Secretary of State, von Weizsicker, is attached to the Kaiser-Wilhelm-
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Institute in Berlin where some of the American work on uranium is now being
repeated.

Yours very truly,
Albert Einstein

Sachs secured a meeting with the President for October 11, 1939. In a sum-
marizing cover letter of his own, he explained how the discovery that uranium
could be split by neutrons could lead to the creation of a new source of energy, the
possibility of creating “tons” of radium for use in medical treatments, and the
“eventual probability of bombs of hitherto unenvisaged potency and scope.” He
suggested that with the danger of a German invasion of Belgium, it was urgent that
arrangements be made with the mining firm of Union Miniere du Haut-Katanga,
whose head office was in Brussels, to make available supplies of uranium to the
United States. He also urged acceleration of experimental work in America. Since
such work could no longer be carried out within the limited budgets of university
physics departments, he proposed that “public-spirited executives in our leading
chemical and electrical companies could be persuaded to make available certain
amounts of uranium oxide and quantities of graphite, and to bear the considerable
expense of the newer phases of the experimentation.” Sachs also suggested that
Roosevelt designate an individual or committee to serve as a liaison between the
scientists and the government (Fig. 4.2).

After hearing Sachs out, the President allegedly remarked, “Alex, what you are
after is to see that the Nazis don’t blow us up.” Roosevelt ordered his Secretary,
General Edwin M. Watson, to act as the White House’s liaison on the issue, and to

Fig. 4.2 President Roosevelt signs the declaration of war against Japan, December 8, 1941
Source http://commons.wikimedia.org/wiki/File:Franklin_Roosevelt_signing_declaration_of_
war_against_Japan.jpg
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work with the Director of the National Bureau of Standards, Lyman J. Briggs, to
put together an advisory committee.

Sachs met with Briggs the next day, and hey assembled an Advisory Committee
on Uranium, which came to be known simply as the Uranium Committee. The
initial members were Briggs himself as Chair, plus Colonel Keith Adamson of the
Army and Commander Gilbert C. Hoover of the Navy; Adamson and Hoover were
ordnance experts whom Sachs had briefed just prior to meeting with the President.
The name, membership, organizational structure, and responsibilities assigned to
this committee would change many times over the course of the war (Figs. 4.3 and
4.4). In surveying the administrative history of the Project, the various incarnations
of the Uranium Committee serve as helpful focal points. The names and acronyms
of various Manhattan committees can be difficult to keep straight; for quick
refresher summaries, see the Glossary.

The committee held its first meeting at the Bureau of Standards on October 21;
Einstein did not attend. At Sachs’ initiative, Enrico Fermi, Leo Szilard, Edward
Teller, and Eugene Wigner were invited; also present were physicists Fred Mohler
of the Bureau of Standards and Richard Roberts of the Carnegie Institution.

Despite the skepticism of the military officers present as to the possibility of
revolutionary new weapons or sources of power, Briggs argued that the world
situation and American interests must be taken into account in what he called “the
equation of probabilities.” The War and Navy Departments contributed $6,000 for
the purchase of four tons of graphite, paraffin, cadmium, and other supplies in order
that Fermi could carry out neutron absorption experiments at Columbia. The
committee also appointed a Science Advisory Sub-Committee, whose members
were Harold Urey (Chair; Columbia University), Gregory Breit (University of
Wisconsin), George Pegram (Columbia), Merle Tuve (Carnegie Institution), Jesse

Fig. 4.3 Some of the Manhattan Project’s administrators, at the Bohemian Grove meeting of
September, 1942 (Sect. 4.9). Left to Right Major Thomas Crenshaw, Robert Oppenheimer, Harold
Urey, Ernest Lawrence, James Conant, Lyman Briggs, Eger Murphree, Arthur Compton, Robert
Thornton (University of California), Col. Kenneth Nichols. Source Lawrence Berkeley National
Laboratory, courtesy AIP Emilio Segre Visual Archives
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Fig. 4.4 April, 1940. Left to right Ernest Lawrence, Arthur Compton, Vannevar Bush, James Conant,
Karl Compton, Alfred Loomis. Source http://commons.wikimedia.org/wiki/File:LawrenceCompton
BushConantComptonLoomis.jpg

Beams (University of Virginia), and Ross Gunn. Many of these men would play
prominent roles in the Manhattan Project. Urey was recognized as a world leader in
techniques of isotope separation; in May 1940 he would be granted a contract to
investigate application of thermal diffusion, chemical separation, and centrifugation
to enriching uranium. Breit was an outstanding theoretical physicist, and Beams
was conducting research on high-speed centrifuges.

Leo Szilard and Enrico Fermi spent considerable time over the summer of 1939
to considering how a chain-reacting mass of uranium and graphite might be
configured. Szilard, again well ahead of his time, followed up with a memorandum
to Briggs on October 26, urging the purchase of 100 metric tons of graphite and
20 metric tons of uranium oxide in order to get experiments underway as soon as
possible. This was not done at the time, and, as the Manhattan Project progressed,
Szilard was to experience no end of frustration with what he saw as bureaucratic
inertia and official foot-dragging.

Briggs’ committee reported to President Roosevelt on November 1 with a brief
two-page letter. After opening with a rather technical summary of the process of
fission, the letter related that a chain reaction was a possibility which could
eventually prove to be a power source for submarines, and noted that if a nuclear
reaction should be explosive, “it would provide a possible source of bombs with a
destructiveness vastly greater than anything now known.” The letter recommended
that four tons of graphite be procured for experiments, which, if successful, would
lead to a requirement for 50 t of uranium oxide; no mention was made of the $6,000
allocated to Columbia. They also recommended that the main committee be
enlarged by the addition of Karl Compton, President of the Massachusetts Institute
of Technology (and brother of physics Nobel Laureate Arthur Compton), Sachs,
Einstein, and Pegram. Also added to the group at some point before the summer of
1940 was Admiral Harold G. Bowen, Director of the Naval Research Laboratory.

Watson acknowledged Briggs’s report on November 17, indicating that the
President would keep it on file for reference. Not until February 8, 1940, did
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Watson follow up, asking Sachs and Briggs if there was anything new to report.
Briggs replied on February 20 to indicate that the $6,000 that had been authorized
the preceding October had been transferred to Columbia, and that he was waiting
to be informed of results of the work.

Through the fall and winter of 1939/1940, scientists had been far from idle,
however. Sachs’ Historical Report lists several areas of experimental and theo-
retical research that were ongoing at the time: slow neutron reactions; fast neutron
reactions; uranium isotope studies; isotope separation by diffusion, centrifugation,
and other means; and production of uranium metal. Groups were active at
Columbia, Princeton, the Carnegie Institution, Harvard, Yale, MIT, the University
of Virginia, and George Washington University. Sachs did not mention the work
on creating and isolating plutonium that was also underway at Berkeley; he may
not have been aware of it.

In response to Watson’s February 8 request for an update, Sachs responded on
the 15th that he felt that the tone of the November 1 report had been too academic,
and that possible practical applications should have been emphasized first. He
promised Watson another letter from Einstein within a month. Einstein’s letter,
dated March 7, indicated that work on fission was being accelerated in Germany,
and that Szilard had prepared a manuscript on how to set up a chain reaction. Sachs
transmitted the letter to Roosevelt on March 15, about the time that the
Frisch-Peierls memorandum began its journey up the chain of command in Eng-
land (Sect. 3.7).

Watson replied to Sachs on March 27 to the effect that the Briggs Committee
was awaiting a report on work being carried out at Columbia. Sachs had occasion
to meet with Roosevelt in early April, and reiterated the importance of having
Belgian ores shipped to the United States, as well as the urgency of having gov-
ernment or foundation funds allocated in such a way as to promote long-term
research planning. Roosevelt and Watson both sent letters to Sachs on April 5,
asking that another meeting be organized. Sachs encouraged Einstein to attend; he
demurred, but did write Briggs on April 25 to express his conviction that the scale
and speed of uranium work should be increased, and seconded a proposal by Sachs
that a “Board of Trustees” be formed to solicit funds to support the work.

The pace of activity began to pick up in the spring of 1940. The Uranium
Committee held its second meeting at the Bureau of Standards on Saturday, April
27, by which time Alfred Nier and his collaborators had verified that it was indeed
U-235 that was responsible for slow-neutron fission. Briggs reported to Watson on
May 9 that the committee was not prepared to recommend a large-scale experi-
ment to attempt a chain reaction until the results of experiments on the neutron-
absorption properties of graphite being conducted at Columbia were in, which was
expected to be within a week or two. In the meantime, Fermi and Szilard were
beginning to conceive of a reactor wherein a three-dimensional lattice of blocks of
uranium would be distributed within a moderator.

On May 10, the same day that Germany invaded Belgium and Winston
Churchill became Prime Minister of Great Britain, Sachs drafted a memorandum
to himself which recorded that the next stages of the work would be to carry out a
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survey of nuclear constants (e.g., absorption and fission cross-sections and the like)
to narrow down limits of experimental error, and then to undertake a “large-scale”
experiment to demonstrate whether or not a chain reaction could be set up and
maintained. The cost of these steps was estimated at $30,000 to $50,000, and
$250,000 to $500,000, respectively. Still dissatisfied that work was being impeded
by organizational difficulties, Sachs wrote to FDR the next day to again raise the
idea of a non-profit corporation to raise funds to support research.

Sachs learned from Pegram that Fermi and Szilard had found the neutron
absorption cross-section of carbon to be encouragingly small, and on May 13
wrote to Briggs with this news and a plea that the project needed to be accelerated
while being kept secret. (A small absorption cross-section would mean less pos-
sibility of losing the neutrons necessary to maintain a chain reaction). Two days
later, Sachs wrote to Watson to apprise him of the situation, and to suggest that the
President establish a “Scientific Council of National Defense” which would be
invested with authority to develop defense-related technical projects. Sachs fol-
lowed up with another letter to Watson on May 23, wherein he reiterated the need
to secure the Union Miniere ore, and again proposed that the Uranium Committee
be supplemented by a non-profit organization. Sachs raised the uranium issue yet
again with the President at a White House conference on defense economics held
in late May. Word must have got back to Briggs, as on June 5 he authorized Sachs
to approach Union Miniere to gather information on ore stocks, costs, and antic-
ipated mine extraction rates.

In addition to drawing the attention of government officials to the prospects for
nuclear energy, émigré European physicists were also instrumental in alerting the
American scientific community to the need to censor publications concerning
developments that could become of military importance. At a meeting of the
Division of Physical Sciences of the National Research Council in April, 1940,
Gregory Breit (Fig. 4.5) suggested the formation of a committee to control pub-
lication in all American scientific journals, a concept completely at odds with the
historic practice of open scientific publication and debate. Various subcommittees
were set up to deal with publications in a number of fields. The first one, chaired by
Breit, was devoted to considering uranium fission. Well before any formal military
involvement in nuclear fission, scientists had begun to police their own publication
practices.

At this point, Alexander Sachs leaves our story. But one last inclusion in his
Historical Report is worth mentioning. This is a five-page aide-memoir to himself
prepared on April 20, 1940, under the convoluted title “Import of War Devel-
opments for Application to National Defense of Uranium Atomic Disintegration.”
This document opens with the observation that superior technology had enabled
Nazi forces to overrun a number of European countries, and that other countries
which had not brought their defenses up to the same level of technological quality
could expect the same fate. He then remarked that uranium research may prove as
important to national defense as the most advanced chemical and electrical
research then being undertaken. Anticipating that a chain reaction would be suc-
cessfully demonstrated and that war between America and Japan was likely, Sachs
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Fig. 4.5 Left Gregory Breit (1899-1981) at the 1939 meeting of the American Physical Society.
Right Vannevar Bush (1890-1974). Sources Photo by Esther Mintz, courtesy AIP Emilio Segre
Visual Archives, Esther Mintz Collection; Harris and Ewing, News Service, Massachusetts
Institute of Technology, Courtesy AIP Emilio Segre Visual Archives

argued that nuclear-propelled American naval vessels, particularly aircraft carriers
armed with nuclear-bomb carrying aircraft, could easily extend their range to
Japan without the need for refueling. This remarkable analysis was written over
19 months before Pearl Harbor, and some 31 months before Enrico Fermi’s first
demonstration of a chain reaction.

4.2 June 1940: The National Defense Research Committee;
Reorganization I

In June, 1940, Lyman Briggs’ Uranium Committee underwent a significant change
of venue within governmental administration, as well as a change in membership.
On June 27 of that year, President Roosevelt established the National Defense
Research Committee (NDRC), which was charged with supporting and coordi-
nating research conducted by civilian scientists which might have military appli-
cations. The NDRC was the brainchild of Vannevar Bush (Fig. 4.5), whom
Roosevelt appointed to be its Director. A veteran of many years of government
science administration, Bush had earned a Ph.D. jointly from the Massachusetts
Institute of Technology (MIT) and Harvard University in 1917. During World War
I he had worked with the National Research Council on the application of science
to warfare, including development of submarines. After the war, Bush joined the
department of Electrical Engineering at MIT, where he served as a faculty
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member. In 1932, he moved up to be Dean of Engineering, at which post he
remained until 1938. While at MIT he developed, among other things, an early
analog computer known as the differential analyzer. In 1939, Bush became
President of the Carnegie Institution of Washington, as well as Chairman of the
National Advisory Committee for Aeronautics (NACA). These positions enabled
him to direct research toward military applications, and gave him a conduit for
providing scientific advice to government officials.

During World War I, Bush had observed firsthand the lack of cooperation
between civilian scientists and the military, and was determined that such ineffi-
ciency not repeat itself in the war which was engulfing Europe and would likely
eventually involve America. In 1939, he began thinking of a federal-level agency to
coordinate research, an idea he discussed with fellow NACA member James B.
Conant, a distinguished chemist and President of Harvard University. Bush also ran
the concept past his MIT colleague Karl Compton, as well as Frank Jewett, Pres-
ident of the National Academy of Sciences. Bush secured a meeting with President
Roosevelt for June 12, 1940, and soon had his agency, which entered into official
existence fifteen days later. Conant, Compton, and Jewett were made members of
the new Committee, along with Richard Tolman, Dean of the graduate school at the
California Institute of Technology. Compton was assigned responsibility for work
in the area of radar, Conant for chemistry and explosives, Jewett for armor and
ordnance, and Tolman for patents and inventions. Funded by and reporting directly
to the President, the NDRC was remarkably free of Congressional and bureaucratic
interference. In addition to its involvement in the Manhattan Project, the NDRC
and its successor agency, the Office of Scientific Research and Development
(OSRD; Sect. 4.4), were involved with the development of technologies such as
radar, sonar, proximity fuses, and the Norden bomb sight.

On June 15, Briggs received a letter from President Roosevelt informing him
that the Uranium Committee was being absorbed into the NDRC. On July 1,
Briggs summarized the work of his Committee to that time in a letter to Bush.
Fermi’s measurements of neutron absorption in carbon looked promising as far as
eventually obtaining a chain reaction was concerned, and the Science Advisory
Subcommittee felt that there was justification to pursue work in two directions: (1)
methods of separating U-235, and (2) further measurements towards determining
the feasibility of a chain reaction in natural uranium. For item (1), an allotment of
$100,000 had been made by the Army and Navy to investigate centrifugal and
thermal diffusion methods; this work was being administered by the NRL. For item
(2), Briggs recommended that the NDRC provide $140,000. An NDRC meeting
held the next day included a resolution that the Committee on Uranium be con-
stituted as a special committee of the NDRC, with membership of Briggs (chair),
Beams, Breit, Gunn, Pegram, Sachs, Tuve, and Urey. Einstein, Bowen, Adamson,
and Hoover had been dropped from the October 1939 incarnation of the group, but
the minutes indicate that Bowen would continue to follow the activities of the
committee. Bowen was apparently present at the meeting, however, as the minutes
also record that he related that the Navy was coordinating a series of projects on
isotope separation to the tune of $102,300. In addition, an Executive Committee of
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the committee on uranium was formed, comprising Briggs, Gunn, Pegram, Tuve,
and Urey. It was also voted to “approve in principle” the $140,000 program
proposed by Briggs, “and to direct the Chairman (Bush) to place the project in
definitive form for later consideration.”

An interesting document in NDRC records is a twelve-page memorandum dated
August 14, 1940, apparently written by Briggs. This was evidently intended as a sort
of history of the project to that time. It opens with a summary of what had been
learned since the discovery of fission; how U-235 and U-238 differed in their
response to neutron bombardment; how a controlled chain reaction might be
achieved; the Einstein/Szilard/Sachs letter to President Roosevelt; the original
$6,000 provided by the Army and Navy; the absorption of the uranium committee
into the NDRC; Briggs’s July 1 letter with its funding recommendation of $140,000;
and that a special advisory group (Briggs, Urey, Tuve, Wigner, Breit, Fermi, Szilard
and Pegram) which had met on June 13 recommended that funds be sought to support
further measurements of nuclear constants and experiments with uranium and car-
bon. The memo proposed that the NDRC contract with Pegram to conduct research
on the uranium—carbon chain-reaction problem. No salary was to be provided for
Fermi and Pegram (who were employed by Columbia), but salaries of $4,000 and
$2,400 per year were suggested for Szilard and Herbert Anderson, respectively.

With the NDRC in the picture, the pace of work within the United States’
uranium project began to pick up. Between the fall of 1940 and the time of the
Japanese attack on Pearl Harbor, the NDRC/OSRD let contracts totaling about
$300,000 for fission and isotope-separation research to various universities (Cal-
ifornia, Chicago, Columbia, Cornell, Iowa State, Johns Hopkins, Minnesota,
Princeton, Virginia), industrial concerns (Standard Oil Development Company),
government agencies (National Bureau of Standards), and private research orga-
nizations (Carnegie Institution).

When the NDRC was established in the summer of 1940, the British MAUD
committee was just beginning its work in response to the Frisch-Peierls memo-
randum; Edwin McMillan and Philip Abelson had just isolated a minute sample of
element 93; and Louis Turner was speculating that neutron bombardment of U-238
might lead to a fissile form of element 94. In Britain, Rudolf Peierls reported to a
meeting of the MAUD Technical Committee (Sect. 3.7) on April 9 that a fast-
neutron fission bomb was feasible. A copy of the minutes of that meeting have
been redacted from National Archives records of OSRD files, but in a typescript
draft of an unpublished history of the bomb project prepared in May, 1943, Conant
relates that at the MAUD meeting, James Chadwick stated that “The separation
plant is the only large-scale project at present requiring consideration since the
primary task of the Committee was to provide a military weapon.” The coinci-
dence of these various events is striking.

In the spring of 1941, Vannevar Bush began to receive complaints about the
pace of the uranium committee’s work. On March 17, Karl Compton wrote to
Bush, referring to a presentation just two weeks earlier by Briggs on what
Compton called the “#92 project”. While it looked as if the project was moving
ahead, there appeared to be a number of disquieting aspects: the English were
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“apparently farther ahead than we are,” there was reason to believe that the
Germans were very active in this area, and “very few of our own nuclear physi-
cists are being put to work on the project and even those who are working on it are
decidedly restive”. Compton was concerned that the committee practically never
met, that its conduct was extremely slow, that the work was being conducted in
such secrecy that it was preventing people from knowing what was going on
closely in related areas, and that Briggs was “slow, conservative, methodical and
accustomed to operate at peace-time government bureau tempo”. Harold Urey, a
member of the project’s Executive Committee, was just as disturbed, and baffled as
to what could be done to improve the situation. Eugene Wigner, who had been
working on the theory of chain reactions, described dealing with the Briggs
Committee as like “swimming in syrup.”

Compton proposed to let in on the project a group of the ablest theoretical
physicists, and raised the question of whether the NDRC should take a more vig-
orous role as opposed to acting as a passive administrator. He further related that he
and Ernest Lawrence had spoken that morning, and that Lawrence was under
pressure from colleagues to see what could be done to speed up the work. Compton
suggested that Bush appoint Lawrence as his deputy to explore and report on the
situation, or, alternatively, arrange to assign Briggs a deputy to work full time on
the project. Bush responded to Compton on the 21st to indicate that that he had met
with Lawrence, and that he had called Briggs with the suggestion that Lawrence
serve as a temporary consultant; the latter two were to meet that day.

Bush felt that he needed some independent advice on the uranium issue. On
April 19, he asked Frank Jewett to appoint a committee under NAS auspices to
review possible military aspects of fission. This would be the first of three such
committees whose reports were to have far-reaching consequences.

4.3 May 1941: The First NAS Report

Jewett’s committee was chaired by Arthur Compton, who was then Dean of
Science at the University of Chicago. The other members were William D.
Coolidge, who earlier in his career had made significant improvements to X-ray
tubes and who had just retired as director of research at General Electric Research
Laboratories; Ernest Lawrence; MIT theoretical physicist John Slater; Harvard
physics theoretician and future Nobel Laureate (1977) John Van Vleck; and retired
Bell Telephone Laboratories Chief Engineer Bancroft Gherardi. Due to illness,
Gherardi never participated in any of the committee’s activities; he passed away in
August, 1941.

Compton’s group met with Briggs, Breit, Gunn, Pegram, Tuve, and Urey in
Washington on April 30, held a second meeting in Cambridge, Massachusetts, on
May 5, and submitted their report to Jewett on May 17. Their seven-page docu-
ment addressed the question of whether uranium research merited greater funds,
facilities, and pressure in the light of then-current knowledge and the probability of
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applications in connection with national defense. The primary recommendation
was that a strongly intensified effort should be spent on the problem during the
following six months. While the committee felt that it would seem unlikely that
nuclear fission could become of military importance within less than two years,
they did comment that a chain reaction could become a determining factor in
warfare if it could be produced and controlled.

The Compton report listed three possible military applications of uranium fis-
sion: (a) production of violently radioactive materials to be used as missiles
“destructive to life in virtue of their ionizing radiation,” (b) as a power source for
submarines and other ships, and (c) violently explosive bombs. Discussion of the
latter possibility concentrated mistakenly on slow-neutron fission of U-235, but it
was predicted that the time required to separate an adequate amount of uranium
would be from three to five years. It was pointed out, however, that element 94
could potentially be produced in abundance in a chain reaction. The day after the
report was submitted, Emilio Segré and Glenn Seaborg succeeded in isolating a
sample of plutonium large enough that its fission cross-section for slow neutrons
could be measured (Sect. 3.8).

While acknowledging that separation of a sufficiently large quantity of U-235
could become “a most important aspect of the problem,” the bulk of the Compton
committee’s report was devoted to considering what resources would be needed
for achieving a chain reaction in the ensuing months. The most urgent require-
ments for the following six months were considered to be full support for an
intermediate-scale uranium/graphite experiment, a pilot plant for producing heavy
water, support for investigating the properties of beryllium as a moderating agent,
and maintaining work on isotope separation. The total cost was estimated at
$350,000. If graphite proved to be a useable moderator, the cost of a full-scale
experiment to produce a chain reaction was estimated to be as much as $1 million.
If progress with the beryllium and heavy-water projects looked favorable at the
end of the six-month period, further support should be extended for a subsequent
stage of the beryllium experiment and a full-scale heavy water plant, at respective
estimated costs of $130,000 and $800,000. The projected costs of America’s
wartime nuclear energy program were already reaching into million-dollar terri-
tory. In response to concerns with the pace of work, Compton’s group praised the
efforts of Briggs’ committee, but suggested that a subcommittee be formed to plan
and carry through the research programs, to confer on developments as they
occurred, to see that information was made available to those who needed it, and to
report as appropriate to the main committee.

Concerns with the report began to surface almost immediately. On May 28,
Jewett solicited input from Robert Millikan, expressing concern that fundamental
practical aspects of securing a chain reaction may have been minimized by
physicists who were enthusiastic for going ahead. Could a chain reaction be used
in practice, beyond highly special circumstances? What of limitations of physical
space? What was known of the supply of materials, in particular the availability of
uranium? Recognizing that even if the answers to these questions should be dis-
couraging, Jewett opined that it might be wise to push experimentation on a large
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scale if for no other reason than to disprove over-enthusiastic claims: “At the same
time it would be foolish to proceed solely on the basis of one-sided enthusiasm and
a trust that in an eight-handed poker game the Lord will always enable us to draw
the right two cards to complete a royal flush.” Millikan responded on the 31st with
the opinion that there seemed to be little if any hope in realizing a chain reaction in
ordinary (natural) uranium, and that, if this proved so, it would be necessary to
concentrate U-235, which would be a long and tedious process. While Millikan
preferred that the energies of available personnel be concentrated on problems
which would have a good chance of getting into practical use within two or three
years at most, he did close with a suggestion that attempting a chain reaction with
natural uranium would not be an expensive matter.

Jewett also solicited the opinion of Oliver Buckley, President of the Bell
Telephone Laboratories. In his June 4 response, Buckley primarily emphasized the
value of a chain reaction for naval propulsion, but added that if U-235 could be
concentrated in quantity, it would have “enormous potentialities.” But he also
thought that the enrichment would be so difficult that there was no confidence of
an early solution.

Jewett summarized his concerns in a letter to Vannevar Bush on June 6. While
having a “lurking fear” that the Academy report might have been over-enthusi-
astic and not well balanced, he concluded that they should nevertheless go ahead
on an enlarged program, with the proviso that major initial approvals and appro-
priations should be concentrated on the more fundamental aspects of establishing
the possibilities of chain reaction. Any final approval for other phases of the
matter, thought Jewett, should be reserved for a later time.

Bush’s June 7 response to Jewett is worth quoting at some length. He related
that Millikan was evidently unaware that “The British have apparently definitely
established the possibility of a chain reaction with 238, which entirely changes the
complexion of the whole affair.” (About the British contribution, see Sect. 4.4.)
Bush then proceeded to give Lyman Briggs some uncommon praise: “Briggs has
been in a very difficult situation on this matter. I know of no project anywhere
where there has been so much need for a balanced, reasoned approach which
would, on the one hand, not neglect the possibilities of potential importance but
unlikely to develop, and which, on the other hand, would not run wild as the result
of unbridled speculation. I think Briggs has done exceedingly well to keep his
balance, and to approach the matter on a basis which would seem to me to have
good sense. Moreover, I think that Briggs is a grand person to have in the matter,
and I have backed him up to the best of my ability, and I intend to do so in the
future.” On the other hand, Bush related concern with Ernest Lawrence, who was
playing the role of a loose cannon: “I finally had to have a very frank talk with him
in which I told him flatly that I was running the show, that we had established a
procedure for handling it, that he could either conform to that as a member of the
NDRC and put in his kicks through the internal mechanism, or he could be utterly
on the outside and act as an individual in any way that he saw fit. He got into line
and I arranged for him to have with Briggs a series of excellent conferences.”
Bush praised the Academy report, and also added that “[Briggs]... agrees to the
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enlargement of his section, the adding of a vice-chairman, the adding of a technical
side, and in general the gearing up of the affair so as to handle the program to
better advantage”; Briggs had been asked for his input on the personnel issue
before a meeting scheduled for June 12. Bush also thought that there should be “at
least one good sound engineer” on the enlarged Uranium Committee. The last
paragraph of Bush’s letter revealed some growing frustration: “As I have said
many times, I wish that the physicist who fished uranium in the first place had
waited a few years before he sprung this particular thing upon an unstable world.
However, we have the matter in our laps and we have to do the best we can.”

Briggs responded on June 11 with an estimate of Uranium Committee expen-
ditures for fiscal year 1942, which would start on July 1. These covered a broad
range of activities: a uranium—carbon experiment at Columbia; a uranium—carbon-
beryllium experiment in Chicago; heavy water catalysis at Columbia; an experi-
mental heavy water production set-up to be built by Standard Oil in Baton Rouge,
Louisiana; work on centrifuges at Columbia and the University of Virginia;
research on diffusion at Columbia; mass spectroscopy under Alfred Nier at the
University of Minnesota; and miscellaneous administrative and experimental work
at the Bureau of Standards. All of this would run to $583,000 for the first six
months of the fiscal year. Costs for the balance of the year would depend on the
outcomes of various experiments, but perhaps $1 million would be needed for a
full-scale chain-reaction experiment and a heavy-water plant. The most immediate
need was for $241,000 to acquire materials.

Despite Bush’s knowledge of the British opinion that fission bombs were vir-
tually certainly feasible, the NDRC voted the next day only to allocate the
$241,000 for materials, and to increase the amount authorized to the University of
Minnesota for preparation of 5 pg of U-235 by $500 (the amount of the original
authorization does not appear in the minutes). The irony that Briggs is often
accused of foot-dragging speaks for itself. Briggs submitted a revised proposal on
July 8 which brought his request down to $357,000, mostly by decreasing requests
for the Chicago and Columbia pile experiments. Approval of the revised request
was voted at a meeting held on July 18. While funding was still a matter of fits and
starts, the fortunes of the American uranium program were beginning to shift for
the better in the early summer of 1941. The participants could not have been
unaware of an increasingly perilous world situation: on June 22, Germany invaded
Russia, adding a dramatic new dimension to the war.

4.4 July 1941: The Second NAS Report, MAUD,
the OSRD, and Reorganization 1I

At the June 12 NDRC meeting discussed above, it was also voted to request to
have the NAS once again review the proposed program, but this time by a com-
mittee which included individuals qualified to consider engineering aspects of the
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situation. Bush put the request to Frank Jewett the next day, and the Academy
Committee went back to work, this time under the chairmanship of Coolidge
(Compton was traveling at the time). To provide the relevant engineering per-
spective, the committee was augmented by Oliver Buckley (Bell Labs) and
Lawrence Chubb, Director of the Westinghouse Electric Research Laboratories.
The group acted quickly, meeting in Washington on July 1 with Briggs, Gregory
Breit, and Sam Allison of the University of Chicago, and then with Pegram and
Fermi at Columbia on July 2. They submitted their four-page report to Jewett on
July 11, who passed it on to Bush on the 15th.

The report did not particularly address engineering aspects as Bush had
requested, but rather related some crucial developments in nuclear physics. The
last page of the report is an appendix written by Ernest Lawrence, who described
how, since the May 17 report, experiments at Berkeley had verified that element
94 was formed via slow-neutron capture in U-238, and that the new and yet-
unnamed transuranic element underwent slow-neutron fission. This opened up the
prospect of what Lawrence called a “super bomb” if enough 94 could be pro-
duced. Given this development, the committee considered whether the prospect of
military applications was such as to justify allocation of defense monies toward
support of an intensified drive on producing atomic fission, concluding that “We
are convinced that such support is not only sound but urgently demanded.” The
committee also gave Bush ammunition for reorganizing the project: “The efficient
and expeditious conduct of this larger scale attack requires also ... a different
pattern of organization from that of the work under the present Uranium Com-
mittee ... The project should be under a director able to devote his entire time to
it.” Costs were projected at over $1 million for salaries and materials for the first
year, and the committee also suggested that an isolated laboratory be established at
which to locate the relevant work.

Support for the committee’s opinion was received from Enrico Fermi, who
composed an eight-page report titled “Some Remarks on the Production of Energy
by a Chain Reaction in Uranium.” Dated June 29, 1941, Fermi describes a possible
reactor design with lumps of natural-composition uranium metal or oxide dis-
tributed in a lattice-like array throughout a moderator, with carbon (graphite)
mentioned specifically for the latter. This is precisely the arrangement he would
use in his CP-1 reactor some 18 months later (Chap. 5). Fermi’s admittedly
uncertain figure for the amount of energy produced per gram of U-235 fissioned
was about 80 billion joules, which is in quite good agreement with the 17 kilotons
per kilogram calculated in Sect. 3.1 (~71 billion Joules per gram); he also esti-
mated that a pile generating one megawatt of thermal energy would produce about
one gram of element 94 per day. This proposal, however, was for an uncooled
reactor; by using active cooling with fluid or gas piped through appropriate
channels, the power level could be raised to tens of megawatts, which would
increase plutonium production correspondingly.

One intriguing possibility pointed out by Fermi was cooling by liquid bismuth,
which would have the advantage of breeding radioactive polonium through neu-
tron bombardment via the reaction
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In exactly this way, slugs of bismuth would be introduced into the pilot-scale X-10
reactor at Oak Ridge, Tennessee, and into the production reactors at Hanford,
Washington, to breed polonium for use in neutron-generating “triggers” for the
Hiroshima and Nagasaki bombs. Fermi also addressed the need for shielding,
which could be accomplished with a surrounding barrier of water several feet
thick. In a July 21 memo to Conant, Bush praised Fermi’s report as the first time he
had seen anything that approximated engineering data, and that it looked “to be
good stuff.”

While engineering issues were being considered, Bush was rearranging the
administration of the NDRC. The NDRC could undertake to issue contracts for
research, but lacked the authority to underwrite engineering development. To
address this, he conceived of a higher-level umbrella organization, the Office of
Scientific Research and Development (OSRD). The NDRC would continue, but as
a sub-component of OSRD; Bush would Direct the OSRD, while Conant would
take on Chairmanship of the NDRC and with it responsibility for the uranium
project. The OSRD was established by Executive Order 8807, signed by President
Roosevelt on June 28, 1941.

Beyond the National Academy reports and the growing restlessness of indi-
vidual scientists, the single most important stimulus to the American fission pro-
ject in the summer of 1941 came from outside the country’s borders. A foreign
bombshell was about to land in the lap of the newly-formed NDRC: the British
MAUD report.

The spectacular success of the Manhattan Project under U. S. Army leadership
and the fact that the bulk of its facilities were located on American soil have
tended to cast the Project as an almost exclusively American affair. But such a
view trivializes very important British contributions to the Project. Even General
Groves, who has been quoted as characterizing the British contribution as “helpful
but not vital,” tempered his assessment with the observation that “I cannot escape
the feeling that without active and continuing British interest there probably would
have been no atomic bomb to drop on Hiroshima. The British realized from the
start what the implications of the work would be. They realized that they must be
in a position to capitalize upon it if they were to survive ... and they must also
have realized that by themselves they were unable to do the job. They saw in the
United States a means of accomplishing their purpose.”

American authorities were not unaware of progress in Britain; exchanges
between the two countries on scientific matters were well-established before
America entered the war. In late August, 1940, a mission headed by Henry Tizard
left for a two-month visit to America, where they demonstrated progress that had
been made in Britain with equipment relating to radar and proximity fuses. One of
the results of this visit was the establishment in Washington of a formal organi-
zation to facilitate information exchange, the British Commonwealth Scientific
Office. In the spring of 1941, Charles G. Darwin—a grandson of the Charles
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Darwin—was appointed as its Director. Reciprocally, in February, 1941, Conant
traveled to London to set up an office of the NDRC. Harvard physicist Kenneth
Bainbridge, who would direct the Trinity test, attended the April 9 meeting of the
MAUD committee at which Rudolf Peierls reported that a fast-neutron bomb was
feasible. On July 1, Caltech physicist Charles Lauritsen attended another meeting,
at which the main conclusions of the committee’s final report were discussed.
Lauritsen briefed Bush in Washington on July 10, just a few days before Bush
received a draft copy of the report which had been transmitted to the NDRC
London office. This was just before the second NAS report landed on Bush’s desk.
There were actually two MAUD reports, both authorized by George Thomson on
July 15. The first, which is the one of interest here, was titled “Use of Uranium for
a Bomb”; the second was “Use of Uranium as a Source of Power.” Both are
reproduced in Margaret Gowing’s book on the British atomic energy program, and
are still well worth reading.

The first part of the MAUD bomb report summarizes the situation in non-
technical terms in a few pages. It opens with a description of why a critical mass
exists for a fissile isotope, how a bomb could be triggered by bringing together two
subcritical masses, the probable effects of the explosion (estimated as equivalent to
1,800 t of TNT for 25 pounds of U-235), and a discussion of materials and costs. A
lengthy technical appendix describes how a fast-neutron chain reaction cannot not
be sustained in U-238 due to the presence of inelastic scattering and absorption,
how the efficiency of a bomb could be estimated, factors that affect the determi-
nation of critical mass, estimates of damage, and the characteristics of a diffusion
plant. In mid-1941, the clarity of many British scientists’ understanding of the basic
elements of a fast-fission weapon was far ahead of that of most of their American
counterparts. George Thomson personally handed Bush and Conant copies of the
MAUD report on October 3, but under terms which did not permit its disclosure to
the NAS Committee. Despite that injunction, Thomson had met with both the
Uranium Committee and the NAS Committee to apprise them of the situation. The
MAUD bomb report would have a significant, if officially unacknowledged, impact
on the preparation of a third National Academy report in late 1941.

On July 30, Conant received from Briggs a letter describing how the Uranium
Committee was being reorganized. Briggs would remain as Chair; George Pegram
had agreed to serve as Vice Chair. The other members were to be Gregory Breit,
Harold Urey, Samuel Allison, Henry Smyth of Princeton University (see the
Preface), and Edward Condon of Westinghouse Electric. Briggs also expanded the
breadth of the committee by adding four consultant subcommittees. These were to
deal with the areas of Separation (i.e., enrichment), Power Production, Heavy
Water, and Theoretical Aspects, and were respectively chaired by Urey, Pegram,
Urey, and Fermi. The Separation group included Philip Abelson and Ross Gunn;
the latter was also a member of the Power Production group. Merle Tuve, Alex-
ander Sachs, and Albert Einstein had disappeared from the July 1940 makeup of
the committee. Jesse Beams was also dropped from the main committee, although
he would continue as a member of the Separation Group. Henceforth, the Uranium
Committee would be known as Section S-1 of the OSRD.
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Replying to Briggs the same day, Conant indicated that it would be necessary to
communicate to Beams, Gunn, and Tuve that their services would not be needed in
the newly organized section, and asked if Briggs would prefer to write them
himself, or have Conant or Bush do it? Briggs opted for the latter. As a result, in a
letter to Ross Gunn on August 14, Bush explained Gunn’s removal from the main
committee. The problem, as Bush described it, was that the Uranium Committee
had been formed before the NDRC had taken it over: “At the time the NDRC
started its work and formed Sections the policy was adopted of not having Army or
Navy personnel directly appointed to membership on these Sections, but rather to
provide the desired contacts by the system of liaison officers, and this has worked
out well. The situation in the uranium committee was hence a bit of an anomaly, but
we did not disturb it as it seemed to be working well.” But with the recent reor-
ganization, it was time to bring the Uranium Committee into line. Bush suggested
that in place of serving on the committee, Gunn be nominated as the individual who
would serve as the direct contact between the committee and the Navy. Gunn
replied on the 18th, formally tendering his resignation from the committee, and
indicating that there should be no objection on the part of the Navy to his serving as
liaison. Ironically, at just this time Philip Abelson was beginning to test experi-
mental liquid-diffusion columns at the Naval Research Laboratory. As is related in
Chap. 5, there would be much more to come regarding the relationship between the
Navy and the Manhattan Project.

British physicists continued to pressure their American counterparts to push
ahead with a bomb project. On September 11, 1941, W. D. Coolidge wrote to
Frank Jewett to describe a visit Marcus Oliphant had made to General Electric in
Schenectady. Coolidge was astonished to learn that only 10 kg of U-235 would be
needed for a fast-fission reaction equivalent to 1,000 t of high explosive, and
remarked that this information, so far as he knew, was not available in the United
States until after the second National Academy report of July 11. Jewett replied
that he had already received the same information “indirectly,” and that while he
thought that the matter was fully understood by the S-1 Committee, he would send
a copy of Coolidge’s letter to Bush as a precaution. Conant felt that Oliphant’s
talking to Coolidge might have been a breach of secrecy, but many American
scientists have credited Oliphant for spurring the S-1 program forward.

Oliphant also visited Berkeley and met with Ernest Lawrence, who was so
impressed with British progress that he began thinking of how he might turn his
37-inch cyclotron into a large-scale mass spectrometer for separating isotopes. In
September, Lawrence related Oliphant’s story to Conant and Compton during a
visit to Chicago, apparently not realizing that they already knew of it. Lawrence
stressed the importance of element 94 to making a bomb, and again expressed his
dissatisfaction at the slow pace of work in the United States. In his memoirs,
Compton relates how he met with Conant and Lawrence in the living room of his
house. After Lawrence had given his description of the prospect for fission bombs,
Conant asked him: “Ernest, you say you are convinced of the importance of these
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fission bombs. Are you ready to devote the next several years of your life to getting
them made?” After a brief hesitation, Lawrence’s answer was “If you tell me this
is my job, I’ll do it.”

4.5 October-November 1941: The Top Policy Group
and the Third National Academy Report

October 9, 1941, was a pivotal day in the history of the American atomic bomb
program. That morning, Vannevar Bush met with, among others, President
Roosevelt and Vice-President Henry Wallace to inform them of developments.
Bush summarized the meeting in a memo sent to James Conant later the same day.
The most significant matter was that the President had made it clear that con-
siderations of policy were to be restricted to a group comprising himself, the Vice-
President, Secretary of War Henry Stimson, Army Chief of Staff General George
C. Marshall (Fig. 4.6), and Bush and Conant. This group would come to be known
as the Top Policy Group. From this point forward, American scientists would have
to funnel their thoughts concerning policy issues on the fission weapons that they
would create through Bush and Conant. That the President had charged a group to
consider nuclear weapons policies indicated that the highest levels of leadership of
the United States were beginning to understand the implications of a successful
full-scale commitment to the uranium project.

During the meeting, Bush described British conclusions regarding critical mass,
the size of necessary isotope-separation plants, costs, time schedules, and raw
materials. The meeting endorsed interchange with the British on technical issues,
and also considered post-war control of nuclear materials. Another significant
matter was that Bush advocated that a broader program ought to be handled
independently of the then-present organization, a notion with which the President

—

Fig. 4.6 General George C. Marshall (1880-1959) and Secretary of War Henry Stimson
(1867-1950), ca. 1942 Source http://commons.wikimedia.org/wiki/File:George_marshall%26henry_
stimson.jpg
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agreed. Roosevelt instructed Bush to not proceed with any definite steps on the
expanded plan until receiving further instructions, but Bush essentially emerged
from the meeting with the authority to determine if a bomb could be made, and at
what cost.

The same day, Bush also requested a third National Academy Report. This time
he gave the committee very clear directions as to what he was after. He wrote to
Arthur Compton, referring to having received a “communication from Britain”
which dealt with the technical aspects of “the matter under consideration by the
committee.” The British report was available only to himself and Conant, but this
being the case would have the advantage that the Academy committee’s work
would provide an independent check on things. While Bush acknowledged that the
way in which the committee wished to conduct its study and prepare its report was
a matter for itself to decide, he offered some topics for their consideration: critical
mass; the mutual velocity of approach of the subcritical masses during bomb core
assembly; efficiency; premature explosions; and isotope separation methods. Bush
copied his instructions to Briggs, again adding that he was not able to pass on the
British report. Despite Briggs’ position as chair of the S-1 Committee, lines of
authority were shifting toward Bush and Conant.

Compton’s group went back to work, meeting with Fermi, Urey, Wigner,
Seaborg, and others. On October 21, they held a meeting at the General Electric
laboratories in Schenectady, which Robert Oppenheimer attended. They soon
produced a draft report, which prompted a letter from Frank Jewett to Bush on
November 3. Jewett was concerned that the draft mentioned a cost figure as great
as $100 million, but, at the same time, noted that practically every element of the
proposed research and development program possessed very fundamental uncer-
tainties. Jewett felt that a stronger case would have to be in hand for when the time
came to seek appropriations, but also argued that there was a case for expenditure
of considerable money to resolve the uncertainties in order to develop a basis of
proven technical information.

In a reply the next day marked “Personal,” Bush argued in support of the
program, pointing out that Conant’s opinion had swung around entirely after initial
skepticism. It was now crucial, he felt, “to bring to bear some good sound engi-
neering brains on design.” In accordance with what he had related to the President,
Bush was also formulating further administrative reorganizations which would
constitute a new group to handle development and pilot-plant experimentation,
while leaving Briggs in charge of only a section devoted to physical measure-
ments. He had in mind Ernest Lawrence to direct the new group, but was hesitant
given the need for secrecy and the fact that Lawrence, in defiance of President
Roosevelt’s dictum, was stirring things up by talking about policy issues. Bush
suggested that Jewett destroy the letter, but a copy does appear in OSRD files.

For its third report, the committee was expanded to include MIT chemical
engineer Warren K. Lewis, Harvard explosives expert George Kistiakowsky
(Fig. 4.7) and future (1966) Nobel chemistry Laureate Robert Mulliken of the
University of Chicago. The full report can be found in OSRD records, and, like its
MAUD counterpart, is still worth reading.
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Fig. 4.7 Left George
Kistiakowsky (1900-1982);
Right Warren K. Lewis
(1882-1975). Sources AIP
Emilio Segre Visual
Archives; http://
en.citizendium.org/wiki/
Warren_K._Lewis

The Committee transmitted its report, dated November 6, to Jewett on
November 17. In a brief cover letter, Compton reported that the committee was
“unanimously of the opinion that the prosecution of this program is a matter of
urgent importance.” At sixty pages, the report comprised a number of interlinked
sections, which can be can be summarized under four groups. First came a six-
page cover letter to Jewett which summarized the conditions needed for a fission
bomb, the expected effects of such bombs, estimates of how long it might take to
produce them, and the costs involved. Second is a 20-page appendix, evidently
written by Compton, which forms the technical core of the report. Calculations
here dealt with critical radius, the effect of a surrounding tamper, and efficiency of
the anticipated explosion. This appendix can be considered to be the parent doc-
ument of Robert Serber’s Los Alamos Primer (Sect. 7.2), and can still be rec-
ommended to a reader who seeks a description of the basic physics of fission
weapons. (For an undergraduate-level analysis, see Reed 2007, 2009). Third is an
appendix prepared by George Kistiakowsky which describes the probable
destructive action of fission bombs. Lastly appears an 18-page report prepared by
Mulliken which discusses the feasibility of various isotope separation methods.

The summary letter to Jewett gets right to the essence on its first page: “A
fission bomb of superlatively destructive power will result from bringing quickly
together a sufficient mass of element U235. This seems to be as sure as any untried
prediction based upon theory and experiment can be.” The critical mass of U-235
was estimated as hardly less than 2 kg nor greater than 100 kg, and the expected
efficiency at between 1 and 5 %. It was difficult to assess the destructive capa-
bilities of a fission weapon because the theory for describing high-pressure shock
waves was not then well-advanced, but the committee conservatively estimated an
equivalence of about 30 t of TNT per kg of U-235; this would prove to be a serious
underestimate.

The committee took an interesting approach to analyzing the amount of U-235
deemed necessary to defeat Germany. Based on an estimate that some 500,000 t of
TNT would be required to devastate military and industrial objectives in that
country, they projected that some 1-10 t of U-235 would be required to do the
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same job with fission bombs, an analysis which clearly overlooked the psycho-
logical effect that even a few bombs might have. As for obtaining fissile material,
centrifugal and diffusion separation methods were approaching the stage of
practical tests. The committee estimated that if all possible effort were spent on the
program, fission bombs might be available in significant quantity within three or
four years; the bombing of Hiroshima would occur three years and nine months to
the day from the date of the report. As to finances, the committee estimated a
rough cost of $80 to $130 million, not including the cost of electrical power for
operating the enrichment plants. Ultimately, the electromagnetic separation
method alone would consume nearly four times this amount of funding.

Compton’s letter closed with a series of recommendations. The immediate
needs were to build and test trial units of centrifugal and diffusion separators, to
secure samples of separated U-235 and U-238 for physical-constant measure-
ments, and to begin work on the engineering aspects of enrichment plants. Finally,
a suggestion that no doubt pleased Vannevar Bush (and, one suspects, may have
been planted by him) was that it may be necessary to reorganize the entire pro-
gram. In a separate letter to Bush on the same day, Compton offered some private
advice on reorganization: assign key men responsibility for solving certain prob-
lems, and give them adequate funds to “get the answers in their own way.” Urey,
Lawrence, Beams, and Allison were suggested as appropriate “key men.”

The difference between the third Academy report and its two predecessors is
stunning. In his May, 1943, history, James Conant remarks (paraphrased): “A
historian of science two generations hence who might come across the three
National Academy reports might well be bewildered by the change. In July 1941
the Committee was speaking of the need for a successful demonstration of a
controlled chain reaction. On November 6 the Committee concludes that the
availability of bombs may determine military superiority.” Conant attributed this
shift in emphasis to a general feeling that war was felt to be much nearer and more
inevitable in November than in May, and that advocates of a head-on attack on the
uranium issue had become more vocal and determined. In a comment that pre-
saged the postwar perception that the Manhattan Project was essentially an
exclusively American affair, Conant wrote, somewhat disingenuously, that “It
must be remembered that the British report ... had not been seen by any member
of the National Academy Committee even by November.” This is strictly true, but
was a selective truth.

4.6 November 1941: Bush, FDR, Reorganization III,
and the Planning Board

Vannevar Bush wasted no time in using the third Academy report to bolster what
he had reported to President Roosevelt on October 9. On Thursday, November 27,
he transmitted the report to the President and the Top Policy Group; Bush and the
President evidently did not meet face-to-face that day. (Ironically, that date was
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about the time that a Japanese task force set sail on its mission to attack Pearl
Harbor.) While advising the President that the cost of and time to produce bombs
would be greater than the MAUD report had suggested—this was attributed to the
Academy Committee having included some “hard headed engineers” in addition
to physicists—Bush felt that the matter called for serious attention. He offered that
he would again wait to be instructed by the President before taking any steps
which made a commitment to any specific program, but that in the meantime he
was forming an engineering group to study plans for possible production, as well
as accelerating relevant research.

By presenting the MAUD and Academy reports as independent but mutually
supportive, Bush played them brilliantly as political cards. A handwritten note
from Roosevelt accompanying return of the report to Bush on January 19, 1942,
has been taken by some historians to be essentially the initiating Presidential
“OK” for the American atomic bomb program (Fig. 4.8)."

Bush and Conant proceeded with their reorganization. OSRD records contain a
two-page handwritten memo from Conant to Bush; the date is uncertain, but a note
in Conant’s hand reads “must be in November 1941”. The note is difficult to read
in places, but one passage is fairly clear and harbingers further sidelining Lyman
Briggs: “Hence take Briggs section out of NDRC and make it [a] research division
of [a] new setup, at this point replace Briggs with a full-time man. ... Set up a
development committee of chemical engineers with advisory group of top men”.
A rough draft organizational chart shows Bush at the top, with separate parallel
research and development committees under him; Conant does not appear in the
chart (Fig. 4.9). The growing momentum of the project is clear from Conant’s

! Hewlett and Anderson attribute the note to January 19, 1942. The note can be found in
M1392(1), 0945. However, another date suggests itself. The immediately preceding image on the
DVD version of the microfilm records supplied to this author is a copy of a letter from Bush to
FDR dated June 17, 1942, wherein Bush enclosed a June 13 report on the subject of “Atomic
Fission Bombs”; see Sect. 4.9. The June 17 letter is also marked “V.B. OK FDR”. Might the
“January 19” note have been penned on June 19? The month on the note of Fig. 4.8 is indistinct.
If it is June 19, a Presidential response within two days may seem speedy, but was by no means
unprecedented. For example, as discussed in the text, on March 9, 1942, Bush sent FDR an
extensive update on the status of the project; the record contains a note signed by Roosevelt on
March 11, acknowledging return of the document to Bush (Fig. 4.11). But if Roosevelt annotated
the June 17 letter, why would he have felt compelled to send a separate note two days later? The
copy of Compton’s November, 1941, report in the OSRD records bears no Presidential
annotation, which could suggest the need for a separate acknowledgement. Mere proximity of
FDR’s note to the June 17 letter on the DVD supplied to this author is no guarantee of temporal
closeness: my experience is that the documents in these records are often very mixed-up
chronologically. If the note does refer to returning the third Academy report, this would represent
a lapse of some seven weeks between the meeting and the return. But in the hectic days following
the attack on Pearl Harbor this may not have been unreasonable; Roosevelt may have been further
delayed because he was hosting Winston Churchill for the First Washington Conference, which
ran from December 22, 1941, to January 14, 1942. It appears that convincing arguments can be
mounted for either date. For this writer, coming across this minor confusion reminded him of
advice he received many decades ago from an eighth-grade teacher: “When you write something,
date it.” To which I would add: And do it clearly and completely.
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comments that “I believe we should from now on waste no more time,” and “I do
think you ought to move fast from now on.” Lawrence was again suggested to
oversee the research committee.

Bush had already been laying such plans. On November 26, he offered the
position of Director of a Planning Board to Eger V. Murphree, a distinguished
chemical engineer and Vice-President of Research and Development for the
Standard Oil Development Company (SODC; Fig. 4.3). The Board would be
charged with the responsibility of presenting Bush with recommendations for
production and contracts for engineering studies. Murphree accepted the
appointment, subject to his being free to select a group of consultants to serve as an
advisory committee. His appointment was formalized in a letter from Bush on the
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Fig. 4.9 Conant’s draft organizational chart, ca. November, 1941
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Fig. 4.10 Manhattan Project organizational chart, ca. March, 1942

29th, which made clear that while the Board was free to consult with Briggs and
the Academy Committee, Murphree was to report directly to Bush, with Bush and
Conant sharing overall responsibility for the program. The new organizational
structure, which effectively orphaned the S-1 Section, was laid out by Bush at an
NDRC meeting on November 28, and is shown in Fig. 4.10, which is copied from
a March, 1942, report to President Roosevelt. The term “tubealloy” was the
British code name for U-235.

The reorganization was not the only step in Briggs’ marginalization. On
December 1, Bush received a report from Harold Urey, and a letter from Henry
Smyth. Both urged speedier action. Urey had just returned from a visit to London,
and reported that Chadwick believed there to be a 90 % chance of a practical
fission bomb. Urey felt that “nothing else in the entire war effort should be placed
ahead of it. If the Germans get this bomb the war will be over in a few weeks.”
Smyth was briefer but blunter, asking whether Briggs was in charge of the whole
uranium work and free to call on the Uranium Section for advice or to ignore it at
his discretion, or were recommendations to the NDRC supposed to represent the
informed majority judgment of the members of the S-1 Section, merely transmitted
by Briggs as chairman of the Section? Smyth understood from Briggs that the



146 4 Organizing the Manhattan Project, 1939-1943

situation was the latter, but the infrequency of meetings and their highly informal
character left him feeling that in practice the situation was more nearly the former.

Bush passed Smyth’s letter to Briggs the next day, along with suggestions as to
how to present the reorganization, essentially a fiat accompli, at a Section meeting
scheduled for December 6. Physics research would continue, but S-1 members had
to understand that policy issues were not their affair. Briggs should announce plans
that he was to discuss with Compton regarding splitting the research into parts and
putting key individuals in charge of each. Bush would ask eminent chemical
engineers (Murphree, Keith and Lewis in Fig. 4.10) to advise him directly in
regard to engineering points. Bush wanted a clear-cut division between scientific
and engineering studies, but also interrelation between the two.

As Planning Board chair, Eger Murphree got to work promptly, meeting with
Harold Urey on December 2 to review isotope enrichment methods. Based on
analyses carried out at Columbia and experiments conducted by Jesse Beams at
Virginia, Murphree estimated that some 20,000 centrifuges would be needed to
produce one kilogram 235 per day, and advocated setting up a pilot plant with 10
such machines in series. John Dunning at Columbia was working on developing
diffusion membranes by an etching process; for this method, Murphree estimated
that a full-scale plant would require some 4,000 stages. The centrifuge method
would eventually be abandoned, but the diffusion plant would be built (Sect. 5.4).

4.7 December 1941-January 1942: The Pile Program
Rescued and Centralized

The one major aspect of the project left unaddressed by the third Academy
Committee report was the possibility of developing reactors to synthesize pluto-
nium. This work was salvaged by the personal intervention of Arthur Compton at
the December 6 meeting of the S-1 Section held in Washington—the day before
Pearl Harbor. Curiously, OSRD records contain no minutes from that meeting, at
least that this author has been able to turn up. However, many of the details were
related in a letter from Bush to Murphree on December 10, and a firsthand account
was published by Compton in his postwar memoir Atomic Quest.

As shown in Fig. 4.10, the first main outcome of the meeting was the creation
of three development programs, with each being lead by a Program Chief. Harold
Urey would be responsible for research on separating uranium isotopes by diffu-
sion and centrifugation, as well as work on heavy water. Lawrence, who now
gained an official position and assigned duties, was charged with investigating
electromagnetic methods of isotope separation. As Bush described Compton’s
role, it was to be concerned with fundamental atomic physics; in particular,
measurements of material physical constants. Compton put it more immodestly as
“My job was to be the design of the bomb itself.” At this point, the formal meeting
adjourned with the understanding that there would be another gathering in two
weeks to shape plans more firmly.
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After the meeting, Bush, Conant and Compton went to lunch at the Cosmos
Club on LaFayette Square, where, as Compton relates it, he argued that further
thought should be given to the production of plutonium as an alternative to
enriching uranium. Conant expressed concern as to the time that would be needed
to perfect the chemical extraction of plutonium from bombarded uranium, which
would be complicated by intense radioactivity. Compton claims to have responded
with “[Glenn] Seaborg tells me that within six months from the time plutonium is
formed he can have it available for use in the bomb.” Conant’s reply to this was
“Glenn Seaborg is a very competent young chemist, but he isn’t that good.” Just
how capable Seaborg would prove to be can be judged from his subsequent record.
After discovering and chemically characterizing plutonium, he developed sepa-
ration techniques that could be scaled up from microgram to kilogram quantities;
was involved in the discovery and analysis of several transuranic elements; earned
a Nobel Prize (1951); served as Chairman of the Atomic Energy Commission from
1961 to 1971; and have an element named after him while he was still living.
Compton relates that as a result of this conversation, he was given authority to see
what could be done towards producing plutonium via a chain-reaction. Smyth
refers to Compton’s authorization as “an afterthought.”.

Compton’s advocacy of the pile program was well-founded. At Columbia,
Fermi and Szilard had been continuing their experiments to determine how neu-
trons slowed down and diffused through graphite, with particular attention to
measuring the net number of neutrons produced per each consumed in a fission.
This is known as the reproduction factor, and is designated with the letter k. A
k value of unity or greater is necessary to maintain a chain reaction. These
experiments involved a graphite column (a “pile,” as the arrangement came to be
known) of dimensions 3 by 3 by 8 ft, with a source of neutrons placed inside.
Strategically placed detectors mapped the number of neutrons present and their
energy distribution. These investigations revealed that the high-speed neutrons
emitted in fissions were practically all reduced to thermal velocities after traveling
through about 40 cm of graphite.

Around July, 1941, the first “lattice” experiment was set up at Columbia. This
comprised a graphite cube about eight feet on each side, with some seven tons of
uranium oxide enclosed in iron cans distributed throughout. Larger such structures
followed in the fall of that year, by which time Fermi was able to report a k value
of 0.87. By May, 1942, a k-value of 0.98 would be achieved. At Chicago, Samuel
Allison began similar experiments with the goal of investigating the possibility of
enveloping a pile with a layer of beryllium to reflect neutrons back into the pile;
beryllium was known to have an extremely small neutron-absorption cross-section.
This method was ultimately not pursued due to the difficulty of obtaining sufficient
beryllium, but Allison’s experiments provided valuable checks on those being
conducted at Columbia.

America’s entry into the war galvanized the uranium project. On December 10,
1941, Murphree wrote again to Bush regarding progress with centrifugation, and to
reiterate his argument for developing a pilot plant of 10 to 25 machines at an
estimated cost of $75,000-$150,000. Bush responded on the 13th, urging Murphree
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to go ahead. The same day, Bush sent letters to Compton, Lawrence, and Urey,
formally outlining the new organizational structure and their individual responsi-
bilities. On December 16, nine days after Pearl Harbor, Bush met with Vice-
President Wallace and Secretary of War Stimson to discuss the third Academy
report, and to apprise them of the ongoing reorganization of the project. This
meeting was another key step in the project’s advance toward full-out status. In
summarizing the meeting in a memo to Conant, Bush indicated that the group felt
that work should proceed as fast as possible on fundamental physics, engineering
planning, and pilot plants. The cost estimate had escalated to four to five million
dollars. Perhaps the most important point of the discussion that day, however, was
that Bush made clear that he felt that the Army should take over when full-scale
construction was started, and to that end felt it would be appropriate to have an
officer become familiar with the project. This seems to be the first time that this
suggestion, which would have such profound consequences, was made at such a
high level. Another advantage of bringing in the Army would be that the necessary
budget could be hidden among that organization’s enormous wartime appropria-
tions under innocuous-sounding items such as “Expediting Production” or
“Engineer Service—Army.” While some key Congressmen and Senators were
briefed on the Manhattan Project from time to time, the vast majority of legislators
had no idea of its existence.

Arthur Compton was a religious man, and he went about his new responsibilities
with an almost missionary zeal. In a December 20 “Urgent” letter to Bush, Conant,
and Briggs, he laid out an ambitious plan for work at Columbia, Princeton, Chicago,
and Berkeley. There were to be three major components: (1) theoretical problems
regarding nuclear explosions, (2) production of a chain reaction, and (3) determi-
nation of physical constants relevant to components (1) and (2). His goals were to
obtain a chain reaction by October 1, 1942; to have a pilot plant for the production
of plutonium in operation by October 1, 1943; and to be producing useable quan-
tities of plutonium by December 31, 1944. These estimates would prove reasonably
durable. Enrico Fermi’s CP-1 graphite reactor would first go critical on December
2, 1942; the X-10 pilot-scale reactor at Oak Ridge would achieve criticality on
November 4, 1943; and two reactors at Hanford, Washington, would go critical
with full fuel loads in December, 1944. Compton’s projected budget for the first six
months of 1942 came to $1.2 million, nearly half of which was for purchase of
uranium alloy, graphite, and beryllium. He also proposed formally bringing Robert
Oppenheimer into the theoretical work; Oppenheimer had prepared part of the
criticality analysis in the third Academy report. Ernest Lawrence had been busy as
well. Also on December 20, James Conant endorsed a recommendation by Law-
rence to enter into a contract with the University of California for $305,000 for the
coming six months. Lawrence’s objective was to determine, within those six
months, whether or not an electromagnetic method would be in the running as a
uranium separation technique. His group had just prepared their first substantial
sample of U-235: some 50 pg mixed with about 200 ng of U-238.

Also left unaddressed in the late-1941 reorganization of the uranium project
was the question of centralizing any or all parts of the effort. Compton had ideas on
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this as well. From January 3-5, 1942, he held a planning session in Chicago with
representatives from Berkeley, Columbia, and Princeton, and then another at
Columbia on January 18. On the 22nd, he wrote to Conant to indicate that he and
Lawrence proposed to concentrate “both programs”—presumably separation and
pile studies—at Berkeley, with the approximate date of the transfer being February
10. The advantage to this would be the availability of the cyclotron and magnets at
Berkeley, although there was some concern with the issue of the west coast being a
target for Japanese bombs. However, Lawrence apparently underwent a change of
heart, and wired Conant and/or Bush (the record is not clear whom) on the
afternoon of January 24: “The latest of Compton’s several successive proposals
namely maintain status quo excepting moving Princeton to Chicago is in my
judgment acceptable only as temporary arrangement. I sympathize with his diffi-
culty in decision as there are numerous conflicting factors however we do need
above all vigorous action.” Later that evening came another wire from Lawrence:
“Just learned Compton’s decision to move Columbia [and] Princeton to Chicago
which is much better than moving Princeton only.” With this decision, all pile and
physical-constants work would move to Chicago, but electromagnetic research
would remain in Berkeley.

On February 20, Conant summarized progress on various fronts in a special
report to Bush on the status of the S-1 Section. Contracts totaling over one million
dollars had been authorized to 12 different institutions, mostly for periods of six
months. A full re-evaluation of the whole program should be planned for July,
1942, but, as things then stood, four methods for acquiring fissile material were
still in play: the electromagnetic, centrifugal, and diffusion methods for enriching
uranium, and synthesizing plutonium via reactors. In just a few short weeks,
Lawrence’s electromagnetic method had shot to the top of the list of enrichment
options. Use of his 184-in. magnet at Berkeley as a mass spectrometer was
expected to be ready by July 1, and was expected to yield 0.1 to 10 g of U-235 per
day by September. With a series of giant spectrographs, Lawrence was looking to
produce perhaps a kilogram of U-235 per day by the summer of 1943. The cen-
trifuge pilot plant was expected to be in operation by August 1, 1942. If this could
be put into large-scale operation, it could produce one kilogram of U-235 every
10 days by July, 1943. The properties of plutonium were completely unknown, but
a few micrograms for research purposes were expected from Lawrence’s cyclo-
trons by June, 1942. Expenditures were expected to amount to about $3 million by
August 1, but the costs of large-scale construction were, as Conant put it, “any-
body’s guess.” If all methods continued to be pursued and a decision on which to
retain was postponed to January, 1943, some $10 million would be called for.

Beginning in early 1942, Ernest Lawrence began making steady advances with
electromagnetic separation. In early January, he produced 18 micrograms of
material enriched to 25 % U-235; in February, three 75 g samples enriched to
30 % were available. Lawrence chronicled his progress in a series of letters to
Bush and Conant through the spring. On March 7, an ion source designed to give a
beam of current 10 mA was delivering somewhat more than that to the collecting
anode, and Lawrence felt ready to proceed to design and construct a 100 mA
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source and to begin planning for a I A setup based on ten such units. Six days later
he reported that the 10 mA source was yielding 25 mA, that he was proceeding
with the design of the 100 mA unit, and that he was considering design and
construction of a “multiple” mass spectrograph using the 184 in. cyclotron
magnet. This concept would involve a dozen separate ion sources, each rated for
0.1 to 0.5 A. With a one-amp beam corresponding to one gram of U-235 per day,
quantity production would then be underway. Lawrence hoped to have four
sources in operation by July, with the entire plant in operation by autumn at a cost
of perhaps a half-million dollars. In time, Lawrence’s cyclotrons, re-purposed as
calutrons, would succeed in producing U-235 on a large scale, but a very bumpy
road yet lay ahead.

4.8 Spring 1942: Time is Very Much of the Essence,
and Trouble in Chicago

A reader who seeks a more definitive Presidential directive to proceed with an all-
out project to develop nuclear weapons than that implied by the formation of the
Top Policy Group in October, 1941, can look to a report on the status of the project
which Vannevar Bush sent to Roosevelt, Stimson, Marshall, and Wallace on
March 9, 1942. This report was an expanded version of Conant’s February 20
report, and gives a detailed picture of the project at that time.

In a cover letter, Bush indicated that work was under way at full speed. The
amount of fissile material necessary for a bomb appeared to be less than previously
thought, the anticipated effects were predicted to be more powerful, and the
possibility of actual production seemed more certain. While Bush felt that America
may be engaged in a race with Germany toward realization of such weapons, he
had no indication of the status of any German program; ironically, physicist
Werner Heisenberg had reported on possible uses of atomic energy to a meeting of
the Reich Research Council in Berlin only 11 days earlier. Bush advised that the
program was rapidly approaching the pilot plant stage; by the summer of 1942, the
most promising methods could be selected, and plant construction could be started.
He urged that at that time, the whole matter should be turned over to the War
Department. The amount of necessary “active material” (fissile material) was
estimated to be 5 to 10 pounds, to which would be added a heavy casing. The
effect of a single bomb was now estimated as equivalent to 2000 t of TNT. A
twenty-unit centrifuge pilot plant was under construction, and it was estimated that
a corresponding full-scale plant could be completed by December, 1943. A pilot-
scale diffusion plant was being constructed by the British, and the electromagnetic
method, “a relatively recent development,” might offer a shortcut in both time and
plant requirements in offering the possibility of practicable quantities of material
by the summer of 1943. The report mentions power production (reactors) only
briefly, as such developments were expected to be some years off; no mention was
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Fig. 4.11 President THE WHITE HOUSE
Roosevelt to Vannevar Bush, WASHINGTON

March 11, 1942
March 11, 1942.

MEMORANDUM FOR DR. VANNEVAR BUSH:

I am greatly interested in your
report of March ninth and I am returning it
herewith for your confidential file. I
think the whole thing should be /h.a[:.(
not only in regard to development, but also
with due regard to time. This is very much
of the essence. I have no objection to turn-
ing over future progress to the War Depart-
ment on condition that you yourself are
certain that the War Department has made

all adequate provision for absolute secrecy.

F.D.R.

made of plutonium. Bush also summarized the organization of the project, pointing
out that the three Project Leaders under the Planning Board were all Nobel Lau-
reates. To help maintain security, the project was subdivided; full information was
not being given to every worker. Despite this, Bush felt that the whole enterprise
was more vulnerable to espionage than was desirable, an additional reason for the
work to be placed under Army control as soon as actual production was embarked
upon. Roosevelt’s March 11 response speaks for itself (Fig. 4.11).

Bush could not have asked for a clearer go-ahead. The project was now on a
fast track, with cost being no object. Within days, the wheels of Army bureaucracy
began to turn. On March 14, Harvey Bundy, a Special Assistant to Secretary of
War Stimson, wrote to Bush to confirm that General Marshall had authorized
Brigadier General Wilhelm Styer as the Army’s contact for S-1. Styer was Chief of
Staff to Lieutenant General Brehon Somervell, who commanded the Army’s
Services of Supply. Further details on the various levels of Army bureaucracy are
described in Sect. 4.9.
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April 1, 1942 saw another extensive report from Conant to Bush, the result of a
conference he and Briggs had that day with Compton regarding bomb theory and
the plutonium program. Compton’s schedule for achieving a chain reaction had
been moved forward to November 1, and the expected date for production of
experimental quantities of plutonium from a 5 MW pilot plant had advanced from
early 1944 to May 15, 1943, a projection that would prove too optimistic. The
projected date for quantity production of plutonium, 1 kilogram/day, had been
pushed back to July, 1945, presuming the development of 100 MW plants; this
prediction would be beaten. To support all of this, Conant requested an additional
$422,000 in funding to July 1. Conant also raised the issue of sites for production
plants, suggesting that one be chosen within the next month. It should be “located
in a wilderness,” and in such a locality that reactors or factories for any of the
enrichment methods could be built. The location would need to be secure from
espionage, take into account the safety of the workers and the surrounding pop-
ulation, have considerable electrical power available, and would require an ade-
quate supply of cooling water if reactors were to be constructed. This would all
require construction not only of the plants, but of living quarters, machines shops,
laboratories, and other support facilities.

Conant called a meeting of Murphree, Briggs, and the Program Chiefs for
Saturday, May 23; General Styer was also invited. On the 14th, Conant wrote to
Bush to express concern that significant issues were approaching decision points,
and that, unless the ultimate decision was a green light on everybody’s hopes and
ambitions, there would be some “disgruntled and disheartened” people who might
“take the case to the court of public opinion, or at least the top physicists of the
country.” Conant was apparently unsure of his authority in the matter, however,
for after suggesting that the group could act as a committee and send Bush a
recommendation, perhaps with majority and minority reports, he wondered if Bush
wanted Conant himself to act as a member of such a committee, or should he
simply forward a report with a recommendation? Since the activities of the
Planning Board were outside of his jurisdiction, what role it should play? He then
outlined the scale of pending decisions. Fissile material preparation by centrifu-
gation, diffusion, and electromagnetism were still in the running on about equal
footings, as were reactors with or without heavy water. All would be entering pilot
development within next six months, and production plants should be under design
and construction even before the pilot plants were finished. What Conant called
this “Napoleonic approach” could run to $500 million, the first mention of a cost
in the multiple hundreds-of-millions range. Despite this potential cost, Conant felt
that an all-out program might be justified: it seemed fairly certain that all methods
would yield a weapon, which meant that the probability of the Germans devel-
oping such devices was also high. In reflection of President Roosevelt’s dictum
that time was of the essence, Conant observed that if they discarded some of the
fissile-material production methods at that point, they may be unconsciously
betting on the “slower horse”; a delay of even only three months could be fatal if
within such time Germany could employ a dozen such bombs against England.
Finally, he offered some thoughts as to the Army’s eventual role, suggesting that
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while that organization might may be willing to take on production or even pilot
plants, he felt that it ought not take over research. As to administration: “I do not
believe Briggs should be brought back into the picture with any more authority. I
am quite sure that Beams, Lawrence, and Murphree should go full time into the
Army, probably as officers”. He closed with a sense of exasperation: “If the whole
matter were out of our hands, it would be a relief, but I am inclined to think a good
deal would be lost and eventually it might come back again!” Bush replied on May
21, indicating that he would prefer that Briggs, Murphree, and the Program Chiefs
constitute themselves as a committee to send a report through Conant. The
committee should give summaries on issues such as an outline of the program for
each method for next six months and the ensuing year, judgments on how many
programs should be continued, and suggestions as to what parts of the program
should be eliminated if there were limitations on people, money, and material.

Even as his influence within the project was diminishing, Lyman Briggs still
had to deal with his share of headaches. On the day of the May 23 meeting, he
received a letter from Gregory Breit in which he announced that he was leaving
Compton’s project and his position as coordinator of fast-neutron research, to
which he had been appointed only in February. Breit was furious over what he saw
as lax security at Chicago, and charged that the whole range of activity of S-1 had
been discussed at meetings held at Columbia and Princeton. Without naming
names, Breit alleged that there were some individuals at Chicago who were
strongly opposed to secrecy, and that, while he had communicated his concerns to
Compton, he feared that the latter’s course of action was likely to be influenced by
considerations regarding satisfying personal desires and ambitions. In anticipating
that the bomb would exceed ordinary weapons by orders of magnitude in offensive
power, Breit felt that it would be necessary to have adequate security not only
during the war, but also for decades afterwards, and urged government control of
the whole matter. He was particularly upset regarding research on bomb design,
and urged centralizing that work in two or three locations isolated from the reactor
project. He felt further that the University of Chicago should have no part in the
bomb-design work, and that such work should be placed directly under the control
of one of the armed services. In a sense, Breit jumped the gun: many of his ideas
would come to be reality within a year. His resignation did, however, open the
door for Robert Oppenheimer to head the fast-neutron work.

On Monday, May 25, Conant reported to Bush on the May 23 meeting, which
had run from 9:30 a.m. to 4:45 p.m. The bottom line was that if the urgency of
securing fissile material justified an all-out program, then the group recommended
an extensive program to run from mid-1942 to mid-1943 in which every method
would receive support: over $38 million for a 0.1 kg/day centrifuge plant to be
ready by January, 1944; over $2 million for pilot-plant and engineering work on a
1 kg/day diffusion plant; $17 million for a 0.1 kg/day electromagnetic separation
plant to be ready by September, 1943; $15 million for reactors to produce 0.1 kg/
day of element 94; over $3 million for a half-ton per month heavy water plant, and
miscellaneous research valued at just over $2 million. Throwing in $5 million for
contingencies brought the total to $85 million. If cuts were necessary, the reactor
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and electromagnetic programs could be decreased by $10 million and $2.5 million,
respectively; delaying centrifuge construction to 1943 would save $18 million, but
cost six months in lost time. The group could not choose between cut options. It
was predicted that with the full program, bombs could be expected to be ready by
July, 1944.

In the meantime, Bush had not heard the last of concerns with the way things
were being managed in Chicago. A May 26 letter from Leo Szilard expressed
growing frustration with what he saw as the slowness of work on reactor devel-
opment. In Szilard’s opinion, graphite and uranium oxide of the required purity
had been available for a pile in 1940 (in reality, this was not true), and the division
of authority between Compton and Murphree was such that neither group could
function properly. In a scathing indictment of the way the whole project had been
managed since initial recommendations had been made in 1939, Szilard asked
Bush if he “might not think that the war would be over by now, if these recom-
mendations had been acted upon,” and alluded to everybody’s worst fears:
“Nobody can tell now whether we shall be ready before German bombs wipe out
American cities.” Another letter dated the next day by Chicago physicist Edward
Creutz echoed many of the same concerns. Conant spoke with Compton, who
promised to calm Creutz down, and Bush wrote to Creutz and Szilard on June 1 to
let them know that plans were being made to reorganize and expand the whole
effort.

As a July 1 funding cutoff-date loomed and momentum gathered within the
Army toward formal establishment of the Manhattan Engineer District (MED),
large-scale decisions began to get made. On June 10, Bush conferred with Gen-
erals Marshall and Styer; they decided to proceed with the electromagnetic method
and the “boiling project” (reactors), as they would cause the least disruption to
critical materials. Styer was to study the impact of the proposed centrifuge and
diffusion programs on other essential programs. In a summary memo to Conant the
next day, Bush indicated that it was understood that Styer would inform other
officers in the Services of Supply, and would plan to take over all production
aspects of the project on July 1. The Planning Board would also be turned over to
Styer at that time, who would be at liberty to modify the membership as he saw fit.
On June 13, a few days prior to the formal establishment of the MED, Bush and
Conant sent a 6-page status report to Wallace, Stimson, and Marshall; their
approval signatures appear on the last page on the copy in OSRD records. From
them the document would go to the President for final approval. The first para-
graph got to the point that matters had proceeded to a point where a large-scale
decisions were called for. The estimated explosive yield of fission bombs had been
raised to several thousand tons of TNT, and it was estimated that with a suitably
ambitious program, a small supply of such bombs could be ready by mid-1944,
plus-or-minus a few months. To avoid the danger of concentrating on any one
method, Bush echoed the full slate of recommendations of Conant’s May 25
report. He also suggested that it was time to arrange for a committee to consider
the military uses of the material produced. The uranium project was about to enter
a significant new phase of its life.
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4.9 June-September 1942: The S-1 Executive Committee,
the Manhattan Engineer District, and the Bohemian
Grove Meeting

Bush presented the June 13 report to President Roosevelt on Wednesday, June 17,
1942. His one-page cover letter, the archived copy of which bears an iconic “V.B.
OK FDR?”, states that it was contemplated that all financing for the project would
be handled by the Army’s Chief of Engineers through the War Department. On the
same day, General Styer telegraphed orders to Colonel James C. Marshall of the
Syracuse (New York) Engineer District to report to Washington to take command
of what was being called, for the time being, the DSM Project: Development of
Substitute Materials.

In many histories of the Manhattan Project, Colonel Marshall suffers much the
same fate as Lyman Briggs in being thrust into relative obscurity against the
presence of more forceful personalities. Only three months after his appointment
to the project, Marshall was replaced as its commander by a much more aggressive
officer, Leslie Richard Groves (Fig. 4.12). Under Groves, Marshall retained the
title of District Engineer until July, 1943, at which time Groves eased him out of
that position in favor of Marshall’s own deputy, Colonel Kenneth D. Nichols. This
terminated Marshall’s association with the Manhattan District, but, as described in
what follows, he was by no means inactive during his tenure with the project.

The wartime organization of the Army was immensely complex. In March,
1942, a reorganization of the Army command structure saw the designation of
three overall commands: Army Ground Forces (AGF), Army Air Forces (AAF),
and Army Services of Supply, which later became the Army Service Forces (ASF).
The latter is the one of interest here, and was under the command of Lieutenant
General Brehon Somervell. A Lieutenant General carried three stars; beneath that
rank came Major General (2 stars), and Brigadier General (1 star). Above Lieu-
tenant General was General (4 stars, such as George C. Marshall, no relation to

Fig. 4.12 Left to right General Groves (1896-1970) and Robert Oppenheimer; a formal portrait
of Groves; Kenneth D. Nichols (1907-2000). Sources http://commons.wikimedia.org/wiki/
File:Groves_Oppenheimer.jpg http://commons.wikimedia.org/wiki/File:Leslie_Groves.jpg http://
commons.wikimedia.org/wiki/File:Kenneth_D._Nichols.jpg
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James Marshall). The Army Corps of Engineers (CE) was one of the operating
divisions of the ASF. General Styer was Somervell’s Chief of Staff, and the Chief
of Engineers was Lieutenant General Eugene Reybold, who was appointed to that
position on October 1, 1941. Within the Corps of Engineers lay the Construction
Division, which was headed by Major General Thomas Robins. On March 3, 1942,
Leslie Groves, then a Colonel, was appointed Deputy Chief of Construction.

Groves graduated fourth in his West Point class of November 1918, and also
trained at the Army Engineer School, the Command and General Staft School, and
the Army War College. His career in the Corps of Engineers was marked by steady
advancement, and by 1942 his workload was enormous. Under Robins’ supervi-
sion, he was responsible for overseeing all Army construction within the United
States, as well as at off-shore bases. Camps, airfields, huge ordnance and chemical
manufacturing plants, depots, ports, and even internment camps for Japanese-
Americans all came under his purview. At the time the Army became involved in
the Manhattan Project, the Corps of Engineers was engaging almost one million
people under contracts consuming some $600 million per month; Manhattan was a
drop in the bucket in comparison. This experience gave Groves intimate knowl-
edge of how the War Department and Washington bureaucracies functioned, and
of what contractors could be depended upon to competently undertake the design,
construction, and operation of large plants and housing projects. Over the course of
the war, the Corps of Engineers would place more than $12 billion worth of
construction within the United States, including over 3,000 command installations
and nearly 300 major industrial projects. In the spring of 1942, one of Groves’
projects was the construction of the Pentagon, which was completed within sixteen
months of ground being broken. The background of Groves’ career is, however,
getting somewhat ahead of the story. One of the most valuable sources of infor-
mation on initial Army involvement in the Manhattan Project is a diary kept by
Colonel Marshall, Chronology of District X, which runs from June 18, 1942, to
January, 1943, with a few sporadic entries thereafter. Much of what is related in
the following paragraphs is based on this diary.

Marshall’s assignment was unusual. Normally, the Chief of Engineers oversaw
projects through an “Engineer District.” An individual designated as District
Engineer reported to a Division Engineer, who headed one of eleven geographical
divisions of the United States. But Marshall’s new District had no geographical
restrictions; in effect, he was to have all of the authority of a Division Engineer.
While the terms Manhattan Project and Manhattan Engineer District are often used
interchangeably (as in this book), it should be borne in mind that they are by no
means the same. Marshall initially located his headquarters in New York City.
When Groves was assigned to be Commanding General, he became senior to
Marshall, and set up his headquarters in Washington. The District office itself
remained in New York until Marshall’s departure in 1943, at which time Colonel
Nichols moved it to Oak Ridge. The term Manhattan Project never was an official
one, and only came into general use after the war.

Styer briefed Marshall on his new assignment on the afternoon of June 18. On
returning to the Office of the Chief of Engineers, Marshall informed a number of
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other officers, including Groves, of his new command. While Groves claims in his
memoirs that he was “familiar” with the Project in its initial stages as a part of his
overall responsibilities but knew little of its details, Marshall’s diary makes it clear
that he was in fact a very active participant from the outset. Groves often advised
Marshall as to contractors and procedures, and was involved in suggesting the
“Manhattan District” name. Marshall and Styer met with Vannevar Bush the next
morning, at which time they saw Conant’s May 25 report and Bush’s June 17 letter
to FDR. A meeting with Bush, Conant, and the Program Chiefs was set up for June
25. Groves was asked to undertake a survey of sites around the country that would
have suitable power available to run the anticipated uranium enrichment plants and
plutonium-producing reactors. Marshall also decided that day that he wished to
have Nichols, his deputy at Syracuse, accompany him to his new District. Nichols
held a Ph.D. in civil engineering, and would become one of the driving forces of
the Manhattan Project.

While the Army was coming up to speed on the Project, Vannevar Bush moved
to effect yet another rearrangement of the S-1 organization. Following a meeting
with Marshall on June 19, he wrote to Briggs and Conant to apprise them of the
appointment of an “S-1 Executive Committee” within the OSRD, which would
replace the somewhat largish S-1 Section committee of Fig. 4.10. Conant would
chair the group; the other members would be Briggs, Lawrence, Urey, Compton,
and Murphree. Allison, Beams, Breit, Condon, and Smyth would continue to serve
as consultants. The Planning Board would remain in existence, but would report in
an advisory capacity to the Chief of Engineers. To set the stage for the planned
June 25 meeting, responsibility for the various projects discussed in the May 25
report were divided between the new S-1 Executive Committee and the War
Department. The Committee was to recommend contracts for centrifuge and dif-
fusion pilot plants, research and development, a 5 g/day plant for the electro-
magnetic method, the heavy water project, and miscellaneous research. The War
Department was to take on the 100 g/day centrifuge production plant, engineering
and construction of a 1 kg/day diffusion plant, a 100 g/day electromagnetic plant,
and a pilot-scale reactor to produce 100 g of plutonium per day.

Work on bomb physics also progressed during the summer of 1942. On May 19,
Robert Oppenheimer wrote to Ernest Lawrence with the optimistic prediction that
with a total of two or three experienced men and perhaps an equal number of
younger ones, it should be possible to solve the theoretical problems of building a
fast-fission bomb. Beginning in the second week of July, Oppenheimer gathered a
group of theoretical physicists at Berkeley to consider the detailed physics of bomb
design. The participants included some of the most outstanding physicists of the
time, including Hans Bethe, Edward Teller, and Robert Serber, all of whom would
work at Los Alamos (Fig. 4.13).

The discussions at Berkeley covered the entire spectrum of design issues, and
even the possibility of fusion bombs. A particularly important issue was the danger
that impurities in plutonium could cause a low-efficiency explosion. The problem
was not the presence of impurities per se, but an indirect effect that harked back to
the discovery of the neutron. Reactor-produced plutonium is a prolific alpha-
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Fig. 4.13 Left Hans Bethe’s (1906-2005) Los Alamos identity badge photo. Middle: Edward
Teller (1908-2003) in 1958, as Director of the Lawrence Livermore National Laboratory. Right
Robert Serber’s (1909-1997) Los Alamos identity badge photo. Sources: http:/
commons.wikimedia.org/wiki/File:Hans_Bethe ID_badge.png  http://commons.wikimedia.org/
wiki/File:Edward_Teller_(1958)-LLNL-restored.jpg http://commons.wikimedia.org/wiki/
File:Robert_Serber_ID_badge.png

emitter, and as Bothe and Becker, the Joliot-Curies, and Chadwick had found,
alpha particles striking nuclei of light elements tend to create neutrons, so-called
(o, n) reactions. If chemical processing of plutonium left behind light-element
impurities, this effect could give rise to a premature detonation. This issue would
almost prove the undoing of the plutonium project (Sect. 7.7).

The June 25 Army/S-1 meeting was held at the OSRD, and saw a number of
crucial decisions made. All of the major players were present: Marshall, Nichols,
Styer, Bush, Conant, Lawrence, Compton, Urey, Murphree, and Briggs. Styer felt
that the manufacturing plants should be set up somewhere between the Allegheny
and the Rocky mountains to protect them from enemy coastal bombardment. Up to
150,000 kW of power would need to be available toward the end of 1943 to
operate all of the electromagnetic, centrifuge, pile, and diffusion plants. The
necessary site size for all of this was estimated to be some 200 square miles,
preferably in the shape of a 10 by 20-mile rectangle. The construction and engi-
neering firm of Stone and Webster (S&W) of Boston was suggested for site
development, housing construction, engineering and construction of the centrifuge
plant, and, if they were agreeable to the idea, to start work on a plant for Law-
rence’s electromagnetic method. Stone and Webster was already involved with the
diffusion project through Eger Murphree, and Groves had contracted with them on
a number of Army construction projects; it was apparently he who suggested the
firm to Marshall. It was also decided to enter into a contract with University of
Chicago to operate a pilot-scale reactor to be built by S&W in the Argonne Forest
Preserve outside Chicago. That reactor, the X-10 pile, would ultimately be built in
Tennessee (Sect. 5.2). Other suggested contractors were E. B. Badger and Sons,
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also of Boston, for a heavy-water plant to be set up in Trail, British Columbia, and,
for the diffusion plant, the M. W. Kellogg Company of New Jersey, a firm with
extensive experience in design and construction of petroleum refineries and
chemical facilities.

A chronic issue in the plutonium project was that many of the staff at Comp-
ton’s Metallurgical Laboratory felt that they themselves should direct the design,
engineering, construction, and operation of the plants. From years of consulting
experience, Compton knew that large industrial concerns typically divided
responsibility for research, development, and production among separate depart-
ments. Compton described the reaction of many of his staff to bringing in a large
industrial concern as “near rebellion.” Utterly unaware of the scale and com-
plexity of facilities that would be required, some of the scientists felt that they
could supervise plant construction if Groves provided them with but fifty to one
hundred engineers and draftsmen. Compton supported the decision to assign
architect-engineer-manager responsibilities to Stone and Webster, a move that
deeply angered many of his colleagues.

On June 27, Nichols met with John R. Lotz, the President of Stone and Webster,
who was enthusiastic that his firm was being considered for construction of the
plants, and also expressed interest in contracts to operate them. A formal meeting
with Lotz and S&W engineers and managers was held in Groves’ office on June 29
to hammer out details of the contract; Groves was also to see to approval of land
purchases in Chicago and Tennessee (see below). On the same day, Marshall
decided to establish his District Headquarters on the 18th floor of the Corps of
Engineers North Atlantic Division building at 270 Broadway in New York City;
Stone and Webster conveniently had offices in the same building.

By August, Compton was urging Marshall to select an operating contractor for
the various plants. Since it was anticipated that the operator of the Argonne plu-
tonium-extraction facility would also operate the works for the production plants,
that organization should observe construction of the plant at Argonne. Compton
suggested the DuPont corporation, SODC, or Union Carbide and Carbon as
operator. Marshall, however, was reluctant to bring in any more firms for security
reasons, and proposed instead that S&W add operations to their responsibilities,
with the provision that they could secure technical assistance from other
organizations.

Groves’ survey indentified eastern Tennessee as a likely site for production
plants (Fig. 4.14). The area was supplied with ample power by the Tennessee
Valley Authority (TVA), which, by May, 1942, boasted an installed capacity of 1.3
million kilowatts (kW). This would grow to 2.5 million kW by the end of the war,
at which time the TVA was supplying some 8 % of the nation’s electricity. Over
July 1-3, Marshall and Nichols visited the Knoxville area to inspect a site of
roughly 17 by 7 miles near the town of Clinton. The area was promising not only
for its good power and railroad accessibility, but also for possessing several par-
allel northeast-to-southwest valleys separated by 200-300 foot ridges. The ridges
could be used to segregate different production areas, which would provide pro-
tection in case of a catastrophe at any one of them. The Clinch river provided
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Fig. 4.14 The Clinton Engineer Works site, east-central Tennessee. Knoxville is located about 15
miles east of Solway gate. The locations of the Y-12, K-25, X-10, and S-50 facilities are marked.
Tennessee highway 61 became the Oak Ridge Turnpike. Source http://commons.wikimedia.org/
wiki/File:Oak_ridge_large.gif

natural boundaries on three sides of the area, and Tennessee State Highway 61
defined the north side.

One story surrounding the selection of the Clinton site—perhaps fictional—is
that President Roosevelt met with Tennessee Senator Kenneth McKellar, an
influential member of the Appropriations Committee, to ask him to devise means
of hiding Project funding that would eventually amount to $2 billion. Roosevelt
allegedly asked “Senator McKellar, can you hide two billion dollars for this
supersecret national defense project?” McKellar’s response is said to have been
“Well, Mr. President, of course I can. And where in Tennessee do you want me to
hide it?”

During the early days of the Manhattan District, Marshall and Nichols were on
the road almost constantly. A selection entries from Marshall’s diary from July
through September gives a sense of what must have been a brutal pace. Imme-
diately after the Knoxville trip, Nichols visited Chicago on July 6-7, where, along
with Enrico Fermi and S&W representatives, he inspected Compton’s Metallur-
gical Laboratory and the proposed 1,000-acre Argonne Forest site located about 10
miles west of the University. On the 9th, Marshall and Nichols were back in
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Washington for another meeting with S & W representatives to discuss uranium
supplies, priorities, the Trail plant, the Tennessee site, liaison with the British, use
of silver as a substitute for high-priority copper in the magnets for Lawrence’s
cyclotrons, and funding issues. Marshall’s diary for that day also recorded that
Groves was perturbed with what he viewed as indefinite dates for when various
parts of the project would get underway.

On July 13, Nichols and Groves prepared a memorandum requesting that the
Corps’ Real Estate Division secure a lease on the Argonne site. July 14 saw
another conference with S&W to deal with contract legalities, purchasing proce-
dures, and road relocations in Tennessee. It was estimated that the site would
require housing for 5,000 people, a number which would prove to be a drastic
underestimate. Stone and Webster wanted the site obtained by August 10 so that an
administration area and 200 associated housing units could be built in October. On
July 20, Marshall was in San Francisco to meet with local S&W engineers and
Ernest Lawrence. Marshall and the engineers were concerned with a general lack
of organization of the work at Berkeley, and encouraged the group there to begin
construction of a pilot plant and design of a full-scale plant. Despite these mis-
givings, Marshall was of the opinion that Lawrence’s electromagnetic approach
was ahead of the other three fissile-material methods, and that it should be
exploited to the fullest extent without delay. The next day, Nichols traveled to
Boston to meet with Badger and Sons regarding timing and priorities for the Trail
plant, a thorny issue by virtue of its own need for considerable quantities of
copper. The following day he was back in Washington to confer with Groves
regarding uranium ore and approval for the formal organization of the new Dis-
trict, which was to be named as soon as the site in Tennessee was chosen. Marshall
favored “Knoxville District” as that would be their postal address, but Groves
preferred something less revealing.

On July 29, the Real Estate Division got back to Nichols with an estimate of the
cost of the Tennessee site. This would involve not only the direct cost of the land,
but also relocation of cemeteries and utilities, road closures, and compensation for
crop values. The total was estimated at $4.25 million for 83,000 acres, of which
3,000 were owned by TVA. Some 400 families would have to be relocated. The
OSRD approved the acquisition the next day, despite the reluctance of some
scientists to move to a hot climate. On July 31, however, Marshall told General
Robins that he was unwilling to proceed with acquisition of the site or to begin any
construction until Compton’s pile process had proven itself. On August 6, Nichols
was back in Boston to confer with S&W on supplier contracts with the Metal
Hydrides Company, Mallinckrodt Chemical, the Consolidated Mining and
Smelting Company of Canada, and DuPont. On the 11th, Marshall conferred again
with Groves regarding drafting a General Order forming the new District. Groves
still objected to “DSM”; they decided that “Manhattan” was the best place name
they could use, and so the “Manhattan Engineer District” was born. The name
began to appear in Marshall’s diary the next day. On August 13, the day the
District came into official existence, Marshall traveled to St. Louis to visit the
Mallinckrodt Chemical Works to discuss a contract for purification of 300 t of
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uranium oxide. Apparently back in Washington on the 14th, he dealt with a
contract for the Tennessee Eastman Corporation as an operating contractor for the
Clinton site. On the 18th, Nichols was in California, where he learned that Law-
rence was willing to proceed immediately with work on the design for the full-
scale plant to be sited in Tennessee. While Marshall continued to hold off on
acquiring the Tennessee site through August, much other groundwork was
accomplished. On the 24th, he and Nichols conferred with Eger Murphree to
discuss the idea of contracting with the SODC to operate the reactor pilot plant.
The next day, Nichols visited Westinghouse in Pittsburgh to consider centrifuge
design; he witnessed a meter-long centrifuge in operation, at least until its motor
burned out at 25,000 rpm. Back in Washington for the 26th, Nichols and Marshall
conferred again with Conant, Murphree, Urey, Compton, Lawrence, Briggs, and
S&W representatives to review all production methods under consideration. A
target date of August 1, 1943, was set for the electromagnetic pilot plant to be
operation.

The reader has by now no doubt got the gist; dozens of other such events could
be related. In subsequent months, the pace would only increase as the cost and
complexity of Manhattan District activities grew. Any notion that the District was
inactive until Groves assumed command is a serious misconception.

Of all of the conferences held between the S-1 Executive Committee and the
Army, one of the most important occurred over September 13-14, 1942, at
Bohemian Grove, an exclusive campground located within the Muir Woods
National Monument just outside San Francisco. As Compton wrote, decisions
made at that meeting were destined to shape the entire future development of the
Project (Fig. 4.3).

The committee’s first recommendation was to complete construction of the
Argonne Forest site, and to locate Fermi’s first critical pile there. A second pile
was to be built there later for purposes of producing some plutonium, with the
understanding that chemical processing plants to handle the separation of pluto-
nium would be erected in Tennessee. Second, it was recommended that the Army
and Stone and Webster enter into a subcontract with a chemical company to
develop the separation facilities. Dow Chemical, Monsanto Chemical, and the
Tennessee Eastman Corporation were suggested, but those facilities would ulti-
mately be designed, constructed, and operated by DuPont. Third came a recom-
mendation for the Army to enter into a commitment, estimated to cost $30 million,
to build a 100 g/day U-235 electromagnetic separation plant of 100—400 vacuum
tanks in Tennessee, although the committee reserved the right to recommend
canceling orders for material at any time up to and including January 1, 1943. A
sub-recommendation to this was that the OSRD sponsor construction of a pilot
electromagnetic plant comprising five vacuum tanks, also to be located in Ten-
nessee. Finally, it was voted to recommend to the Army that construction of the
heavy-water plant in British Columbia should be completed by May 1, 1943. The
diffusion and centrifuge methods were not considered at this meeting, at least as
far as the minutes reflect the discussion.



4.9 June-September 1942: The S-1 Executive Committee 163

Within a week of the Bohemian Grove meeting, Leslie Groves would be placed
in command of the Manhattan District. What had been a demanding pace was
about to become frantic.

4.10 September 17, 1942: Groves Takes Command

Despite the historical importance of Groves’ appointment to take on overall
command of the Manhattan District, the record of events surrounding that
development is rather murky. Several different versions have been published.

The decision to place Groves in command was apparently made on Sep-
tember 16 by Somervell and Styer. When Groves later asked Styer about the
circumstances, the latter’s reply was that General (George C.) Marshall wanted
Styer to take on the job, but Somervell objected to the prospect of losing Styer.
Somervell discussed the matter with Marshall, who instructed him to come up
with someone suitable, and Somervell and Styer decided that Groves would be
appropriate. Styer may not have wanted to take on the job in any event, as
apparently both he and Somervell were skeptical of the idea of a weapon based
on atomic energy.

In his memoirs, Groves claims that he learned of his new assignment on the
next morning, Thursday, September 17, 1942, when Somervell caught up with him
just after Groves had finished testifying before a congressional committee on a
military housing bill. Groves claims that he had been offered an overseas
assignment, and was disappointed when Somervell told him he could not leave
Washington because “The Secretary of War has selected you for a very important
assignment, and the President has approved the selection.” When Groves realized
what Somervell had in mind, he claims that his response was “Oh, that thing.” On
meeting with Styer later that morning, Groves was also informed that he was to be
promoted to Brigadier General. His response to this was to ask that he not be
placed in official charge until the promotion had gone through, believing that this
would put him in a stronger position to deal with the academic scientists involved
in the project: it would be better if he were thought of as a General instead of as a
Colonel. The promotion became official on September 23. Colonel Marshall was
on the west coast on September 17, and the diary entry for that day was made by
Nichols, who refers to himself and Groves visiting Styer to learn of the new
arrangement. Marshall returned on the 19th; subsequent entries make no comment
regarding his new, subordinate position, although he continued as District
Engineer.

Groves later offered some comments on Marshall: “He was just too nice a
person and was lacking in brashness and self-confidence necessary to fight and
win his way in Washington against the opposition which such an enormous
project would naturally encounter. He would present his case well but would
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accept adverse decisions from his seniors in government.” In another version of
the story, Hewlett and Anderson also allude to Marshall’s nature, pointing to his
indecision in delaying selection of the Tennessee site, and being happy to leave
paper-pushing and priority haggling to Nichols in Washington. But they too skirt
Groves’s early involvement, having Somervell “casually” mentioning to
Vannevar Bush that “he knew a Colonel Groves” who would be just the man to
take over the project.

The text of Sommervell’s one-page directive placing Groves in charge of the
project read as:

September 17, 1942

Memorandum for the chief of engineers
SUBJECT: Release of Colonel L. R. Groves, C.E., for Special Assignment

1. It is directed that Colonel L. R. Groves be relieved from his present
assignment in the Office of Engineers for special duty in connection with the
DSM Project. You should, therefore, make the necessary arrangements in the
Construction Division of your office so that Colonel Groves may be released
for full time duty on this special work. He will report to the Commanding
General, Services of Supply, for necessary instructions, but will operate in
close conjunction with the Construction Division of your office and other
facilities of the Corps of Engineers.

2. Colonel Groves’ duty will be to take complete charge of the entire DSM
project as outlined to Colonel Groves this morning by General Styer.

(a) He will take steps immediately to arrange for the necessary priorities.

(b) Arrange for a working committee on the application of the product.

(c) Arrange for the immediate procurement of the site of the TVA and the

transfer of activities to that area.

(d) Initiate the preparation of bills of materials needed for construction and

their earmarking for use when required.

(e) Draw up plans for the organization, construction, operation and security of

the project, and after approval, take the necessary steps to put it into effect.

Brehon Sommervell
Lieutenant General
Commanding

Groves ran a remarkably tight headquarters. He and a staff of just a couple
dozen administered the Manhattan Project from a small suite of offices on the fifth
floor of the New War Building at the intersection of Twenty-First street and
Virginia Avenue NW in Washington. The building is now part of the Department
of State; because of renovations over the intervening years, the original offices no
longer exist.
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It is not uncommon to read Groves described as arrogant, arbitrary, insensitive,
overbearing, and high-handed. More appropriate labels might be mission-focused,
supremely competent, and able to get things done. His ability to juggle the multiple
responsibilities of the Manhattan Project was remarkable. Colonel John Lansdale,
Groves’ head of security for the Project, offered this assessment of his superior:
“General Groves was a man of extraordinary ability and capacity to get things done.
Unfortunately, it took more contact with him than most people had to overcome a
bad first impression. He was in fact the only person I have known who was every bit
as good as he thought he was. He had intelligence, he had good judgment of people,
he had extraordinary perceptiveness and an intuitive instinct for the right answer. In
addition to this, he had a sort of catalytic effect on people. Most of us working with
him performed better than our intrinsic abilities indicated.”

The relationship between Groves and Kenneth Nichols was apparently some-
what strained, despite its productivity. After the war, Nichols offered this
assessment:

First, General Groves is the biggest S.O.B. I have ever worked for. He is most demanding.
He is most critical. He is always a driver, never a praiser. He is abrasive and sarcastic. He
disregards all normal organizational channels. He is extremely intelligent. He has the guts
to make timely, difficult decisions. He is the most egotistical man I know. He knows he is
right and so sticks by his decision. He abounds with energy and expects everyone to work
as hard or even harder than he does ... if I had to do my part of the atomic bomb project
over again and had the privilege of picking my boss I would pick General Groves.

Groves’ first meeting with Vannevar Bush was not auspicious. Styer had not
had time to inform Bush of Groves’ appointment, and Bush was reluctant to
answer questions. After the meeting, Bush sent a note to Stimson’s assistant
Harvey Bundy, expressing doubt that Groves had sufficient tact for the job. The
note closed with: “I fear we are in the soup.” Another meeting between Groves
and Bush two days later went much more smoothly; Groves later claimed that they
became fast friends.

Groves got to work promptly in his new command. On September 18, his first
full day in charge, he dispatched Nichols to New York to confer with Edgar
Sengier of Union Miniere to reach an agreement to purchase that firm’s 1,200 ton
stock of uranium-rich ore being held in storage in the United States. Nichols also
made arrangements to ship to and store in the United States ores then being held in
the Belgian Congo, and to assign those ores a prior right of purchase for the United
States. Nichols and Marshall then visited the offices of Stone and Webster, where a
$66 million estimate for engineering development for the four alternate production
methods, construction of electromagnetic and reactor pilot plants, materials pro-
curement, and town site development was hammered out. On the 19th, Groves
issued a directive to purchase the Tennessee site. He also, in one step, resolved the
issue of priority assigned to the project that had been a holdup for months. With a
letter in hand addressed to himself which granted the project AAA priority—the
highest possible—Groves appeared at the office of Donald Nelson, head of the War
Production Board. Nelson initially refused to sign, but reversed himself when
Groves said he would have to recommend to the President that the project be
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abandoned because the WPB was unwilling to cooperate. On the 21st, Groves and
Marshall met again with Bush, where they learned that the Navy had been left out
of the project at the explicit direction of the President. Despite that injunction,
Groves and Nichols visited the NRL later the same day to see a 14-stage liquid
thermal diffusion facility that was under construction. Ross Gunn was desirous of
coordinating Navy efforts with the Army, but Groves’ impression of the Navy
effort was that it seemed to lack urgency.

One of the directives in Somervell’s memo of September 17 was that Groves
should arrange for a “working committee on the application of the product.” This
occurred on September 23, the day Groves was formally promoted to Brigadier
General. At a meeting with Stimson, General Marshall, Conant, Bush, Styer, and
Somervell, it was decided to appoint a Military Policy Committee (MPC), com-
prising Bush (as Chair; with Conant as his alternate), Styer, and Rear Admiral
William Purnell of the Navy. The charge of the MPC was to determine general
policies for the entire Project. Formally, Groves was to sit with the committee and
act as an Executive Officer to carry out policies that it determined, but in practice
the committee usually ended up reacting to what he had already done. Groves cut
short his attendance at the meeting to undertake a tour of the Tennessee site. After
returning to Washington, he and Nichols met with Stone and Webster officials on
the 26th, at which time it was decided to approach DuPont to develop and operate
the plutonium-extraction plants.

Founded in 1802, the E. I. du Pont de Nemours and Company (referred to here
simply as DuPont) was considered to be “the colossus of American explosives and
propellant production.” The firm had vast experience with designing, constructing,
and operating a wide variety of chemical processing facilities; by the end of the
war, DuPont had built 65 % of total United States Ordnance Department powder
production facilities. After some arm-twisting, DuPont accepted, on October 3, a
contract to design and build the plutonium separation plants. Groves, impressed by
the security advantages of DuPont’s practice of building its own plants, soon began
envisioning a much bigger role for the company in the Manhattan Project.

On October 2, Arthur Compton presented Groves with a proposal for development
of four reactors. There were to be (1) the first experimental pile, to be in operation at
the Argonne site by December 1; (2) a 10-MW water-cooled pilot reactor in Ten-
nessee, to be in operation by March 15, 1943, for the purpose of generating small
amounts of plutonium for testing development of the separation process; (3) a 100-
MW liquid-cooled unit in Tennessee to be in operation by June 15, 1943; and (4) a
helium-cooled 100-MW plant, also to be located in Tennessee, to be in operation by
September 1, 1943. The plan for two 100-MW plants may seem redundant, but
Compton wanted to insure adequate production given the uncertainties and problems
that would inevitably arise. It was anticipated that the liquid-cooled plant could be
constructed more quickly, but the form of cooling was not specified; both ordinary
water and heavy water were still in the running. Groves assured Compton that a
decision on an operating contractor would be made in about three weeks.

Three days later, Groves paid his first of many visits to Compton’s Metallur-
gical Laboratory at the University of Chicago. Despite the high opinion he gained
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of the scientific competence of the Chicago group, he was horrified to learn that
they blandly considered their estimate of the amount of fissile material needed for
a bomb to be correct within a factor of ten, an enormous margin of uncertainty for
an engineer. Groves related that he felt like a caterer who was being asked to
prepare for a dinner for which anywhere between ten and a thousands guests might
show up. They also discussed pile-cooling methods, eventually settling on (gas-
eous) helium, but that decision would be changed within three months.

Groves soon began pressuring DuPont to take a leading role in the plutonium
program. He decided to relieve Stone and Webster of any responsibility for that
program, having come to the opinion that every aspect of it, from design through
operation of both piles and the separation facilities, should be overseen by a single
firm. On October 31, Groves and Conant met with two DuPont Vice Presidents,
Willis Harrington and Charles Stine. Groves pressed them to take on the pile
program, stating that he felt that DuPont could handle all aspects of the project
better than any other company in the country. Harrington and Stine were skeptical;
chemistry, not nuclear physics, was DuPont’s forte. On November 10, Groves,
Nichols, and Compton visited DuPont’s headquarters in Wilmington, Delaware, to
put the case directly to the company’s President, Walter Carpenter. Groves played
to Carpenter’s patriotic sympathies, emphasizing the importance that President
Roosevelt, Secretary Stimson, and General Marshall attached to the plutonium
work. In response to Carpenter’s concern that the background knowledge neces-
sary to design and build piles was not yet sufficient, Groves emphasized that the
paramount importance of the project to the war effort required proceeding directly.
Carpenter concluded that the company could not refuse, but the issue would have
to be put before the firm’s Executive Committee.

Groves returned to Wilmington on November 27 to meet with the Executive
Committee, before which he reiterated the arguments made to Carpenter. The
Committee concluded that the pile project would probably be feasible, but insisted
as conditions of the company’s involvement that a full review of the project be
undertaken, and that the government be willing to indemnify DuPont against any
losses or future liability claims due to the unusual hazards that would be involved.
The issue of indemnification was serious. Concerned that liability claims for
radiation-induced illnesses could begin cropping up twenty or thirty years in the
future, DuPont insisted that a trust fund be set up to cover such claims; it would be
funded to the extent of $20 million. Groves agreed, and a contract was signed on
December 21. Since the company had no desire to produce plutonium after the
war, it insisted that any patents revert to the Government, waived all profits, and
accepted only payment for expenses plus a fixed fee of $1.00. The contract gave
DuPont the option of leaving the project nine months after the end of the war, and
allowed the company to continue to apply corporate pay scales to employees
delegated to the project. Due to legalities regarding the duration of the contract,
DuPont eventually netted only 68 cents of the dollar. Thirty-two members of the
Pasco, Washington, Kiwanis Club subsequently each donated one cent to DuPont
to make up the shortfall.
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In late 1942, DuPont established a separate corporate division to organize its
plutonium activities, the so-called TNX Division. Described as a “task force
within a matrix organization,” TNX would have two subdivisions: a Technical
Division to carry out design, and a Manufacturing Division to advise DuPont’s
Engineering Division on construction of facilities and their operation.

Before Groves could get a review committee together, another problem arose
on two fronts almost simultaneously. On November 3, Glenn Seaborg reported to
Robert Oppenheimer his concern that, as described in Sect. 4.9, even very minor
light-element impurities in plutonium could lead to an uncontrolled predetonation
via (o, n) reactions. Seaborg’s estimate that plutonium purity would have to be
controlled to one part in 10" could well put the entire pile project at risk. On
November 14, Wallace Akers, technical chief of the British Directorate of Tube
Alloys, informed James Conant that British scientists were concerned about
exactly the same issue. Groves asked Lawrence, Compton, Oppenheimer, and
Edwin McMillan to investigate the situation. They reported back on the 18th that
the problem would perhaps not be quite as drastic as Seaborg feared, but DuPont
engineers remained very concerned with the desired plutonium purity, which
would have to be better than 99 %. Ultimately, the purity issue would come to be
eclipsed by another problem: spontaneous fissioning of pile-produced plutonium.
The latter proved an incredibly vexing issue, solution of which would demand
remarkably ingenious bomb engineering. Seaborg anticipated this possibility as
well, long before any pile-produced plutonium was available.

On November 18, Groves appointed a five-person review committee, heavily
populated with DuPont representatives. The group was headed by Warren Lewis,
the MIT chemical engineer who had been involved with the third National
Academy report of a year earlier. The other members were Crawford Greenewalt
(Fig. 4.15), a DuPont chemical engineer and former student of Lewis; Thomas
Gary, a manager in the company’s Engineering Department design division; and
Roger Williams, an expert on plant operations in the company’s Ammonia
Department. The fifth member was to be Eger Murphree, but he had to withdraw
on account of illness. Williams would be assigned overall responsibility for the
TNX Division, and Greenewalt would be assigned to head the Technical Division.
Greenewalt’s job would come to involve almost continuous commuting between
Wilmington and Chicago; Groves and Compton considered that he did a superb
job. Greenewalt would go on serve as DuPont’s President from 1948 to 1962.

The committee assembled in New York on Sunday evening, November 22, and
began their work the next day with a visit to Columbia to review Harold Urey’s
gaseous diffusion research. On Thanksgiving day, November 26, they arrived in
Chicago, where Compton presented them with a 150-page document titled “Report
on the Feasibility of the 49 Project.” This massive report explored all aspects of
the proposed pile process: uranium-graphite designs utilizing helium, liquid bis-
muth, or water-cooling; a uranium-heavy water system where the heavy water
would serve as both coolant and moderator; problems of extracting plutonium
from irradiated uranium; health and safety issues; radioactive by-products; and
proposed time and cost schedules. That evening, the committee left Chicago to see
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Ernest Lawrence at Berkeley, where they witnessed calutrons in operation. On
their way back east, they stopped again in Chicago on December 2, where
Greenewalt, serving as the group’s representative, witnessed the first criticality of
Enrico Fermi’s CP-1 pile (Chap. 5).

The Lewis committee finished its report on Friday, December 4; it was sub-
mitted to Groves on the following Monday. Their main conclusions were some-
what surprising: Although the electromagnetic method was probably the most
immediately feasible approach for producing U-235, they felt that the diffusion
process probably had the best chance for ultimately producing it at the desired rate
of 25 kg per month, whereas the pile process (plutonium) might provide “the
possibility of earliest achievement of the desired result.” The committee offered
five main recommendations: (1) Proceed immediately with the design and con-
struction of a 4,600-stage diffusion plant to produce one kilogram of U-235 per day
(anticipated cost $150 million); (2) Expedite design and construction of a pilot-
scale pile and full-scale helium-cooled piles to produce 600 g of Pu-239 per day
($100 million); (3) Expedite development work on the electromagnetic method,;
(4) Install a small electromagnetic plant to produce 100 g of U-235 for experi-
mental purposes ($10 million); and (5) Construct a heavy water plant capable of
distilling two tons of that material per month ($15 million). In total, $315 million
should be available early in 1943, in addition to $85 million that was already
available from funds under the control of the Chief of Engineers. The explosive
power of a fission bomb was estimated at 12.5 kilotons TNT equivalent, a figure
which would prove close to Little Boy’s yield at Hiroshima. As to predicted
availability, it was estimated that there was a small chance of production prior to
June 1, 1944, a “somewhat better” chance beginning before January 1945, and a
“good chance” during the first half of 1945. There was still fear that Germany may
be six months or a year ahead of America.
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The Military Policy Committee met on December 10 to review the committee’s
report. This meeting would prove as crucial to the development of the Project as
had the Bohemian Grove conference of three months earlier. The MPC endorsed
all of the review committee’s major recommendations, deciding to proceed with
the kilogram-per-day diffusion plant and a 500-tank electromagnetic plant to
obtain some early production of U-235, even though it would be in small quantities
(0.1 kg/day). The Committee proposed that no intermediate-size piles be con-
structed, favoring instead that a full-scale pile program be undertaken directly at a
site other than where the uranium plants would be located. With its proximity to
Knoxville, the Clinton site appealed to neither Groves nor DuPont from a safety
perspective; to site the piles there would require acquiring some 75,000 acres of
land beyond what had already been taken. The X-10 pilot-scale reactor and sep-
aration facilities, which DuPont accepted a contract to design and construct on
January 4, 1943, would, however, remain in Tennessee; DuPont referred to these
facilities a “semi-works.” The same day, Groves contracted with Westinghouse
Electric, General Electric, and the Allis-Chalmers Manufacturing Company to
produce components for the electromagnetic plant.

With removal of the production piles from Tennessee, Arthur Compton
attempted to argue that the pilot-scale pile should be built at the Argonne site near
Chicago so that personnel from the University would not have to relocate. This
idea was vetoed by DuPont engineers, who feared that the scientists would
interfere by insisting on endless design changes. Undeterred, Compton came back
with yet another proposal: that his group should be allowed to build its own pile at
the Argonne site in order to create enough plutonium for research purposes.
Groves traveled to Chicago on January 11 to press for the Tennessee location.
Compton reluctantly acquiesced, but the Chicago group did receive an unantici-
pated and initially unwanted consolation prize. Left unspecified in DuPont’s
January 4 contract was the question of who would operate the pilot plant. Despite
their commitment to build and operate the main production plants, DuPont officials
were reluctant to also agree to operate the pilot plant, preferring, as was corporate
norm, to assign that task to research staff. DuPont proposed that the University
operate the pilot plant, a suggestion which shocked Compton: universities do not
normally operate industrial plants. In March, 1943, the University agreed to take
on the operating responsibility, essentially doubling the size of its campus. The
University remained as the operating contractor until July 1, 1945, when the task
was taken over by the Monsanto Chemical Company.

4.11 December 1942: A Report to the President

On December 16, Bush carried the MPC decisions to President Roosevelt in a 29-
page report on the project. The report was under Bush’s name in his role as
chairman of the MPC, but it had also gone through the Top Policy Group. This
report is remarkable not only for its summary of the situation at the time, but
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particularly for its analysis of pending issues regarding international information
interchange and postwar possibilities. In OSRD microfilm records, both the report
itself and Bush’s cover letter bear “OK FDR” scrawls.

Bush opened with a summary of work on the project to date: A site was being
acquired near Knoxville to locate plants for the electromagnetic and diffusion
methods. Another site was being procured in New Mexico for a secret bomb-
design laboratory. Centrifuge work was being limited to research only as that
method looked less promising then it had a few months earlier. A ten-stage pilot
diffusion plant was under construction, with completion scheduled for the middle
of 1943, and a 4,600-stage full-scale plant was being planned. An experimental
pile had been constructed and operated (Chap. 5). Because of possible hazards
with full-scale piles, the MPC considered it essential that the President authorize
the War Department to enter into contracts where United States would assume
all risks.

The latter part of the report was devoted to speculations on the possibilities of
atomic power. These anticipated many issues still relevant today: “There remains,
however, little doubt that man has available a new and exceedingly potent source
of energy ... It is decidedly unfortunate, however ... that the operation of such a
power-plant pile inevitably involves the incidental production of a material, which
is, to a high degree of probability, a super explosive ... Certainly if, in the future
nations are to construct and use power plants utilizing atomic power, and espe-
cially if a super-explosive is a possible by-product, the United States must be one
of those nations.”

The report also addressed implications in the areas of control of atomic energy
and post-war international relations of what it called “a turning point in the
technical history of civilization.” Issues included the status of heavy water, ura-
nium ores, accrual of patents to the Government, and relations with the British and
Canadians. As to the latter, Bush reported that there had been complete scientific
interchange between the British and American groups, but the subject was now
entering a new phase with the involvement of the Army in developing production
plants. Since the line between research and development was, in Bush’s word,
“nebulous,” he felt that the situation demanded a “new and clear” (i.e., Presi-
dential-level) directive on future U.S.—British relations in the atomic field. Since
the British had no intention of engaging in production of U-235 or Pu-239, Bush
felt that passing any American knowledge to the British in those areas would be of
no use to them during the war. British research in the area of heavy water had been
transferred to a group in Montreal operating under the auspices of the National
Research Council of Canada, but Bush felt that not having that group available to
the American program would “not hamper the effort at all fatally.” The British
were well-along in diffusion research, but here again Bush felt that a complete
cessation of interchange in that field might somewhat hinder, but not seriously
“embarrass” the United States’ effort.

Having mustered his arguments, Bush summarized with a statement that hinted
at postwar American isolationism: “it appears (a) that there would be no unduly
serious hindrance to the whole project if all further interchange between the United


http://dx.doi.org/10.1007/978-3-642-40297-5_5

172 4 Organizing the Manhattan Project, 1939-1943

States and Britain in this matter were to cease, and (b) there would be no
unfairness to the British in this procedure.” Bush closed his discussion of the
interchange issue by offering suggestions as to possible policy approaches. In a
time-honored bureaucratic tactic, he presented three possibilities, with the politi-
cally unpalatable extremes presented first and second in order to pave the way for
the third, which he evidently preferred. These were (a) cease all interchange;
(b) have complete interchange in both research and development; or (c) restrict
interchange only to information that the British could use directly. Within option
(c), there would be no interchange on the purely American electromagnetic pro-
gram, unrestricted interchange on the design and construction of the diffusion
plant, research-only interchange (no plant design information) on the manufacture
of plutonium and heavy water, and no interchange on the bomb-design laboratory
that would be located at Los Alamos. Some historians have suggested that Bush
viewed British interests as oriented more toward advantage in postwar commercial
development of nuclear power than any wartime application, and so saw no jus-
tification for having an American-funded effort aid such development.

Bush’s assessment of the implications of nuclear energy was sobering: “The
whole development of atomic power, if it arrives as a new complication in an
already complicated civilization, as now appears to be very probable as an event
certainly of the next decade, may be an exceedingly difficult matter with which to
deal wisely as between nations. On the other hand, it may be capable of main-
taining the peace of the world.”

President Roosevelt approved the recommendations on December 28, including
the choice of interchange option (c), although the issue of relations with the British
would prove to be far from settled. With the President’s approval, work that had
begun three years earlier with a commitment of $6,000 was approaching a cost
anticipated to be in the range of $400 million.

By the spring of 1943, Groves and the Military Policy Committee were firmly
in charge of the Manhattan Project. All OSRD research and development contracts
were transferred to the Manhattan District as of May 1, 1943. Contracts had been
let for the design, construction, and operation of enrichment facilities and pluto-
nium-producing reactors, and the intricacies of bomb physics were being explored
at Los Alamos. The Planning Board and the S-1 Executive Committee essentially
disappear from the history at this point, although Groves did retain James Conant
and Richard Tolman as personal scientific advisors.

A sense of how the times had changed was captured by Conant in his May,
1943, draft history of the project: “For eighteen months this highly secret war
effort has moved at a giddy pace. New results, new ideas, new decisions and new
organization have kept all concerned in a state of healthy turmoil. The time for
“freezing design” and construction arrived a few weeks past; now, we must await
the slower task of plant construction and large-scale experimentation. The new
results when they arrive will henceforth be no laboratory affair, their import may
well be world shattering. But as in the animal world, so in industry: the period of
gestation is commensurate with the magnitude to be achieved.”
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Chapter 5
Oak Ridge, CP-1, and the Clinton
Engineer Works

Of every dollar spent on the Manhattan Project, just over 60 cents went into the
Clinton Engineer Works (CEW), the 90-square-mile tract in eastern Tennessee
chosen in the fall of 1942 as the location for uranium enrichment plants and a
pilot-scale nuclear reactor (Fig. 4.14). The responsibility borne by the CEW’s
commander, District Engineer Colonel Kenneth Nichols—who nominally
administered production sites for the entire Project—was extraordinary. In 1942,
the idea of using plutonium for a fission bomb was a tantalizing but wholly
speculative prospect; only uranium looked certain as a bomb material. If pluto-
nium proved unworkable (which it almost did), the success or failure of the Project
would be decided at the Clinton site.

The roughly 140 pounds of enriched uranium that went into the Hiroshima
Little Boy bomb would fit very comfortably inside a soccer ball. It might seem that
if all one desired to do was to produce one or a few bombs, a small factory should
be adequate. But the nature of the processes involved in enrichment are such that it
simply does not work that way. To fulfill the task in any reasonable length of time
means building factories that by their nature can turn out material for dozens or
hundreds of bombs once they are in operation; one goes “all-in” or not at all. To
produce that 140 pounds, the scale of CEW operations would grow to be enor-
mous. The number of construction workers alone would peak at 45,000 in the
spring of 1944, and by May, 1945, the entire CEW would employ just over 80,000
personnel.

This chapter describes the uranium enrichment complexes and the pilot-scale
reactor constructed at the Clinton site. As described in Chap. 1, the enrichment
facilities comprised two large complexes plus a third smaller one. The larger ones,
code-named Y-12 and K-25, enriched uranium by electromagnetic and gaseous-
diffusion processes, respectively. Work on these two facilities began in early 1943;
together, they accounted for half the cost of the Manhattan Project. The third
facility, known as S-50, utilized liquid thermal diffusion, and was not begun until
mid-1944. All three contributed to enriching uranium for the Hiroshima bomb,
although the lion’s share of the burden was borne by Y-12 and K-25. The pilot-
scale reactor, code-named X-10, produced about two-thirds of a pound of pluto-
nium for research at Los Alamos.
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In 1942, rural eastern Tennessee was still very undeveloped. The population
was sparse, most roads were unimproved, and services were minimal. If a secret
production complex employing thousands of people was to be constructed, those
people, many of them highly-educated and used to the amenities of big-city and
university living, would need a place to call home. This chapter opens with a
description of the town that was purpose-built to house the workers of the CEW:
Oak Ridge.

5.1 Oak Ridge: The Secret City

Perhaps no other statistics speak more forcefully to the scale of the Clinton project
than the growth of the town established to house its workers. In 1942, the city of
Oak Ridge, Tennessee, did not exist. By mid-1945, it would be the fifth-largest city
in the state, boasting a population of about 75,000. Located in the northeast corner
of the Clinton reservation, it appeared on no maps at the time. Once the Clinton
site was closed to public access as of April 1, 1943, Oak Ridge literally became a
secret city, and was known to its residents by that term.

When the Stone and Webster company took on responsibility for constructing
the electromagnetic enrichment plants along with site development and townsite
design and construction in the fall of 1942, they envisioned a village to house some
5,000 inhabitants. By October 26, 1942, when S&W submitted its first plan for the
area, the estimated population had grown to 13,000. With constant design changes
and expansions of the electromagnetic plant (Sect. 5.3), S&W soon found its
resources stretched. General Groves decided in late November to relieve S&W of
town-design functions, although the firm would retain responsibility for overseeing
construction, utility operations, and road maintenance. Design of housing units
was contracted to the architectural firm of Skidmore, Owings, and Merrill of
Chicago.

Oak Ridge grew up in three phases of development. The first, known as “East
Town” from its location just southwest of the Elza Gate entrance to the reserva-
tion, was completed in early 1944 and contained over 3,000 family-type housing
units, dormitories, 1,000 trailers, an administration building, stores, recreation
areas, schools, churches, theatres, laundries, a cafeteria, and a hospital which
would be the birth site of 2,910 babies in the first three years of its existence. Oak
Ridge would acquire nearly 100 miles of paved streets; a further 200 miles would
be laid to service the production sites.

By the fall of 1943, the population estimate had grown to 42,000, and phase two
was begun about two miles west of East Town. By the summer of 1944, this had
added some 4,800 family units, a number of barracks, and fifty dormitories which
could house some 7,500 single residents. By early 1945, estimates were again
revised upward to an ultimate population of 66,000. The third phase of develop-
ment, built to both the east and west of the original site, saw the addition of 1,300
family units, 20 dormitories, hundreds of trailers, and associated services. By the
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time housing construction was finished in 1945, over 7,000 family houses,
apartments containing over 9,000 dwelling units, 89 dormitories, 2,000 five-man
“hutments,” and seven trailer camps with a total capacity of about 4,000 occupants
had been put up. To take care of the day-to-day needs of residents, two sewage-
treatment plants, 130 miles of sewer mains, a steam plant, ten elementary schools,
two junior-high schools, two senior-high schools, five nursery schools, nine
shopping areas, and a number of temporary stores were erected. Trees cut down
during building operations were turned into 163 miles of boardwalks. The name of
the town came from the local name of the site, Black Oak Ridge, and was adopted
in mid-1943 on the rationale that its rural-sounding connotation would help
minimize outside curiosity. For residents, life was a bargain: rents were minimal
and services heavily subsidized; household electricity use went unmetered. The
cost of constructing Oak Ridge ran to just over $100 million, not including the
building of construction camps which temporarily housed a further 14,000
inhabitants near the various enrichment plants.

To speed construction and minimize costs, Skidmore, Owings, and Merrill
restricted plans to nine different types of pre-fabricated houses and three different
apartment designs, all wood-frame structures. Many units incorporated interior and
exterior panels of “cemesto,” a sturdy, fireproof building material made of fiber
board with pressed asbestos-cement panels bonded to both sides. One history of
the area records that at one point, housing units fully equipped with appliances and
furniture were being turned over from the contractors to the Government at a rate
of one every thirty minutes. Intended to be only semi-permanent, many of the
original cemesto homes still stand, now prized for their historic value and location
close to the commercial center of town (Fig. 5.1).

Oak Ridge had not only to be constructed, but also managed and operated. For
this, Groves approached the Turner Construction Company of New York, which he
had used on other projects. Turner established a wholly-owned subsidiary, the
Roane-Anderson Company, named after the two counties which the Clinton res-
ervation straddled. On a cost-plus-fee basis, Roane-Anderson managed provision
of services such as utilities, police and fire departments, medical personnel, trash
collection, school maintenance, cemeteries, cafeterias, warehouses, deliveries of

Fig. 5.1 Typical cemesto homes and a trailer-housing area at Oak Ridge. Source http://
www.y12.doe.gov/about/history/getimages
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coal and ice, and granted concessions to private operators for grocery stores, drug
stores, department stores, barber shops, and garages. The company also operated
an extensive bus system, a railroad, and a motor pool. To take some 60,000 riders
per day to and from the productions sites required 840 buses, making the system
for a time the ninth-largest bus network in the United States. By early 1945,
Roane-Anderson had over 10,000 employees on its payroll, although the number
declined thereafter as services began to be contracted to other organizations.

During their wartime tenures, however, Oak Ridge and the Clinton Engineer
Works had but two key functions: to build and operate the District’s uranium
plants and the X-10 reactor, and, from August, 1943, onwards, to serve as the site
the administrative headquarters of the Manhattan Engineer District. In the
following sections, we turn to descriptions of the enrichment plants and X-10
reactor. The first facility to go into operation (November, 1943) was X-10.
However, X-10 descended directly from Enrico Fermi’s experimental CP-1
reactor, which was located in Chicago. We begin, then, with the history of that
program.

5.2 CP-1 and X-10: The Pile Program

It was described in Chap. 4 how Arthur Compton decided to centralize nuclear-pile
research at the University of Chicago’s Metallurgical Laboratory in early 1942.
The first goal on the path to large-scale plutonium production would be to show
that a self-sustaining chain reaction could be created and controlled. To this end,
Enrico Fermi began moving his Columbia pile-research group to Chicago in early
1942 to join forces with Samuel Allison’s group. Fermi himself commuted
between New York and Chicago through the winter and early spring of 1942,
moving permanently in April.

A serious issue was supply of critical materials. A chain-reacting pile would
require several tons of uranium and hundreds of tons of graphite, both as pure as
possible and with the uranium preferably in the form of pure metal as opposed to
an oxide. While the purity requirements for graphite were stringent, there was at
least an established graphite industry, and the Speer Carbon Company and the
National Carbon Company were able to produce the necessary material. On the
other hand, commercial use of uranium at the time was a relatively small-scale
enterprise: the element was used only as a coloring agent in glasses and ceramics,
as a source of radium, and in some specialty lamps produced by the Westinghouse
Company. Westinghouse produced its uranium via a photochemical process which
involved exposing large vats of solutions to sunlight, but this was far too slow for
large-scale production. The Metal Hydrides Company of Beverly, Massachusetts
developed a process for isolating uranium metal, but it emerged in a powdered
form which caught fire when exposed to air. After considerable work, the problem
of reducing uranium salts to a readily-handled metallic form metal was solved by
Frank Spedding (Iowa State College) and Clement Rodden (National Bureau of
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Standards), who devised a chemical process by which pure uranium metal could be
produced by the ton. Large-scale production was contracted to the Mallinckrodt
Chemical Company of Saint Louis.

As uranium and graphite began to become available, Fermi and his group built
a succession of so-called sub-critical “exponential” piles. Between September 15
and November 15, 1942, sixteen piles were constructed at Chicago to help inform
the decision of optimal lattice size and to test various batches of graphite and
uranium. These piles used radium/beryllium neutron sources; in a pile large
enough to sustain a chain-reaction, spontaneous and cosmic-ray- induced fissions
would be sufficient to ensure self-start-up. By October, 1942, enough material was
on hand to begin planning for a critical pile. As described in Chap. 4, the original
intent had been to build the first chain-reacting pile at the Argonne Forest site
outside Chicago. A building was to be ready by October 20, but labor disruptions
threatened postponement. In early November, Fermi approached Compton with
the idea of performing the experiment at the University itself.

Building an experimental nuclear reactor in the heart of a metropolitan area
may sound like lunacy. But Fermi had done his calculations carefully, and was
confident that the reaction could be safely controlled. A significant factor in this
regard is that when fissile nuclei absorb neutrons, not all fissions occur instanta-
neously. A small fraction, about 1 %, are delayed by up to several seconds. If the
reactor is operating just at criticality (reproduction factor k = 1), this delay allows
enough time for adjustments to be made before the reaction runs out of control.
Fermi also planned for a number of redundant safety systems that would allow for
deliberate over-control of the pile. Compton, fearing that his superiors at the
University would veto such a plan, decided to authorize it on his own responsi-
bility. He described the plan at a meeting of the S-1 Executive Committee held on
November 14, 1942, and wrote in his memoirs that James Conant’s face went
white. Given the delays at Argonne, however, it was decided to proceed. The site
chosen was a 30 by 60-foot squash court under the west stands of the University’s
Stagg Athletic Field. According to some sources, mistranslations in Soviet reports
had the reactor being located in a “pumpkin patch”.

Critical Pile number one (CP-1; also known as Chicago Pile 1) was built in the
shape of a somewhat flattened ellipsoid with an equatorial radius of 388 cm and a
polar radius of 309 cm (Fig. 5.2). The original design called for a spherical shape,
but the quality of materials, particularly the availability of pure uranium metal,
permitted getting away with a somewhat smaller structure than was originally
envisioned. Layers of solid graphite bricks alternated with ones within which slugs
of uranium were embedded, with the slugs configured to form a cubical lattice of
side length 21 cm as the pile was built up (Fig. 5.3). This length was the average
displacement over which neutrons would become thermalized after successive
strikes against carbon nuclei; there would be no use in making the lattice size any
larger. The bottom layer of graphite lay directly on the floor of the squash court,
with the assembly supported by a wooden framework. Herbert Anderson scoured
Chicago lumberyards for what he called an “awesome number” of four-by-six-inch
timbers. In case it would prove necessary to enclose and evacuate the pile to
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Fig. 5.2 Side-view sketch of _--"" T TT~<l
the shape of CP-1 and its T
equivalent ellipsoid. The 7‘!"
dimensions are from side- P
to-side and bottom-to-top of
the ellipsoid. Adapted from
Fermi (1952)
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Fig. 5.3 Walter Zinn, left,
stands atop the partially
reconstructed CP-1/CP-2
reactor. Photo Courtesy of
Argonne National
Laboratory; http://
www.flickr.com/photos/
argonne/5963919079/

improve the reproduction constant, Anderson also arranged, with the Goodyear
Rubber Company, for a cubical rubber balloon 25 feet on a side. In practice, the
balloon enclosure was not used.

Construction began on November 16, with physicists and hired laborers
working twenty-four hour days in two twelve-hour shifts under the supervision of
Anderson (night shift) and Walter Zinn (day). Two special crews machined
graphite and pressed uranium oxide powder into solid slugs using a purpose-
designed die and a hydraulic press. Albert Wattenberg, who had joined Fermi’s
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group while a student at Columbia, recalled that between mid-October and early
December, 90 hours work weeks were not uncommon, with crews often smoking
on the job as a way to skip meals and save time. Two layers per shift was the
normal rate of construction. Graphite was received from manufactures in the form
of bricks of square 4.25-in. cross-section and lengths varying from 17 to 50 in.
With planers and woodworking tools, the bricks were cut to 16.5-in. lengths and
milled to smooth 4.125-in. cross-sections; surfaces were held to tolerances of
0.005 in., and lengths to 0.02 in. About 14 t of bricks could be processed per
8 hours of work. In all, CP-1 incorporated 385.5 t of graphite—some 40,000
bricks, at an average of about 20 pounds each.

The uranium was in the form of pure uranium metal (just over 6 t) and uranium
oxide (about 40 t); the slugs of pure metal were placed in the center of the pile.
Holes of diameter 3.25 in. were drilled into bricks on 21 cm centers to receive the
slugs, some of which were cylindrical and some pseudo-spherical. A total of
19,480 slugs were pressed, with about 1,200 being produced every 24 hours. Fully
one-quarter of the bricks needed to have holes drilled in them. Between 60 and 100
holes could be drilled per hour, but the drill bits would become dull after doing
only about 60 holes; some 30 bits had to be resharpened every day.

The pile was arranged with ten horizontal slots into which cadmium-sheathed
wooden rods could be inserted. With a thermal neutron capture cross-section of
over 20,000 barns, cadmium-113 is a voracious neutron absorber; the rate of
reactivity could be controlled by inserting and withdrawing rods as necessary.
When construction was underway, all rods would be fully inserted and locked in
place. Once per day, however, they would be temporarily removed and the neutron
activity level measured, from which Fermi would compute design adjustments. As
each layer was completed, Fermi computed an effective pile radius. A plot of the
square of the effective radius (a measure of the surface area of the pile, through
which neutrons could escape) divided by the number of neutron counts per minute
(an indirect measure of the volume of the pile) versus the number of layers was
essentially a descending straight line, as shown in Fig. 5.4. As the neutron flux
became closer and closer to exponentially diverging, the surface-to-flux ratio
would decline. By extrapolating the line to zero, Fermi could predict the layer at
which criticality would occur.

Fig. 5.4 Radius*/count rate
vs. number of completed
layers. Data from Fermi
(1952)
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While any one cadmium rod was sufficient to bring the reaction below criticality
at any time, multiple slots were provided so that several could be inserted. In
addition, two safety rods (known as “zip” rods) and one automatic control rod were
also incorporated into the design. During normal operation, all but one of the
cadmium rods would be withdrawn from the pile. If neutron detectors signaled too
great a level of activity, the vertically-arranged zip rods would be automatically
released, accelerated by 100-pound weights. The automatic control rod could be
operated manually, but was also normally under the control of a circuit which would
drive it into the pile if the level of reactivity increased above a desired level, but
which would withdraw it if the intensity fell below the desired level.

By late November, it was clear that the pile would become critical on the
completion of its 56th layer. Fermi decided to add a 57th layer, which would be
laid during the night of December 1-2. He instructed Anderson not to start the
reaction that night in order that Laboratory staff and a representative of the visiting
Lewis Committee could be present for the historic event on the next day.

The witnesses assembled at 8:30 on the morning of December 2 on a balcony at
the north end of the squash court, about 10 feet above the floor. Including Fermi,
49 people were present to witness the dawn of the nuclear age. On the floor below,
George Weil would handle the final cadmium rod, which was at layer 21. Atop the
pile stood a three-man crew ready to dump buckets of liquid cadmium solution
onto the pile as a last-resort emergency shutdown procedure. Fermi had calculated
in advance the expected neutron intensity for each position of Weil’s rod, and had
a pocket slide rule on hand with which he checked readings against his predictions
throughout the day. At 9:45, Fermi ordered the electrically-driven safety rods
removed. The neutron count grew and steadied out. One of the safety rods was tied
off to the balcony railing, with physicist Norman Hilberry standing by with an axe
in order to cut the rope in case the automatic shutdown system should fail.
According to some sources, the phrase “to scram” a reactor—execute an emer-
gency shutdown—is an acronym for “safety control rod axe man.”

Shortly after 10:00, Fermi ordered the automatic safety rod withdrawn. This
was done, and again the neutron count grew and leveled off. At 10:37, he
instructed Weil to pull the last rod out to 13 feet; the count again leveled within a
few minutes. Fermi ordered another foot withdrawn, and then, at 11:00, another six
inches. Additional withdrawals at 11:15 and 11:25 were not enough to achieve
criticality, as Fermi had anticipated. Proceeding with caution, Fermi ordered the
automatic control rod reinserted as a check; the intensity dropped accordingly. At
about 11:35 the automatic rod was withdrawn and the cadmium rod adjusted
outwards. Suddenly, a loud crash occurred. The threshold safety intensity had been
set too low, and one of the zip rods had deployed itself. Fermi decreed that a lunch
break was in order, and directed that all control rods be reinserted.

The group reassembled at 2:00 p.m. To check that the neutron flux returned to
its pre-lunch reading, Fermi ordered all rods withdrawn except for Weil’s. Satis-
fied with the neutron count, he then directed that one of the zip rods be inserted;
the neutron count obediently declined. He then ordered Weil to withdraw the
cadmium rod by one foot. On directing the zip rod to be removed, Fermi said to
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Arthur Compton: “This is going to do it. Now it will become self-sustaining. The
trace will climb and continue to climb; it will not level off.”
Herbert Anderson recorded the time as 3:36 p.m. In his words:

At first you could hear the sound of the neutron counter .... Then the clicks came more and
more rapidly, and after a while they began to merge into a roar; the counter couldn’t
follow any more. That was the moment to switch the chart recorder [to a less-sensitive
setting]. But when the switch was made, everyone watched in the sudden silence the
mounting deflection of the recorder’s pen. It was an awesome silence. Everyone recog-
nized the significance of that switch; we were in the high-intensity regime. ... Again and
again, the scale of the recorder had to be changed to accommodate the neutron intensity
which was increasing more and more rapidly. Suddenly Fermi raised his hand. “The pile
has gone critical,” he announced. No one present had any doubt about it.

Fermi allowed the pile to operate for 28 min before calling for a zip rod to be
inserted. He estimated that at that point, the pile was operating at a power of about
one-half of a Watt. Crawford Greenewalt recorded in his diary that “Fermi was as
cool as a cucumber.” Because of security regulations, no photographs of the
completed pile were ever taken; Fig. 5.5 shows an artist’s rendering of the startup,
and Fig. 5.3 shows Walter Zinn standing atop the pile as it was being reconstructed
in 1943 as pile CP-2 at the Argonne site.

A strip-chart recording of the neutron flux clearly shows the exponential growth
characteristic of a self-sustaining reaction; this recording has been called “The
Birth Certificate of the Nuclear Age” (Fig. 5.6).

Eugene Wigner presented Fermi with a bottle of Chianti, and a paper-cup toast
was raised. Many of those present signed the wicker wrapping of the bottle. Arthur
Compton excused himself to phone James Conant in Washington with the news.
As Compton related their conversation:

Fig. 5.5 Artist’s conception of the startup of CP-1. Source http://commons.wikimedia.org/wiki/
File:Chicagopile.gif
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Fig. 5.6 Galvanometer tracing of CP-1 neutron intensity. Source Courtesy of Argonne National
Laboratory; http://www flickr.com/photos/argonne/7550395714/

“Jim, you’ll be interested to know that the Italian navigator has just landed in the new
world. The earth was not as large as he had estimated, and he arrived in the new world
sooner than he had expected.”

“Is that so? Were the natives friendly?” asked Conant.
“Everyone landed safe and happy,” reported Compton.

On the twentieth anniversary of the achievement, Eugene Wigner offered a
reflection:

Nothing very spectacular had happened. Nothing had moved and the pile itself had given
no sound. Nevertheless, when the rods were pushed back and the clicking died down, we
suddenly experienced a let-down feeling, for all of us understood the language of the
counters. Even though we had anticipated the success of the experiment, its accom-
plishment had a deep impact on us. For some time we had known that we were about to
unlock a giant; still, we could not escape an eerie feeling when we knew we had actually
done it. We felt as, I presume, everyone feels who has done something that he knows will
have very far-reaching consequences which he cannot foresee.

In the same essay, Wigner commented on the importance of the experiment:

Do we then exaggerate the importance of Fermi’s famous experiment? I may have thought
so some time in the past, but do not believe it now. The experiment was the culmination of
the efforts to prove the chain reaction. The elimination of the last doubts in the information
on which our further work had to depend had a decisive influence on our effectiveness in
tackling the second problem of the Chicago project: the design and realization of a large-
scale reactor to produce the nuclear explosive plutonium. This objective could now be
pursued with all the energy and imagination which the project could muster.

Fermi computed the reproduction factor to be k£ = 1.0006. Because CP-1 was
always operated at very low power, the level of radioactivity created was harmless.
At the time, radiation doses were commonly measured in rems (“roentgen equiv-
alent in man”). A lethal single-shot radiation dose for a human being is about 500
rems; the typical background dose for the entire population is about 0.2 rems per
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year. During CP-1 operation, the exposure level near the pile was about 0.05 rems
per minute; at the sidewalk outside the building it was about one-thousandth as
much. The effects of various radiation dose levels are discussed more extensively in
Chap. 7.

Fermi’s prediction that the pile could be safely controlled proved correct. When
the pile was in steady-state operation under the control of a single cadmium rod,
some 4 hours were required for the reactivity to rise by a factor of two if the rod
was pulled out by one centimeter. Even if all rods were removed, the neutron
intensity within the pile would have had a characteristic exponential rise time of
about 2.6 minutes, which is not very short. Control could be so finely maintained
that it was occasionally necessary to adjust a rod by a centimeter or two in
response to the pile’s reaction to changing atmospheric pressure. The temperature
sensitivity of the reproduction factor, an important engineering consideration,
could be measured by simply opening a window to allow outside air to cool the
pile. Fermi described controlling the pile as being as easy as the minute steering
adjustments one makes while driving a car on a straight road.

Because CP-1 was uncooled and unshielded, it was operated most of the time at
half-Watt power, although it did operate briefly at 200 W on December 12. But
before engineers could extrapolate to production-scale reactors, much more
research on control and shielding systems was necessary. Consequently, after
about three months, CP-1 was disassembled and moved to the Argonne site, where
it was reassembled as CP-2 (Fig. 5.3). CP-2 was essentially cubical in shape, about
30 feet square in footprint by 25 feet high, and incorporated some 52 t of uranium
and 472 t of graphite. CP-2 was also uncooled, but was shielded on all sides by a
concrete wall five feet thick, and on its top by a six-inch layer of lead and 50 in. of
wood. This shielding permitted operation at a power of a few kilowatts. The rebuilt
pile first went critical in May, 1943, and was used for studies of neutron capture
cross-sections, shielding, instrumentation, and as a training facility for later pro-
duction operations. Also built at the Argonne site was the world’s first heavy-water
cooled and moderated reactor, CP-3, which began operation in May, 1944. This
reactor consisted of an upright aluminum tank six feet in diameter, which was
filled with about 6.5 t of heavy water. The tank was surrounded by a graphite
“reflector,” which was further surrounded by a lead shield and then a “biological
shield” of concrete. The top of the structure was pierced with holes for experi-
mental ports and control and fuel rods, and was shielded with removable bricks of
alternating layers of iron and masonite. CP-3 reached its full operating power of
300 kW in July, 1944.

With a self-sustaining reaction having been demonstrated, attention could be
turned to the construction of the X-10 pilot-scale pile. X-10 would have multiple
missions: to produce plutonium to test chemical separation procedures and supply
Los Alamos with fissile material for research, to train operating personnel for the
eventual production-scale reactors, to serve as a platform for instrument devel-
opment and cross-section research, and to conduct radiation-damage and biolog-
ical radiation-effects studies. The history of how DuPont came to be the contractor
for X-10 was described in Chap. 4; here, our concern is with the design and
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operation of the reactor itself. Evolution of design considerations for the
production-scale reactors located at Hanford is discussed in Chap. 6.

Extrapolating from the operation of CP-1, Fermi estimated that a pure-uranium/
graphite system could develop a reproduction constant of k ~ 1.07, a value great
enough to keep open the possibilities of water-cooling production piles and air-
cooling the anticipated pilot-scale unit. Crawford Greenewalt had been thinking of
helium-cooling for the pilot unit, but air-cooling would be much simpler from an
engineering perspective. By January, 1943, X-10’s basic specifications had been
developed: a 1,000 kW air-cooled, graphite-moderated pile of cubical shape. The
anticipated power level was crucial. Plutonium production in a reactor is directly
proportional to its operating power. A reactor fueled with natural uranium pro-
duces about 0.76 g of plutonium per day per megawatt (MW) of power produced,
a mere one-third of the mass of a dime. If X-10 were to run for a full year at its
1,000 kW (=1 MW) rating, it would theoretically produce about 275 g of
plutonium, assuming perfect chemical separation efficiency. It ultimately achieved
better than this.

Formally, the X-10 reactor was under the administration of the University of
Chicago’s on-site Clinton Laboratories, which was located in a 112-acre site in the
Bethel Valley of the Oak Ridge reservation (Fig. 4.14). X-10’s core comprised a
73-layer graphite cube, 24 feet square on its base by 24 feet, 4 in. high. Right-
angled notches were cut into the sides of the graphite bricks, which, when laid
side-by-side, formed 1,248 horizontal diamond-shaped front-to-rear channels into
which cylindrical aluminum-jacketed uranium slugs could be fed from the front
face of the pile (Figs. 5.7, 5.8). X-10’s 700 t of graphite was in the form of bricks
of cross-section four inches, with lengths varying from eight to 50 in. The fuel
channels were built on eight-inch centers; the pure uranium slugs were 1.1 in. in
diameter and 4.1 in. long. A full fuel load would be about 120 t, but it was
anticipated that the pile would go critical with about half that amount. The core
was surrounded by a seven-foot thick shield made of a type of concrete that
retained about 10 % of its weight of water upon setting; this helped to stop
escaping neutrons. With the addition of layers of pitch to prevent the shielding
from losing water along with special precast concrete blocks on the front face to
align fuel channels, the full outside dimensions of the pile came to some 47 feet
long by 38 feet wide by 35 feet high. A unique aspect of the design was a 20 by
24-in. “graphite thermal column” section of the core which could be lifted out to
facilitate what were called “lattice dimension experiments.”

After some period of operation, fuel slugs would be discharged from the back of
the pile as new slugs were pushed in. Discharged slugs would fall through a chute
into a pit containing 20 feet of water, where their intense short-lived radioactivity
would be allowed to die off for a few weeks before they were transported to the
chemical separation plant. To fuel the pile, workers rode in an elevator which
spanned its front face (Fig. 5.8). While the X-10 reactor was not a model for the
larger production reactors built at Hanford, some of its design features would find
their way into those piles, particularly the procedures for fueling and handling
discharged slugs. X-10 also served as a training ground for later Hanford
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Fig. 5.7 Schematic drawing of X-10 pile. Not all horizontal and vertical channels are shown.
Courtesy of Oak Ridge National Laboratory, U.S. Dept. of Energy. See http://info.ornl.gov/sites/
publications/files/Pub20808.pdf

operators; a total of 183 DuPont employees would train at Clinton before moving
to Washington state.

As with CP-1, the control system for X-10 was deliberately over-designed.
Three sets of control rods were incorporated: regulating rods, shim rods, and safety
rods. The latter were four eight-foot-long boron-steel rods suspended above the
pile. They could be operated manually, but were held in place with electric brakes;
in the event of a power failure they would passively fall into the pile. As an
emergency backup system, hoppers above the pile could release small boron-steel
balls into two other vertical channels. During normal operation, the pile would be
controlled by two horizontal boron-steel regulating rods which entered from its
right side. Four horizontal shim rods provided a means to compensate for varia-
tions too large to be handled by the regulating rods. The shim rods could effect a
complete shutdown by themselves if necessary; they were connected to a weight-
driven system which could drive them into the pile within five seconds in case of a
power outage. Other channels served as test holes into which neutron monitors,
irradiation samples, and small animals could be inserted. Fuel and experimental
channels were equipped with plugs which were removed only when the power
output was low enough to prevent a dangerous amount of radiation from escaping.
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Fig. 5.8 Front face of the
X-10 pile. Source http://
commons.wikimedia.org/
wiki/File:X10_Reactor_
Face.jpg

The limiting factor in X-10’s operation was the capacity of its forced-air cooling
system. This initially consisted of two fans each capable of moving 30,000 cubic
feet per minute (cfm), plus a stand-by steam-driven 5,000 cfm unit which would
come on-line in the event of a power failure. Before being exhausted from a
200-foot stack, the heated air would be filtered and sprayed with water to remove
any radioactivity that it might have picked up.

DuPont began excavation for the pile building on April 27, 1943. Concrete
pouring began in June, and the Aluminum Company of America began “canning”
uranium slugs. Graphite stacking began on September 1. By late October, con-
struction and final mechanical testing was complete. Loading of fuel into the
central portion of the pile began on the afternoon of November 3, with Enrico
Fermi inserting the first slug. X-10 went critical at 5:07 on the morning of
November 4, with only about 30 t of uranium inserted. After a week, the fuel load
was increased to 36 t, and the power level reached 500 kW. Before November was
out, five tons of fuel containing some 500 mg of plutonium had been discharged
and sent off for chemical processing. In December, empty channels were blocked
off with graphite plugs to force the airflow to be concentrated around the installed
fuel; this permitted higher-temperature operation and raising the power level to
about 800 kW. By February, 1944, the pile was producing irradiated uranium at a
rate of about one-third of a ton per day; the efficiency of chemical separation of
plutonium from uranium eventually exceeded 90 percent.

In early 1944, X-10’s fuel distribution was reconfigured to further enhance
plutonium production. The standard configuration had been 459 channels loaded
with 65 slugs each (about 40 t); this was changed to 709 channels with 44 slugs
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Fig. 5.9 Monthly (dashed line, left scale) and cumulative (solid line, right scale) production of
plutonium from the X-10 reactor. Data from National Archives and Records Administration
microfilm set A1218 (Manhattan Engineer District History), Roll 6 (Book IV—Pile Project X-10,
Volume 2—Research, Part II—Clinton laboratories, “Top Secret” Appendix). By January, 1945,
cumulative production reached 326.4 g

each. This did not significantly increase the amount of fuel in the pile, but reducing
the amount of fuel in the center of the pile relative to that further out permitted
operating at a higher power level without attaining too great a central temperature.
Improved slug-canning techniques allowed even higher-temperature operation, to
the point that, by May, 1944, the power level could be increased to 1,800 kW. In
June and July of that year, installation of two 70,000-cfm fans allowed operation at
an impressive 4,000 kW, four times the original design value. X-10 operated with
remarkable reliability; the only real problem encountered was a bearing failure in
one of the new fans, which necessitated temporary re-installation of one of the
30,000-cfm units during the summer of 1944.

Plutonium production began in December, 1943, with a mere 1.5 mg being
isolated. By mid-1944, tens of grams were being turned out per month (Fig. 5.9),
and by the time production ceased in January, 1945 (when the Hanford reactors
were coming on-line), over three hundred grams had been extracted from 299
batches of slugs. It was X-10 plutonium that would lead to the discovery of the
so-called spontaneous-fission crisis at Los Alamos in the summer of 1944 (Sect.
7.7). Had this discovery had to wait for Hanford-produced material, the Nagasaki
Fat Man bomb would have been delayed by the better part of a year. An unan-
ticipated bonus of X-10 operation was the production of quantities of radioactive
lanthanum, which could be extracted from decaying barium, a direct fission
product. As described in Sect. 7.11, this “radio-lanthanum” proved crucial in
developing a diagnostic test of the plutonium implosion bomb. X-10 more than
fulfilled its wartime mission.
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5.3 Y-12: The Electromagnetic Separation Program

The rapid ascendance of Ernest Lawrence’s electromagnetic “calutron” method to
the top of the list of possible uranium enrichment techniques was described in
Sect. 4.7. The electromagnetic method was the only enrichment method discussed
at the September, 1942, Bohemian Grove meeting, where a recommendation was
developed to have the Army enter into construction of a 100 g-per-day U-235
plant to be located in Tennessee. The late-1942 Lewis review committee con-
cluded that an electromagnetic plant capable of producing one kilogram of U-235
per day would require at least 22,000 vacuum tanks; to achieve the same output
with a diffusion plant would require a 4,600-stage installation. At its December 10,
1942 meeting, the Military Policy Committee opted to start with a more modest
500-tank electromagnetic plant. While neither the electromagnetic nor the diffu-
sion approaches to enrichment would be easy, the advantage of the electromag-
netic system was that the fundamental concepts were proven, and since it would
operate in a “batch” mode, it could be built in sections, each of which could begin
operating as soon as it was constructed. On the other hand, each section of the
“continuous” diffusion plant would have to be operational before it could be
connected to preceding and succeeding sections.

The Y-12 plant was located in an 825-acre tract within the Bear Creek Valley of
the Clinton site (Fig. 4.14). It would become a mammoth undertaking. The second-
most expensive facility of the entire Manhattan Project (about $478 million in
construction and operating costs, in comparison to some $512 million for the
gaseous diffusion plant), Y-12 would rank first if measured by number of personnel:
a peak of nearly 22,500 employees in May, 1945. The complex would come to
include nine main processing plants and over 200 auxiliary buildings, totaling
altogether some 80 acres of floor space. The entire complex was surrounded by a
5.3-mile perimeter fence with 19 guard towers (Fig. 5.10).

To appreciate the accomplishments of Y-12, it is helpful to review the devel-
opment of mass spectroscopy and the cyclotron presented in Sects. 2.1.4 and 2.1.8,
in particular the idea how a stream of ionized atoms or molecules will naturally
move in circular paths when directed into a magnetic field that lies perpendicular
to their plane of motion.

Figure 5.11 shows a modified version of the two cyclotron Dees of Fig. 2.18.
There is now no alternating-voltage supply, but a coil used to create the magnetic
field is represented by the dashed circular outer line in the Figure; in effect, one has
two copies of Fig. 2.7 placed back-to-back in order to double ion-separation
production over what would be obtained if using just a single tank. Figure 5.12
shows how a single vacuum tank was represented in Manhattan District
documents.

For access to the tanks for maintenance and to remove accumulated separated
isotopes, it is convenient to place the tanks between two adjacent coils, as opposed
to inside a coil. (Again, since complete separation is never achieved in practice, it
is more correct to refer to enrichment than to separation.) This is illustrated
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Fig. 5.10 Part of a layout diagram for the Y-12 complex. North is roughly to the upper right.
The pilot-plant building discussed in the text, 9731, appears just to the right of center. Three 9204
Beta buildings (left of center, and below center) and one 9201 Alpha building (lower right) are
visible. From left to right, the diagram covers about 2,900 feet. The two grid lines running
vertically are 1,000 feet apart; those running horizontally are 500 feet apart. The entire complex
measured approximately 8,500 feet end-to-end
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schematically in Fig. 5.13, where the tanks and coils are viewed from the side; the
current which supplies the coils can run from one coil to the other through a
connecting wire, which is not shown. If you are a physics student, you may
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Fig. 5.12 Sketch of the electromagnetic separation method, reproduced from a Manhattan
District History microfilm. Source A1218(9), image 831

Fig. 5.13 As Fig. 5.11, but magnet magnet
seen from the side, with coil coil

vacuum tanks sandwiched —
between two coils

[ | magnetic
— field

vacuum
tanks

recognize such an arrangement to be a form of Helmholtz coils, which has the
advantage that it creates a very uniform magnetic field between the two coils.
The limiting factor in calutron operation—and the reason Y-12 became such an
enormous facility—is something known to cyclotron engineers as the “space-
charge” problem. As the like-charged ion beams travel through the vacuum tank,
they repel each other and so become disrupted from their ideal circular paths. This
sets a practical limit on the strength of the beams, which is usually expressed as an
equivalent electrical current. This in turn limits the mass of material that any one
vacuum tank can theoretically separate per day. In the case of Y-12 calutrons, this
capacity was about 100 mg of U-235 per day in the best of circumstances. To
collect 50 kg from one tank (barely enough for a single bomb) would require
500,000 days of operation, or over 1,300 years. It was appreciated from the outset
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Fig. 5.14 Schematic [ ] busbar
illustration of part of a - - . ]
calutron “track.” In practice,
a given track would include magnetic
dozens of tanks field

L DL L=

that only if one were willing to invest in a facility with at least hundreds of tanks
might one have a chance of isolating enough material for a bomb in a year or two.

If hundreds of tanks are necessary, a convenient way to arrange them is to link
together a number of copies of Fig. 5.13, connecting the coils with a current-
carrying “busbar,” as suggested in Fig. 5.14. Such an arrangement came to be
known as a “track” of tanks and coils. Since the electrical current must run along a
closed circuit, another refinement is to configure the track as a closed loop. Ernest
Lawrence and his engineers conceived this idea early on, deciding on an oval-
shaped arrangement. Such a real Y-12 track, known as an “Alpha racetrack,” is
shown in Fig. 5.15. This particular track contains 96 vacuum tanks placed as back-
to-back pairs within 48 gaps between the magnet coils, which appear as rib-like
structures. The number of gaps was chosen to be 48 because that number’s large
number of even divisors provided for greater flexibility in the use of power supply
equipment. (The “Alpha” name emerged when later “Beta” tracks of a different
design came along, as described below.) The linear structure running across the top
of the photo holds the busbar, a square-foot solid-silver conductor that feeds

Fig. 5.15 Left A Y-12 alpha “racetrack.” Right Workers tend to a C-shaped vacuum tank.
Sources http://www.y12.doe.gov/about/history/getimages, http://commons.wikimedia.org/wiki/
File:Alpha_calutron_tank.jpg
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current to the coils. As shown in Fig. 5.15, the vacuum tanks in these tracks were
C-shaped, and could be withdrawn on special gantries for material extraction and
maintenance.

It is clear from Fig. 5.15 that the magnet coils involved in these units are much
larger than would be the case for any laboratory mass spectrometer. The coils in
the Alpha tracks were square (Fig. 5.21), and for the accelerating voltages and
magnetic fields that could feasibly be provided, had to be of side length about 3 m.
Even then, the separation of the U-235 and U-238 ion beams was only about one
centimeter. The magnetic field utilized was of strength about 0.34 Tesla, some
7,000 times the average surface-level strength of the Earth’s natural magnetic
field.

By the fall of 1942, experiments with Lawrence’s 184-in. cyclotron indicated
that some 2,000 ion sources would be necessary to separate 100 g of U-235 per
day, the goal set at the Bohemian Grove meeting. Stone and Webster conserva-
tively assumed that no more than one ion source and collector could be fitted into
each tank, and so began planning on as many as 2,000 tanks. From the capabilities
of available electrical power-distribution equipment, it seemed feasible to assume
that each production building could house two tracks, both containing about 100
tanks. If the gap between each successive pair of coils housed two tanks, each
track would require 50 gaps. To provide for two thousand tanks, ten production
buildings would consequently be required, as well as fabrication and maintenance
shops, laboratories, and generating facilities. A particularly daunting aspect of the
system was its vacuum requirements. The tanks would have to be pumped down to
and maintained at pressures of about a hundred-millionth of standard atmospheric
pressure. It was estimated that the vacuum volume for the plant would probably
exceed by many orders of magnitude the entire evacuated space in the world at the
time. Another consideration was facilities for chemical processing. The uranium
oxide received from Mallinckrodt Chemical had to be transformed to uranium
tetrachloride before being fed into the calutrons, and the processed material, which
was often washed out of the tanks with acid, had to be collected and purified.
Chemical operations alone at Y-12 employed several thousand people.

Through 1942, Lawrence and his engineers concentrated on refining the design
of ion sources to incorporate multiple beams (Fig. 5.16). On November 18, he
installed a new tank which contained a double source between the poles of his
184-in. cyclotron. Both sources were capable of producing two sets of beams, that
is, there would altogether be four sets of U-235 and U-238 beams. The system was
cantankerous, however; often only two beams could be kept in focus simulta-
neously. But even two sources per tank would be a major advance, as such a design
would permit decreasing the total number of tanks to 1,000. In the meantime,
Stone and Webster engineers had to begin designing buildings based on only very
rough ideas as to the equipment they would contain; General Groves often invested
enormous sums in construction before fully-workable enrichment systems had
been developed.

Stone and Webster constructed Y-12, but the plant had then to be operated. For
that task, Groves contracted with the Tennessee Eastman Corporation (a subsidiary
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Fig. 5.16 Frank
Oppenheimer (dark hair,
center) and Robert Thornton
(right) examine a 4-source
Alpha-calutron ion emitter.
Source http://
commons.wikimedia.org/
wiki/File:Calutron_
emitter.jpg

of the Eastman Kodak Company), a firm to which he had entrusted construction of
an explosives plant in Kingsport, Tennessee. Tennessee Eastman’s contract was on
a cost-plus-fee basis: a basic stipend of $22,500 per month plus $7,500 for each
track up to seven, plus an additional $4,000 for each track over that number.

Lawrence, Groves, and various industrial contractors met at Berkeley on
January 14, 1943, to begin planning the Y-12 project. The initial phase of
development called for five 96-tank tracks to be housed in three buildings; the
tracks themselves would be 122 feet long, 77 feet wide, and 15 feet high; the
buildings would require 6-foot foundations to support the weight of the magnets.
The center area of the tracks was large enough to be used as office space. Groves
wanted the first track in operation by July 1, 1943. The first floor of each building
(below ground level) would house vacuum pumps. The tracks would reside at
ground-level, and above them resided operating galleries from where employees,
mostly local young female high-school graduates, continuously monitored and
adjusted the ion beams in each tank (Fig. 5.17). The process was labor intensive,
requiring some 20 employees per operating separator. The magnetic fields had to
be kept extremely uniform; a deviation of only 0.6 % would result in collecting the
wrong isotope.

Design of the Y-12 facility and its equipment evolved continuously and
incrementally. First came a decision to use two-source ion emitters in each tank. In
early 1943, Edward Lofgren conceived the idea of building second-stage enrichers
which would be fed with slightly-enriched material (~ 15 % U-235) that emerged
from the first-stage tracks, and which would raise the enrichment level to 90 %.
Groves found the idea attractive, and authorized the first two such units on March
17. Tt was at this point that the original oval racetracks became known as “Alpha”
units, and the second-stage enrichers as “Beta” units. Beta tanks were half the
diameter of Alpha units, but operated at twice their magnetic field strength. Laid
out in a rectangular configuration of two parallel rows of 18 tanks, each Beta track
housed 36 tanks sandwiched between D-shaped magnet coils (Fig. 5.18). Beta
units also incorporated twin-source emitters.
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Fig. 5.17 “Calutron girls” at
their operating stations. Each
operator monitored the
performance of two vacuum
tanks, but had no idea what
was being produced. Source
http://commons.
wikimedia.org/wiki/
File:Y12_Calutron_
Operators.jpg

Fig. 5.18 This photograph,
reproduced from Manhattan
District History microfilms,
shows two Beta tracks, one in
the foreground and one in the
background. Source
A1218(10), image 0231

In July, 1943, Lawrence began advocating for multiple-beam sources within
tanks, but Groves was reluctant to authorize changes that might delay plant
completion. A compromise was struck: the first four Alpha and all Beta tracks
would use two-beam sources, but the fifth Alpha track would use four-beam
sources. The staff of the Radiation Laboratory was expanded to take on the
additional design and engineering tasks; by mid-1944 it would reach 1,200
employees. Research alone for the electromagnetic program ran to about $20
million.

Well before design was complete, ground was broken for the first Alpha
building, 9201-1, on February 18, 1943. Buildings containing Alpha tracks were
known as “9201” buildings, while those containing Beta units were “9204”
buildings. There would ultimately be five Alpha buildings housing nine tracks,
plus four Beta buildings housing eight tracks. Altogether, these 17 tracks would
contain 1,152 tanks, although not all came online until after the end of the war
(Table 5.1). The first structure completed at the Y-12 site, and that which is
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Table 5.1 Alpha and Beta calutron tracks

Building Ion sources per tank Tracks Start date
x tanks per track
9201-1 2 x 96 (Alpha I) Alpha 1 13-Nov-43*
Alpha-2 22-Jan-44
9201-2 2 x 96 (Alpha I) Alpha 3 19-Mar-44
Alpha 4 12-Apr-44
9201-3 4 x 96 (Alpha I) Alpha 5 3-Jun-44
9201-4 4 x 96 (Alpha II) Alpha 6 24-Jul-44
Alpha 7 26-Aug-44
9201-5 4 x 96 (Alpha II) Alpha 8 24-Sep-44
Alpha 9 26-Oct-44
9204-1 2 x 36 (Beta) Beta 1 15-Mar-44
Beta 2 5-Jun-44
9204-2 2 x 36 (Beta) Beta 3 12-Sep-44
Beta 4 2-Nov-44
9204-3 2 x 36 (Beta) Beta 5 30-Jan-45
Beta 6 13-Dec-44
9204-4 2 x 36 (Beta) Beta 7 1-Dec-45
Beta 8 15-Nov-45

Track Alpha-1 was shut down shortly after the date shown; it was restarted on March 3, 1944

perhaps now most famous, was building 9731, the “pilot plant” building
(Fig. 5.19). Completed in March, 1943, this building housed experimental Alpha
and Beta units which were used for training operators. Designated as calutrons
XAX and XBX, these units still stand in building 9731, and are now identified as
Manhattan Project Signature Artifacts by the Department of Energy’s Office of
History and Heritage Resources. Building 9731 is open to tourists, and, unlike
many Manhattan Project facilities, will not be demolished.

The experimental XAX Alpha unit was first successfully operated on August
17, 1943, by which time Groves was already considering further expansions. After
reviewing design improvements at a meeting in Berkeley on September 2, he
presented his plan to the MPC on September 9. Four additional 96-tank Alpha
tracks, these with four ion sources per tank, would be constructed. Designated as
Alpha II units, these tracks would reside in buildings 9201-4 and 9201-5. They
would differ from the original oval configuration in being of rectangular layout
(Fig. 5.20); tanks at the curved portions of the oval-shaped units, which would be
re-named Alpha I units, proved difficult to regulate. Two more Beta tracks were
also authorized at the same time. Production of the vacuum tanks, sources, and
collectors was contracted to Westinghouse; General Electric took on responsibility
for high-voltage electrical controls, and the magnet coils themselves were fabri-
cated by the Allis-Chalmers company.

As mentioned in Chap. 4, one of the unique aspects of the electromagnetic
program was its use of Treasury Department silver to make magnet coils.
Normally, copper would have been used, but since that metal was used in shell
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Fig. 5.19 Building 9731, the light-colored, flat-roofed building at center left, was the first
building completed at the Y-12 complex. The large building is a Beta plant; compare Fig. 5.10.
Source http://www.y12.doe.gov/about/history/getimages

Fig. 5.20 This photograph,
reproduced from a Manhattan
District History microfilm,
shows an Alpha II racetrack.
Source A1218(10),

image 0214

casings it was a high-priority commodity during the war. Congress had authorized
use of up to 86,000 t of Treasury Department silver for defense purposes; not
having to divert mass amounts of copper was a huge boon for the Project’s
secrecy. Kenneth Nichols met with Undersecretary of the Treasury Daniel Bell on
August 3, 1942, to inquire about borrowing 6,000 t of silver from the Treasury’s
vaults; Bell informed Nichols that the Treasury’s preferred unit of measure was the
troy ounce. [At 480 grains, a troy ounce is somewhat heavier than a common
avoirdupois ounce, which weighs in at 437.5 grains; a troy ounce is equivalent to
about 31.1 g]. Secretary of War Henry Stimson formally requested the silver in a
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letter to Treasury Secretary Henry Morgenthau on August 29, 1942. Stimson gave
no indication what the silver was to be used for, stating only that the project was
“a highly secret matter.” His letter stipulated silver of purity 99.9 %, and assured
Morgenthau that title to the silver would remain with the United States. The
deadline for returning the silver was five years from its receipt, or upon written
notice from the Treasury that all or any part of it was required for reasons con-
nected with monetary requirements of the United States.

The War Department eventually withdrew more than 400,000 bullion bars of
approximately 1,000 troy ounces each from the West Point Bullion Depository in
West Point, New York. The first bars were withdrawn on October 30, 1942, and
trucked about 70 miles south to a U.S. Metals Refining Company facility in
Carteret, New Jersey, where they were cast into cylindrical billets weighing about
400 pounds each. By the time casting operations ceased in January, 1944, just over
75,000 billets weighing nearly 31 million pounds had been cast. Remarkably, this
weight exceeded the 29.4 million pounds (about 14,700 t) withdrawn from the
Treasury. Groves insisted on careful cleanup operations: workers coveralls were
vacuumed clean, and machines, tools, furnaces, factory floors, and storage areas
that had accumulated years of metal shards were dismantled and scraped clean.
Armed guards observed every step in the processing to ensure that all trimmings
were recovered. The recovery operation was so successful that more than 1.5
million pounds of silver were gained, versus less than 11,000 which were
considered lost.

After being cast, the billets were trucked a few miles north to a Phelps Dodge
Copper Products Company plant in Bayway, New Jersey. There they were heated
and extruded into strips 3 in. wide by 5/8 in. thick by 40-50 feet long; if all of the
Manhattan Project silver was shaped into one strip of that width and thickness, it
would reach from Washington to outside Chicago. After being cooled, the strips
were rolled to various thicknesses, depending on the particular magnet coils for
which they were intended. They were then formed into tight coils (not yet the
magnet coils) that were about the size of large automobile tires. Over 74,000 coils
were produced, most of which were shipped to Wisconsin for magnet-coil fabri-
cation (Fig. 5.21). In addition, some 268,000 pounds of silver were sent directly to
Oak Ridge to be formed into busbar pieces. The coils shipped to Wisconsin went
to the Allis-Chalmers Manufacturing Company in Milwaukee, where they were
unwound, joined together with silver solder, and fed into a special machine that
wound them around the steel bobbins of the magnet casings. Between February,
1943, and August 1944, 940 coils were wound, each containing on average about
14 t of silver. After fabrication they were shipped to Oak Ridge by rail.

By the summer of 1943, construction was in full swing at Y-12. Stone and
Webster’s construction payroll hit 10,000 by the first week of September, and
would peak at about 20,000. Overall, the company would interview some 400,000
people for construction jobs; building the Y-12 complex would consume 67
million man-hours of labor. Tennessee Eastman began training operators; by
November some 4,800 were ready. Ernest Lawrence, himself no stranger to large-
scale operations, was awed by the size and complexity of Y-12, relating that
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Fig. 5.21 This somewhat
low-quality photograph,
reproduced from a Manhattan
District History microfilm,
shows magnet coils being
wound onto square bobbins,
likely Alpha I coils. Note
person in lower right
foreground for scale. Source
A1218(10), image 0443

“When you see the magnitude of that operation there, it sobers you up and makes
you realize that whether we want to or no, that we’ve got to make things go and
come through ... Just from the size of the thing, you can see that a thousand people
would just be lost in this place, and we’ve got to make a definite attempt to just
hire everybody in sight and somehow use them, because it’s going to be an awful
job to get those racetracks into operation on schedule. We must do it.” Despite the
pace of construction and operations at Clinton, the site’s safety record was
remarkable; Groves states that through December, 1946, only eight fatal accidents
occurred: five by electrocution, one by gassing, one by burns, and one fall
(Fig. 5.22).

Fig. 5.22 Construction at Y-12, 1944. Source http://www.y12.doe.gov/about/history/getimages.php
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Problems began to emerge in the fall of 1943, however. Operators had trouble
maintaining steady ion beams, and electrical failures, insulator burnouts, and
vacuum leaks were endemic. Some of the steel tanks, which weighed about 14 t,
were pulled several inches out of line by magnetic forces, putting tremendous
stress on vacuum lines. The solution was to secure the tanks to the floor with steel
straps. Worse, soon after the first Alpha track was started on November 13, it had
to be shut down due to electrical shorts caused by coil windings being too close
together and insulating oil being contaminated with rust, sediments, and organic
materials. Furious, Groves arrived on December 15 to personally review the
situation. The only option was to ship 80 coils back to Milwaukee for rebuilding,
and modify designs to include oil-filtration systems. Refurbishing the coils cost
over $470,000.

As the magnets from the first Alpha track were being rebuilt, the second track
entered service on January 22, 1944. Despite seemingly endless breakdowns, its
performance gradually improved as experience was gained by maintenance and
operating personnel. By the end of February it had enriched about 200 g of
material to 12 % U-235; some of this went to Los Alamos, while the remainder
was used as feed for beta calutrons. The rebuilt first alpha track re-entered service
on March 3, and the first Beta unit began operation in mid-March. Buoyed by this
growing success, Lawrence began advocating for another expansion, proposing
that four new Alpha tracks be added to the nine already authorized. Groves did not
authorize any additional Alpha tracks, but did decide to proceed with two more
Beta buildings (tracks 5 through 8), in part to receive partially-enriched material
from the gaseous diffusion plant (Sect. 5.4). Construction on the third Beta
building began on May 22; the coils in these tracks were made with conventional
copper windings.

During “routine” operation, Alpha tracks would be shut down about every
tenth day to recover their uranium, and Beta tracks about every third day. It took a
long time for productivity to settle into a routine basis, however. During the first
months of 1944, not more than about 4 % of the U-235 in the Alpha sources was
making its way to the receivers; for Beta stages the fraction was only about 5 %.
Losses were due mostly to low ionization efficiency of the uranium tetrachloride
feed material, and dissociative processes that yielded species other than just
singly-ionized molecules. Much of the feed material ended up splattered around
the insides of the vacuum tanks, which had to be scraped clean and washed over
catchment sinks. Material that adhered to components that were too costly or
awkward to pull out and clean was simply abandoned. More prosaic problems also
cropped up. In one case, a mouse became trapped in a vacuum system, preventing
proper pump-down. Several days of production were lost, as was the mouse. In
another, what Groves described as a “suicidal” a bird perched on an insulator
outside the building housing Alpha tracks 6 and 7, and caused a short. The bird
received 13 kV, and the entire building was shut down.

Improvements accumulated through 1944. Between October 21 and November
19, U-235 production amounted to 1.5 kg, an amount nearly equal to that of all
previous months combined (Fig. 5.23). By December 15, all nine Alpha tracks and
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Fig. 5.23 Cumulative production of uranium-235 from Beta stages of the Y-12 plant through
early 1946 (date format mm/dd/yy). Data from National Archives and Records Administration
microfilm set A1218 (Manhattan Engineer District History), Roll 10 (Book V—Electromagnetic
Plant, Volume 6—Operations, Top Secret Appendix, p. 4.)

Beta tracks 1, 2, and 3 were in operation, Beta tracks 4 and 6 were processing
unenriched Alpha feed, and Beta 5 was being used for training. Y-12 operated on
an around-the-clock basis.

In early 1945, an important evolution in the operation of the Clinton Engineer
Works took place. With all uranium enrichments methods finally coming on-line,
Groves began to think of harnessing them in series as opposed to treating them as
competing in parallel. Following detailed calculations of how to optimize the rate
of production of bomb-grade material, the decision was made on February 26 to
begin the process by first feeding natural-abundance uranium hexafluoride to the
S-50 thermal diffusion plant (Sect. 5.5), which would enrich the U-235 content
from 0.72 to 0.86 %. This product would be fed to Alpha calutrons, but when the
gaseous diffusion cascade had advanced to the stage of producing 1.1 %-enriched
material, the S-50 product would be fed to it to be enriched to that level, after
which material would go to Y-12 Alpha units. When enough diffusion stages were
on-line to produce 20 % enriched material, the Alpha I units would be shut down,
and K-25’s product would be directed to Alpha II tracks, and, after that, to Beta
units. Since the various plants at Clinton could achieve different but overlapping
levels of enrichment, the sequence of feed steps was adjusted constantly as they
came on-line. The S-50 plant could raise the enrichment level from 0.72 to 0.86 %,
the Alpha stages of the Y-12 plant from 0.72 to about 20 %, Beta stages from 20
to 90 %, and K-25 from 0.72 to 36 %. Y-12’s enriched uranium tetrachloride was
converted to uranium hexafluoride for shipment to Los Alamos, with chemical
processing carried out in gold trays to minimize contamination. The precious
product, accounted for to fractions of a gram, was packed into gold-plated nickel
cylinders about the size of coffee mugs, which were placed into cadmium-lined
wooden boxes. The boxes were secured two at a time inside leather briefcases,
which were chained to the wrists of armed Army couriers for a two-day train trip
to New Mexico. By April, 1945, Y-12 had produced some 25 kg of bomb-grade
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U-235; by mid-July the total would reach just over 50 kg. Every atom of uranium
in the Little Boy bomb would pass through at least one stage of Ernest Lawrence’s
calutrons. At peak production, Alpha units were yielding a total of about 258 g per
day of 10 %-enriched material, and Beta units were producing about 200 g per day
of material enriched to at least 80 %, better output than the 100 g per day specified
at the Bohemian Grove meeting.

The Clinton Engineer Works consumed an enormous amount of electricity. By
mid-1945, transmission facilities at CEW could provide power at a peak rate of
310,000 kW, of which 200,000 were for Y-12 alone. Peak consumption, nearly
299,000 kW, occurred on September 1, 1945. At Y-12, electricity use began with
consumption of 3.26 million kWh (MkWh) in November, 1943, fell to
0.28 MkWh during the depth of the magnet crisis in January, 1944, but grew
steadily thereafter until peaking at 153 MkWh in July, 1945. The total amount of
electrical energy consumed by Y-12 between November, 1943, through the end of
July, 1945, totaled over 1.6 billion kWh, about 100 times the energy released by
the U-235 Little Boy bomb. To put these numbers in perspective, this author’s
monthly household electricity consumption typically averages about 650 kWh; a
million kWh would power my house for over 120 years. At its peak of operations
in the summer of 1945, Clinton was consuming about one percent of the electrical
power produced in the United States, much of it flowing through Lawrence’s
calutrons.

5.4 K-25: The Gaseous Diffusion Program

The K-25 gaseous diffusion enrichment complex was the single most expensive
facility of the entire Manhattan Project, and also one of the most difficult to
organize, design, engineer, and construct. While gaseous diffusion would even-
tually prove to be the most economical method of enriching uranium, it was nearly
stillborn. In view of the cost and importance of K-25, you might expect that it is
the topic of a vast literature, but this is not the case. The process for manufacturing
the diffusion membrane is considered so highly-classified that gaseous diffusion
receives virtually no mention in the publically-available version of the Manhattan
District History; either a section devoted to K-25 was never prepared, or has been
redacted. All that is openly known of the technique has to be gleaned from writers
such as Hewlett & Anderson, Jones, and Smyth, all of whom had access to
classified material and have published sanitized histories.

The fundamental principle of the gaseous diffusion method was described briefly
in Chap. 1. The basic idea is that if a gas of mixed isotopic composition is pumped
against a porous barrier containing millions of microscopic holes, atoms of lower
mass will on average pass through slightly more frequently than those of higher
mass. The result is a vey minute level of enrichment of the gas in the lighter-isotope
component on the other side of the barrier. Since only a small enrichment factor can
be achieved in any one step (see below), the slightly-enriched gas has to be pumped


http://dx.doi.org/10.1007/978-3-642-40297-5_1

204 5 Oak Ridge, CP-1, and the Clinton Engineer Works

Enriched

Feed fusunnunsnsnsnsnnns

—

Fig. 5.24 Schematic illustration of one cell of a diffusion cascade. The porous membrane is
represented by the dashed line. Feed material enters from the left. Gas enriched in the lighter
isotope is pumped off to be sent to the next stage of the cascade, while gas depleted in the lighter
isotope is sent back to the preceding stage for further processing

Depleted

on to subsequent enriching stages. By linking together a number of processing
“cells” in series in a cascade, bomb-grade material can eventually be isolated. The
gas which emerges from each stage slightly “depleted” in the lighter isotope still
contains atoms of that isotope, however, and so needs to be sent back “down” the
cascade for additional processing. These ideas are indicated very schematically in
Figs. 5.24 and 5.25.
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The enrichment capability of each cell is dictated by the statistical mechanics of
diffusion. The theory is complex, but some of the basic results are straightforward.
If the enriched gas from each stage is sent on to subsequent stages for a total of
N stages, then the ratio of the number of lighter-isotope atoms to the number of
heavier-isotope atoms in the emergent gas is given by

mass of heavy isotope> N/2 (5.1)

output ratio = (input — stage ratio) ( mass of light isotope

In the K-25 plant, the gas used was uranium hexafluoride, UFq. Since fluorine
has atomic weight 19, the heavy isotope (U?*¥Fg) has mass 238 + 6(19) = 352,
and the lighter one has mass 349 (there is only one stable isotope of fluorine). If the
UFg input to the first-stage of the cascade has not been “pre-enriched,” then the
input abundance ratio will be the light-to-heavy abundance ratio of natural
uranium, 0.0072/0.9928 = 0.00725. Hence

, 352\ "/ N2
ouput ratio = 0.00725 (T55) = 0.00725 (1.0086)""*. (5.2)

To achieve a nine-to-one output ratio (90 % enrichment) requires N ~ 1,664.
As Henry Smyth described the situation in his 1945 history of the Project, “many
acres” of barrier are needed for a large-scale plant. If, however, you can start with
5 %-enriched material (input ratio = 1/19; why?), to get to the same 90 %
enrichment will require about 1,200 stages—about 25 % fewer, but still a large
number. The mathematics of diffusion is like that of compound interest: if you
want to get to $1,000 at a fixed rate of interest (which plays the role of the mass
ratio), you will achieve your goal much sooner if you start with $100 than with
$10. In practice, the process is never as efficient as these numbers imply. Not all of
the material that enters each stage undergoes diffusion, and some gas will naturally
diffuse back through the barrier. In fact, detailed calculations indicated that the
best arrangement from the point of view of plant size and power requirements is
one in which only half of the gas that is pumped into each stage diffuses through
the barrier, with the depleted half being returned to the preceding stage. In an
actual plant, some 100,000 times the volume of gas that emerges from the end of
the cascade may need to be fed to the input stage. The number of stages built
below the feed point is dictated by a judgment of how economical it is considered
to be to continue processing depleted material; in the K-25 plant, the feed point
was about one-third of the way along the cascade.

The barrier must be robust and easy to manufacture, but the most important
feature is the size of the diffusion holes. At atmospheric pressure, the mean free path
of a molecule (the distance it will travel on average before colliding with another
molecule) is on the order of 1077 m, or about one ten-thousandth of a millimeter. To
achieve true diffusion, the diameter of the holes in the barrier should be no more than
about one-tenth of this figure, or about 100 A (1 A = 10~'° m). For comparison, a
typical human hair might have a diameter of about a million Angstroms, although
there is wide variation in hair sizes.
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Diffusion processes were well-known to chemical engineers, so it is not
surprising that this technique became the object of attention as a possible
enrichment method once understanding of the crucial role of U-235 in the fission
process became appreciated. In late 1940, John Dunning, Eugene Booth, Harold
Urey, and mathematician Karl Cohen began research into the technique at
Columbia University. Their first barrier material was partially fused glass, known
as “fritted” glass, but that material could not stand up to the corrosive effects of
uranium hexafluoride. The mid-1941 British MAUD report identified diffusion as
the most promising enrichment technique; Franz Simon at Oxford was developing
two 10-stage cascade models to test different pumping schemes. In November,
1941, when Vannevar Bush reorganized the project to appoint Program Chiefs,
Urey was designated to lead diffusion work in America (Sect. 4.6). By that time,
Dunning and Booth were experimenting with creating a porous metallic barrier by
etching zinc from a sheet of brass, and had succeeded in enriching a small amount
of uranium. (Brass is an amalgam of copper and zinc; etching away the zinc
rendered the sheet porous).

At their May 25, 1942, meeting, S-1 administrators advocated proceeding with
a diffusion pilot plant and engineering studies for a 1 kg/day full-scale plant,
recommendations which Vannevar Bush took to President Roosevelt on June 17
(Sect. 4.9). By late October, Booth had a 12-stage demonstration system in
operation at Columbia which achieved a small enrichment of uranium hexafluoride
during a five-hour run. The Columbia system involved face-to-face cylinders about
four inches in diameter, with dollar-coin-sized barrier samples placed between the
faces. The entire assembly fit in a cabinet about eight feet square and three feet
deep.

When the Columbia work came under Manhattan District auspices, it became
christened as the Substitute (or, by some sources, Special) Alloy Materials (SAM)
Laboratory. By the end of 1943, Urey had over 700 people working on gaseous
diffusion problems at Columbia alone, plus several hundred more at other
universities and industrial laboratories. As described in Sect. 4.10, the Lewis
committee report of December, 1942, concluded that a $150-million, 4,600-stage
diffusion plant would have the best chance of all methods of eventually producing
about 25 kg of U-235 per month, and recommended proceeding with construction.
At the December 10 Military Policy Committee meeting, it was decided to
proceed, even though a 10-stage pilot plant under construction by the Kellogg
Company (see below) would not be ready until June, 1943, and was not anticipated
to be yielding any results until September of that year.

When the Kellogg Company took on the design and engineering of the diffusion
plant in late 1942, no suitable barrier material had been developed. Ultimately,
development of a useable barrier would prove one of the most difficult aspects of
the entire Manhattan Project. The process material to be used in the plant, uranium
hexafluoride, had the advantage that it could easily be made into a gas, but is
extremely caustic. (Large-scale production of hexafluoride was pioneered by
Philip Abelson, as described in the following Section.) The barrier would have to
be strong enough to withstand both the corrosive effects of the gas and the high
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pressures under which it would operate. The only element that can withstand the
caustic effects of UFg is nickel, and in late 1942 a Columbia group under the
direction of Foster Nix (Bell Telephone Laboratories) turned their attention to
experiments involving compressed nickel powders. These barriers proved suffi-
ciently rugged, but insufficiently porous. In contrast, fine-enough holes could be
realized with an electro-deposited mesh, but the mesh was not particularly strong.
The mesh had been developed by Edward Norris, an interior decorator, as part of a
paint sprayer that he had invented. Norris joined the Columbia group in late 1941,
and by January, 1943, he and chemist Edward Adler had developed a material
which looked to have the correct combination of porosity and strength.
Construction of a six-stage pilot plant to hand-produce the Norris-Adler barrier
was begun at Columbia in February; it would begin operating in July. For a full-
scale plant, however, piecework would be impractical. Several million square feet
of barrier would be required, which meant industrial-scale production. In April,
1943, the Houdaille-Hershey Corporation, a manufacturer of automobile acces-
sories which had accumulated considerable experience in plating techniques, took
on a contract to build and operate a $5-million barrier-production plant to be
located in Decatur, Illinois, on the premise that the Norris-Adler barrier would
prove amenable to mass production. The diffusion tanks themselves, some as large
as 10,000 gallons, were manufactured by the Chrysler Corporation, which had to
develop techniques for nickel-plating the insides of the tanks. Over the course of
two years, Chrysler plated some 63 acres of steel surface.

Kellogg’s December, 1942, contract with the Army was unusual. The firm was
not required to make any guarantee that it could design, build, and get a plant into
operation. Financial terms were left unspecified until the work was further
developed; eventually the company accepted a fee of about $2.5 million for its
efforts. A separate corporate entity, the Kellex Corporation, was set up to carry out
the work. It has been suggested that the K-25 designation may be the only Clinton
site code-name that had a meaning: K for Kellex and 25 for U-235; Y-12, X-10,
and S-50 appear to be meaningless. As Henry Smyth described it, Kellex was a
unique temporary cooperative of scientists, engineers, and administrators drawn
from a number of schools and industries for the express purpose of carrying out
one job. Percival Keith, a Kellogg Vice President and MIT chemical-engineering
graduate, was designated to be in charge of the new corporation, which by 1944
would have some 3,700 employees. The firm also began undertaking its own
barrier research, as well as construction of a 10-stage pilot plant in Jersey City,
New Jersey, which would eventually be used to test full-size diffusion tanks under
simulated operating conditions.

Diffusion-plant design was another area where American and British ideas
conflicted. Karl Cohen’s 4,600-stage analysis was predicated on a high-pressure,
high-temperature single-cascade operation, whereas the British proposed a
cascade-of-cascades arrangement which would operate at lower temperatures and
pressures. The British approach would be more complex to engineer, but would
place less stringent demands on the barrier material and would have the advantage
of a shorter equilibrium time. On the other hand, a single-cascade design could be
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more easily configured to permit the system to be plumbed so that process material
could be fed into or drawn off from any stage as desired. In his Appendix to Arthur
Compton’s third National Academy of Sciences report of November, 1941
(Sect. 4.5), Robert Mulliken estimated the equilibrium time for a low-pressure
plant to be 5-12 days, as opposed to 100 days for a higher-pressure design.

The barrier was not the only issue Kellex faced. Since uranium hexafluoride
reacts explosively with grease and moisture, neither could be allowed to mix with
the process gas along the miles of pipes that a plant would require. How then, to
lubricate the thousands of pumps and valves that would be involved? The solution
turned out to be a water-resistant chemical known as polytetrafluorethane [PTFE;
chemical formula (C,F,),], now commonly known as Teflon. Itself a fluorine
compound, PTFE resists attack by fluoride compounds, and has one of the lowest
coefficients of friction known of any solid material. Another problem was that the
diffusion plant would require some 7,000 pumps. But when gases are compressed,
they naturally heat up; the pumps had to be cooled as they operated, again with
all seals vacuum-tight and non-leaking. K-25’s pumps would be supplied by the
Allis-Chalmers Company, which also manufactured the Y-12 magnet coils.

By mid-1943, as work was proceeding on the Decatur plant and surveying was
underway for the K-25 plant, the barrier issue was approaching crisis proportions.
The Norris-Adler barrier, for which the Decatur plant was being configured, was
proving brittle, plagued with pinholes, and difficult to manufacture in uniform
quality. A key advance was made in June of that year when Clarence Johnson, a
Kellex engineer, developed a new barrier using a method coyly described in
official histories as combining the techniques of Norris, Adler, and Nix. Significant
contributions were also made by Hugh Taylor, a British-born Princeton University
chemist who had been active in developing processes to isolate heavy water.
A Military Policy Committee meeting held on August 13, 1943, concluded that a
suitable barrier would probably be forthcoming, but research would have to
continue on both the Columbia (Norris-Adler-Nix) and Kellex (Johnson) processes
for the time being. Ultimately, many hands and minds would be involved in
solving the barrier problem; the eventual success cannot be attributed to any one
person.

By the end of 1943, the time to make a decision was approaching. At that point,
Groves did something unusual in turning to British scientists to review the situ-
ation. On December 22, he met in New York with a 16-strong British contingent
which included Franz Simon and Rudolf Peierls. The group was briefed by
representatives from Kellex and Columbia, following which they adjourned to visit
various laboratories before preparing their report, which was considered at a four-
hour meeting at Kellex headquarters on January 5, 1944. The British felt that
Johnson’s barrier would be easier to manufacture and likely eventually prove
superior to the Norris-Adler version, but, if time was the determining factor, the
research already accumulated on the latter represented an important advantage.
Houdaille-Hershey, however, was becoming pessimistic that they could produce
the Norris-Adler barrier on a large scale. Kellex engineers countered that even
with a switch to the Johnson barrier, they could have K-25 in operation by Groves’
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target date of July 1, 1945. Groves announced his decision at a visit to Decatur on
January 16: the plant would be converted to fabricate the Johnson barrier.

As with the Y-12 complex, construction and operations were handled by two
different contractors. Groves needed an operating contractor for K-25, and
two days after his Decatur visit convinced the Carbide and Carbon Chemicals
Corporation, a subsidiary of Union Carbide, to take on that task on a cost plus
$75,000-per-month basis. The company appointed one of its vice-presidents,
physical chemist and engineer George Felbeck, to be its K-25 project manager;
Carbide also contributed to barrier research.

K-25 would require enormous amounts of steam to heat the process material
and operate pumps. A concern in this regard was that a power interruption would
not only delay production, but could set up pressure waves that could reverberate
through the cascade and damage equipment. Fearing interruptions or sabotage,
Groves did not want to rely on the TVA for electrical power, and decided that
K-25 would have its own 238-MW steam-electric generating plant (enough to
power a city the size of Boston), which would feed the main plant through pro-
tected underground cables. To construct the generating plant and the main K-25
plant itself, Groves chose the J. A. Jones construction company of Charlotte, North
Carolina. He was familiar with the firm; Jones had built more Army camps than
any other contractor in America. Jones would ultimately engage over sixty
subcontractors in what was one of the largest construction projects in the world to
its time. Work got underway in May, 1943, with a surveying party laying out a site
for the generating plant on the bank of the Clinch river; surveying for the K-25
plant itself got underway later that month. When work on the power plant was
begun, design of pumps for K-25 had not been settled; the power plant had to be
designed to provide power at five separate frequencies. Despite this complication,
it came online on Mach 1, 1944, only nine months after construction began.

Groves’ original intent had been that K-25 would be capable of producing 90 %
U-235, using, as Vincent Jones describes them, diffusion stages incorporating
barriers in the form of annular bundles. However, detailed calculations indicated
that available pumps and the tubular barriers would be most efficient up to an
enrichment of 36.6 %, beyond which a different cell design and other pumps
would be required. This prompted Groves, as soon as early 1943, to consider
limiting K-25 to about 36 % enrichment, with its product to be fed to the Beta
calutrons then being authorized. Groves formally announced the cutback at the
August 13 MPC meeting, and asked Kellex to supply estimates on when 5, 15,
36.6, and 90 % plants might be expected to come into operation. (The 90 % figure
would involve the later K-27 extension plant; see below.)

The K-25 complex was constructed in a 5,000-acre area in the northwest corner
of the Clinton reservation, about 15 miles southwest of Oak Ridge (Fig. 4.14). To
provide for a flat working area, almost 3 million cubic yards of earth were moved.
Construction on the main building was begun on September 10, 1943, and the first
concrete was poured on October 21. K-25’s dedicated temporary construction
camp was idyllically known as Happy Valley; its population would peak at about
17,000.
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Fig. 5.26 An aerial view of the K-25 plant. Source http://commons.wikimedia.org/wiki/File:K-
25_Aerial jpg

The four-floor main process building, laid out in the shape of a giant letter U,
was enormous (Fig. 5.26). Each side section was 2,450 feet long (just under a half-
mile) by 450 feet wide; the total width exceeded 1,000 feet. Some 12,000 con-
struction drawings would detail a facility with a total floor area of just over 5.5
million square feet, or about 120 acres—about 80 % of the floor area of the
Pentagon. Some three million feet of pipes (over 500 miles) and a half-million
valves would be involved, with the latter varying in size from 1/8 to 36 in. The
construction force peaked at just over 19,600 in April, 1944. By June of that year,
the plant was 37 % complete, and the estimated construction cost had escalated to
$281 million. Kellex planned for a total of 2,892 diffusion stages. Ideally, as
increasingly-enriched uranium accumulated toward the end-stages of the cascade
(known as the “upper stages”), pumps and cells of steadily decreasing sizes could
be used. As this would have involved complex and expensive manufacturing,
Kellex decided on five sizes of pumps and four types of cells. The building itself
comprised 54 sub-buildings linked together, and the cascade was divided into nine
“sections,” which, although they would normally operate as part of an overall
cascade, could be operated individually. The fundamental operating entity was a
“cell,” a unit of six individual diffusion tanks.

The basement of the building housed lubricating, cooling, and electrical
equipment. The diffusion tanks themselves resided on the ground floor, while the
second aboveground floor served as a pipe gallery, and the top floor housed
operating equipment. A central control room equipped with some 130,000
monitoring instruments was located on the top floor of the base of the U. Kellex
divided its construction plan into five steps, designated as “Cases.” Case I, to be
completed by January 1, 1945, would see through to completion one cell for
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testing, then a building with a 54-stage pilot-plant, and finally enough functioning
plant (402 stages) to produce 0.9 % U-235. Cases II, III, and IV would subse-
quently take the process to 5, 15, and 23 % enrichment by June 10, August 1, and
September 13, respectively. Case V, to achieve 36 %, was to follow as soon as
possible thereafter.

Cleanliness requirements during construction were practically at a surgical
level. Workers wore special clothing and lintless gloves; even a thumbprint would
leave enough moisture to be disastrous. Areas where process piping was being
installed were equipped with pressurized ventilation and fed with filtered air. Some
pieces of equipment required up to ten separate cleaning steps to remove all traces
of dirt, grease, oxides, and moisture. Welding, which eventually involved 1,200
machines in simultaneous operation performing 14 specialized techniques, was
done inside inflatable balloon enclosures. Since the entire plant would have to be
constantly monitored for the presence of any leaks during operation, inert helium
gas was fed into the piping system, and its presence sniffed for by sensitive
portable mass spectrometers developed by Alfred Nier. Hundreds of Nier’s devices
were manufactured by General Electric and deployed throughout the K-25 plant;
Nier was also involved in developing a system of over 50 fixed devices used to
monitor the flow of various chemicals at locations throughout the building. These
devices reported data back to the central control room, from where a single
individual could monitor the entire plant. Another challenge in building K-25 was
that projected nickel requirements for piping exceeded the entire world production
of that metal. Again drawing on his knowledge of industrial firms, Groves con-
tracted with Bart Laboratories in New Jersey, which specialized in electroplating
oddly-shaped objects. Bart engineers were able to develop a method of electro-
plating the insides of pipes by using the pipe itself as the electroplating tank;
rotating the pipe as current was passed through molten nickel ensured a uniform
deposit of metal.

Progress with construction and operations at K-25 were detailed in monthly
reports from Nichols to Groves. On April 17, 1944, the first six-stage cell was
operated briefly as part of a preliminary mechanical test. By May, barrier of
sufficient quality was beginning to become available; quantity production began in
June. By August, operators could begin training at the 54-stage pilot plant located
at the base of the U, using nitrogen in lieu of UFs. On September 22, the first four
diffusion tanks were received from Chrysler, but two were returned for tests of the
effects of railroad handling. By November 9, the first dozen tanks were installed.
A month later, Chrysler had shipped 324 tanks, of which about 200 were installed.
By the end of 1944, the plant was 65 % complete, and 60 of the 402 stages of Case
I were ready to be turned over to Carbide operators. By early January, 1945, all
tanks necessary for Case I had been received, and Chrysler was producing 65-70
per week; by the end of the month the total number shipped would near 800.

After a period of leak testing and instrument calibration, the first process gas
was introduced into the system on January 20, 1945. On March 10, Nichols
reported that 102 of the 402 stages in Case I were in “direct recycle” operation,
and that almost 1,100 tanks had been received. By March 12, two more buildings
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were connected to the system, and on the 24th, all of Case I went on-line. By early
April just over half of the total 2,892 tanks had been received, and Cases I and II
were producing 1.1 %-enriched U-235, which signaled that the facility could begin
receiving its first slightly-enriched feed from the S-50 thermal diffusion plant. This
occurred on April 28, by which time over 1,500 tanks were installed or ready for
installation. By early June, all tanks had been shipped, nearly 1,500 were in
operation, and K-25 was feeding 7 %-enriched product to Beta calutrons. On
August 7, the day after the Hiroshima bombing, Nichols reported over 2,200 stages
in operation. His report for August operations, dated September 6, indicted that all
2,892 stages were in operation by August 15, the day after the Japanese surrender.
When the entire plant was operating, enrichment increased to 23 %.

Ultimately, K-25’s product was not limited to the 36 % enrichment described
above. In early 1945, Kellex developed plans for a 540-stage “extension” plant,
which came to be known as K-27. By mixing waste output from the main K-25
cascade with natural uranium, K-27 produced a slightly enriched product which
could be fed to the upper stages of K-25, increasing both its production and
enrichment. Groves authorized construction of K-27 on March 31, 1945; it entered
full operation in February, 1946, by which time all enrichment operations were
being conducted by gaseous diffusion.

By any definition, K-25 was an outstanding engineering accomplishment.
While the plant really came into its own only after the close of the war, Groves’
gamble bequeathed America a means of enriching uranium that would operate
flawlessly for years thereafter.

5.5 S-50: The Thermal Diffusion Program

The Manhattan Project’s liquid thermal diffusion program has tended to be
regarded with somewhat of a second-team status when compared to its much more
gargantuan electromagnetic and gaseous-diffusion cousins. The S-50 plant was
erected hastily, operated for a short time, and enriched uranium by only a small
degree (from 0.72 to 0.86 % U-235), but its contribution was vital in giving the
trouble-plagued electromagnetic separators a head-start on their efforts. Hewlett
and Anderson have described S-50 as Groves’ “last card” in his suite of options
for securing fissile material.

The prime mover behind the thermal diffusion method was Ernest Lawrence’s
graduate student, Philip Abelson, who, among others, confirmed the discovery of
fission at Berkeley in early 1939. Abelson formally received his Ph.D. in May,
1939, just a few months after his fission-confirmation work. He remained in
Berkeley over the summer to complete some work on X-rays emitted during
radioactive decay, and in September moved to Washington, D.C., to take up a
position that Merle Tuve offered him at the Carnegie Institution of Washington
(CIW). In the spring of 1940, Abelson took a brief leave to return to Berkeley to
complete the neptunium-discovery work with Edwin McMillan (Sect. 3.8), efforts
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which directly motivated Glenn Seaborg to search for plutonium. After returning
to Washington, Abelson began to consider possible approaches to enriching
uranium isotopes, and after reviewing the research literature decided to explore the
liquid-thermal—diffusion (LTD) method. Historian Joseph-James Ahern has
suggested that Abelson’s interest in LTD was triggered by a visit by Ross Gunn in
July, 1940, who showed Abelson a copy of a paper by Harold Urey. As related in
Chap. 4, Gunn was a member of Lyman Briggs’ Uranium Committee, and had
appreciated very early on the potential of nuclear fission as a power source for
naval vessels.

As alluded to in Chap. 4, there was considerable political wrangling between
the Army and the Navy over the LTD method. As we shall see, its development
was begun by the Navy, but it was later appropriated essentially wholesale by the
Manhattan District. District documents include a brief summary of the Navy work,
but, after tracing its history to late 1942, jump abruptly to the S-50 project proper
in mid-1944. However, there are now available a number of sources that fill in the
gaps in this history. John Abelson, Philip Abelson’s nephew, published a biog-
raphy of his uncle based upon some autobiographical notes left by the latter, and
writer Peter Vogel has prepared transcriptions of a number of letters and reports on
the development of the LTD method that date from 1940 to 1944. The most
significant sources, however, are two NRL reports, both of which list Abelson as
first author. The first, dated January 4, 1943, describes progress up to that time, at
which point the NRL had a small LTD pilot plant running. The second is dated
September 10, 1946, and covers in detail the engineering theory of thermal
diffusion plants and the full history of the method between 1940 and 1945.

The fundamental principle on which liquid thermal diffusion is based is that if a
fluid (gas or liquid) comprising two isotopes of an element is subjected to a
thermal gradient, the lighter isotope will move toward the hotter region, while the
heavier one moves toward the cooler region. As a consequence, fluid containing
the lighter isotope will be of lower density and will rise by convection, while that
containing the heavier isotope will fall. Competition between this thermal diffu-
sion and the ordinary diffusion of its isotopes through each other will lead, after
some hours or days, to equilibrium between the two processes. The theory of
thermal diffusion was first developed by David Enskog in Sweden (1911), and
Sydney Chapman in England (1916). Its experimental proof was established by
Chapman and F.W. Dootson in 1917. In Germany, Klaus Clusius and Gerhard
Dickel first used a “column” approach in 1938 by placing a hot wire along the
central axis of a vertical tube, and achieved a small enrichment of neon isotopes.
Soon thereafter, Arthur Bramley and Keith Brewer of the U.S. Department of
Agriculture conceived the idea of using two concentric tubes at different
temperatures. Abelson adopted the Bramley and Brewer approach, using steam to
heat the inner tube and water to cool the outer one, while injecting the process fluid
into a narrow annular space between them.

Figure 5.27 shows a sketch of thermal diffusion “process column.” The time for
the column to achieve equilibrium depends upon the difference in temperature
between the two tubes, their annular separation, and their lengths. The ultimate
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Fig. 5.27 Sectional view of a thermal diffusion process column. Uranium hexafluoride (UF)
consisting of a mixture of light (U-235) and heavy (U-238) isotopes is driven into the narrow
(0.25 mm) annular space between the nickel and copper pipes; the nickel pipes were 1.25 in.
outside diameter. The desired lighter-isotope material is harvested from the rop of the column. At
the fop and bottom of each tube, three small projecting “tits” provided access to the annular
space for supply and withdrawal of material. From Reed (2011)

important characteristic of such a column is its so-called separation factor, which
specifies its enrichment capability. For example, if a column has a separation factor
of 1.2 (which was the case for the S-50 columns) and natural uranium is used, then,
after processing, the percentage of U-235 will be 0.720 % (1.2) = 0.864 %.
Abelson’s 1946 report indicates that his first column experiments were carried
out at the CIW in July 1940; his goal was to repeat the German work by exploring
diffusion of solutions of various potassium salts. Unfortunately, his attempt to use
a solution of uranium salts produced what he called “an insoluble mess” at the
bottom of the column. Merle Tuve became concerned that Abelson’s experiments
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would produce radioactive contaminants, and began to look for another location
for them. Tuve was a member of Briggs’ Uranium Committee, and Briggs gen-
erously made space available to Abelson at the National Bureau of Standards
(NBS). Abelson moved his experiments to the NBS in October, 1940, by which
time the NRL had entered into a contract with the CIW to support the work;
Abelson often advised Briggs on uranium matters during his subsequent nine-
month stay at the Bureau. The NRL furnished Abelson’s equipment, the CIW paid
his salary, and the NBS provided laboratory space and an assistant chemist.
Abelson’s first order of business was to search for a suitable uranium compound to
try in his columns, and he soon determined that one that might work was uranium
hexafluoride, UF¢, commonly called “hex.” Since, however, only a few grams of
hex had ever been produced, he first had to develop a method for preparing it in
kilogram quantities; he eventually obtained a patent for the process.

Between July 1, 1940, and June 1, 1941, Abelson constructed 11 columns of
lengths between 2 and 12 feet, diameter 1.5 in., and annular separations between
0.5 and 2 mm. Experiments with water solutions of potassium salts showed that
the equilibrium time and separation factor depended sensitively on the annular
separation. A run with UFg in a 12-foot column in April 1941 yielded a small
enrichment, but the measured value was only roughly equal to the probable error
of measurement. On June 1, 1941, Abelson formally became an employee of the
NRL, where a decision had been made to pursue study of LTD using 36-foot
columns. These first NRL columns were collectively called the “experimental
plant,” to distinguish them from a later “pilot plant.” Abelson achieved enrich-
ment of chlorine isotopes with his first NRL column, but in November of that year
it was ruined by decomposition products of carbon tetrachloride.

As related in Chap. 4, Arthur Compton’s Committee on Atomic Fission was
active during 1941. In an Appendix to the Committee’s November 6, 1941, report,
Robert Mulliken analyzed the feasibility and expected costs of various isotope-
enrichment methods. He mentioned the LTD method in only a single brief para-
graph, but did point out that “trials made recently with a solution using this
method in an ingenious laboratory apparatus showed an astonishing rate and
degree of separation of a dissolved salt from the water.”

Between January and September of 1942, Abelson constructed five more
experimental columns at the NRL using a hot-tube temperature of 286 °C. These
were built with annular spacings of 0.53 mm, 0.65 mm, 0.38 mm, 0.2 mm, and
0.14 mm, and yielded separation factors of 2 % (January 1942), 1.4 % (March 1),
9.6 % (June 22),21 % (July), and 12.6 % (September). Abelson regarded the 9.6 %
result of June 22 as the first indisputably successful application of the method with
uranium. Particularly encouraging was that the “pseudo-equilibrium time,” the time
for the column to produce a separation of one-half of the equilibrium value, was only
eight hours. The optimal annular spacing appeared to be around 0.2 mm; a spacing
of 0.25 mm would be used in the S-50 units. In July, the Navy, spurred by the success
of the 36-foot columns, authorized the construction of a pilot plant with fourteen
48-foot columns with annular spacings of 0.25 mm to be built at the Anacostia Naval
Station in Washington. However, as the NRL group gained experience through
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1942, their fortunes within the formal Project administration were declining.
According to Hewlett and Anderson, President Roosevelt made it clear to Vannevar
Bush around March, 1942, that the Navy was to be excluded from S-1 affairs. Bush
had evidently had a bumpy relationship with the Navy. Admiral Harold Bowen, who
had been on the original Uranium Committee and was Director of the Navy’s Bureau
of Engineering, had criticized the OSRD for supplanting military-service labora-
tories and thus diverting funding away from the NRL. Admiral Alexander Van
Keuren, who became Director of the NRL in 1942, was outraged by the Army’s
expenditure of what he described as “astronomical sums” of money on the uranium
project.

Efforts to shut the Navy out of the work of the S-1 Committee were not entirely
successful. In a letter to Conant on July 27, 1942, Harold Urey brought up
Abelson’s experiments, remarking that “This work has not been correlated with
the other work of the Committee, for reasons that I do not understand, but efforts
should be made ... to be sure that the work of that laboratory [NRL] ties in with
the general purpose of this committee.” Bush asked Briggs to get more infor-
mation from Ross Gunn. In September, Briggs reported that Abelson was exper-
imenting with 36-foot columns, and estimated that seven such columns in series
would produce a doubling of the U-235 percentage. The catch was that the
equilibrium time for such an arrangement, which was not specified, would be
impracticably long. As related in Chap. 4, General Groves visited the Anacostia
facility four days after his appointment as head of the Manhattan District, but was
not favorably impressed.

By November 15, the Anacostia pilot plant was essentially complete, and by
December 1 (the day before CP-1 went critical), five columns had been charged
with material. The timing was propitious, as in late November the S-1 Executive
Committee again reassessed enrichment methods, and decided to include the work
at the NRL in its review despite its being officially orphaned. Consequently,
Groves, Warren Lewis, and three DuPont employees visited the Anacostia plant on
December 10, which for two full weeks between December 3 and 17 ran con-
tinuously with no shutdowns and a minimum of human intervention. On he 12th,
Lewis wrote to Conant that the NRL work “is certainly of such interest that the
development work ought to be continued intensively.” He went on to report that
the NRL workers expressed a desire for help by suitable experts, and told them that
he would do anything he could to make “such men available through the NDRC.”
Conant replied on December 14, indicating that he would see if anything could be
“done along these lines.”

To work around the presidential injunction to exclude the Navy, Vannevar Bush
wrote to Rear Admiral William Purnell (later a member of the Military Policy
Committee) on December 31 to express “the hope that the work of the Naval
Research Laboratory can be expedited so that a comparison can be made with
other processes, and that ... the S-1 Executive Committee will do all it can to
help.” Noting that the Lewis committee felt that the NRL needed further facilities
and manpower, Bush declared that “I would feel much gratified if you found it
possible in some way to aid the [NRL],” and added that “Dr. Briggs has already
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undertaken to assure that any information that we have that can be of service
to NRL ... is made available to them.” Purnell sent Abelson’s reports to Conant,
who had them reviewed by Briggs, Urey, and Eger Murphree, which group he also
asked to visit the Anacostia facility. Accompanied by Lewis and chemical engi-
neer William 1. Thompson of Standard Oil, they did so, and submitted a report on
January 23, 1943. Their assessment was that the NRL had made excellent progress,
but they had concerns over a lack of solid production data: no appreciable amount
of material had as yet been withdrawn from the columns. Thompson wrote an
appendix to the report in which he analyzed possible large-scale plants of various
configurations. The NRL group envisioned as most realistic a plant of 21,800
columns of length 36 feet, which would produce one kilogram per day of 90 %
U-235. Individual columns would have a separation factor of 1,307, and their
equilibrium time would be 625 days. Construction and operation costs for
625 days were estimated at some $72 million. As with the K-25 facility, an
important requirement was that the heated inner tubes of the columns would have
to be made of nickel. But even with appropriate strategic-materials priorities,
product could not be expected until some 38 months following a decision to
proceed, which would mean some time in early 1946.

On January 25, Murphree wrote to Briggs to emphasize the possibility that the
thermal diffusion process could serve as an alternative to the initial stages of the
K-25 plant. Briggs forwarded this idea to Conant, who, on the 27th, recommended
that the NRL group should obtain more data and that an engineering group should
study the process. Groves forwarded the documents to another review committee
consisting of Lewis and several DuPont executives, including Crawford
Greenewalt. They did not concur that thermal diffusion should become a substitute
for gaseous diffusion, but did recommend continued research and preliminary
engineering studies. The S-1 Executive Committee confirmed this conclusion on
February 10. On the 19th, Murphree and Urey proposed a program of experiments
which would include testing the reproducibility of results for different tubes, and
drawing samples in order to quantify the approach to equilibrium. Briggs sent a
copy of the proposal to Conant, and on 23rd followed up by suggesting to Conant
that the S-1 Committee hoped that he would transmit the proposal to the Director
of the NRL. Conant relayed this request to Groves the next day, who took no
immediate action. That Groves was reluctant to pursue thermal diffusion at that
time may have been due to having his hands full with getting construction of the
Y-12 and K-25 plants underway, and with finding a site for the Los Alamos
Laboratory. Also, his thinking at the time was directed to enrichment methods that
would turn natural uranium into bomb-grade product in essentially one step as
quickly as possible; the idea of using different enrichment methods in tandem had
not yet emerged.

By the time Abelson, Gunn, and Van Keuren prepared their January 4, 1943
report, nine columns had been constructed at the Anacostia facility. Six were
already operating, some for up to 500 hours. The earlier 36-foot “experimental”
columns had been dismantled and checked for signs of corrosion; none were
found. Between February and July, the NRL group constructed 18 columns, which
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operated for a cumulative total of 1,000 days. By September, they had produced
some 236 pounds of slightly enriched hex, which they sent to the Metallurgical
Laboratory in Chicago.

Groves did, however, keep himself informed of progress at Anacostia. On July
10, 1943, he wrote Conant that “progress at the Naval Research Laboratory ... has
reached a point where it will be desirable to have this situation reviewed by the S-1
committee,” and asked Conant “to take charge of this review and render a report.”
Conant notified Admiral Purnell that he proposed to appoint a committee con-
sisting of Lewis, Urey, Murphree, and Briggs to again review the NRL work,
expressing his hope that the NRL “would not regard such a visitation as an
intrusion but rather as one more indication of the desire of the S-1 Committee to be
of any assistance ... to the group which is doing such interesting and excellent
work.” On September 8, the committee conveyed to Conant the same concerns
regarding cost, steam requirements, and long equilibrium times as they had in
January, but did favor the S-1 Committee and the Manhattan District supporting
work on improving the efficiency of the process. Apparently, such support never
materialized.

Abelson and his group pressed on, proposing the development of a larger pilot
plant or small production plant for the explicit purpose of “providing insurance
against the complete failure of the Manhattan Project.” Such a plant would require
far more steam at higher pressures than was available at the Anacostia station, so
they undertook a survey of other naval establishments. This quickly focused in on
the Naval Boiler and Turbine Laboratory at the Philadelphia Naval Yard. Admiral
Van Keuren, Abelson, and Gunn visited the site on July 24, 1943, and on
November 17 formal orders were signed to authorize construction of a 300-column
plant. They decided to first proceed with a 100-column installation (strictly, a
“rack” of 102 columns) on the rationale that such a basic unit could be duplicated
as desired if expansion was warranted. Construction of the Philadelphia plant
began about January 1, 1944, with completion scheduled for July. Its 48-foot
columns were to be operated as a cascade of seven stages, which was expected to
deliver about 100 g of product per day at a concentration of 6 % U-235. The inner
nickel tubes of the columns were formed from four 12-foot columns welded
together, with nickel spacer buttons spot-welded to the tubes at 90 degree intervals
at 6-in. spacings. Hung from steel racks, the tubes were heated by introducing
condensing steam at the tops of their interiors; condensate was removed from the
bottom for recirculation. The outer copper tubes were cooled by water flowing
upward between them and external 4-in. iron tubes. When operating at a hot-wall
temperature of 286 °C, about 1.6 kg of material resided within a single 48-foot
column at any time. The power consumption for producing the steam was sub-
stantial: about 11.6 MW for one 102-column rack.

The circumstances of the resurrection of Manhattan District interest in thermal
diffusion had an almost comedic flavor. In Abelson’s telling, it began when Briggs
obtained Gregory Breit as a new advisor on nuclear matters. Breit evidently knew
that a high-ranking naval officer had been assigned to work at Los Alamos. One
day in early 1944, Abelson received instructions to prepare a brief summary of the
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Fig. 5.28 Left to Right Commander William Parsons, Rear Admiral William R. Purnell, and
Brigadier General Thomas Farrell on Tinian island, August, 1945. Source http://commons.
wikimedia.org/wiki/File:080125-f-3927s-040.jpg

NRL work and to appear at 8 p.m. on the balcony of the Warner Theatre in
Washington, where he would encounter a naval officer who would whisper a code
word. That officer was William S. Parsons, who was in charge of ordnance
engineering for the uranium bomb at Los Alamos (Fig. 5.28; Chap. 7). In another
version of the story, Hewlett and Anderson have it that Parsons visited the
Philadelphia Navy Yard in the spring of 1944, and “discovered” that Abelson was
building a thermal diffusion plant. Richard Rhodes has depicted the situation as
more of a conspiracy between Abelson, Oppenheimer, and Parsons, with Abelson
first making an effort to get information through to Los Alamos, and Oppenheimer
and Parsons protecting the Navy by concocting the cover story that Parsons
happened to learn of the NRL work on a visit to Philadelphia.

However covered, Oppenheimer wrote to Conant on March 4 to indicate that it
seemed probable that some of the isotope-separation work being carried out at the
NRL might be relevant to the purification of plutonium, and asked that Abelson’s
reports be sent to him. Conant cleared the request with Admiral Purnell, com-
menting “that the chances that they will find anything of use is slight, but I hesitate
to turn down the request from that hard-pressed area.” Conant forwarded the
reports to Oppenheimer, who formally alerted Groves on April 28. Oppenheimer
indicated that if the 100-column NRL plant were operated in parallel, it could
theoretically produce 12 kg of material per day enriched to 1 % U-235, and that
the LTD method might increase the electromagnetic-plant production by some
30-40 percent. Groves waited until May 31 before appointing Lewis, Murphree,
and Richard Tolman to investigate the situation once again. The group visited the
Philadelphia facility on May 31 and June 1, and turned in their report to Groves on
June 3, just three days before the D-Day invasion of Europe. Work on the
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100-column plant was well-advanced; it was expected to begin operation about
July 15. The committee considered Oppenheimer’s estimate of 12 kg per day of
1 % U-235 to be optimistic, but felt that 10 kg per day of 0.95 % U-235 was
feasible.

Groves now moved with his typical dispatch. On June 5, he sent Lewis and
Conant to Manhattan District Headquarters at Oak Ridge to confer with Colonel
Nichols to discuss the feasibility of constructing a thermal diffusion plant there.
They decided that the 238-MW powerhouse being constructed for the K-25 plant
could provide sufficient steam for such a plant, at least until K-25 went into
operation. At 11.6 MW per rack of columns, 238 MW could provide power for
between 20 and 21 racks; 21 were built. Groves decided to proceed with con-
struction of the S-50 plant on June 24. On June 26, Groves, Tolman, and
Lieutenant Colonel Mark Fox, who had been appointed chief of the thermal dif-
fusion project at Oak Ridge, visited the Philadelphia installation to inspect it and
collect blueprints. The next day, Groves contracted with the H.K. Ferguson
Company of Cleveland, Ohio, to construct the plant in 90 days. A second contract
with Ferguson would follow for its operation. Groves initially demanded that the
plant be in full operation in four months, with its first production unit operating
75 days after the beginning of construction. In a July 4 letter to Fox, he revised the
schedule to demand that all units be in operation in 90 days, that is, by September
30. The 75-day requirement would be met, but not the 90-day one.

The main S-50 process building (Fig. 5.29) was 522 feet long, 82 feet wide, and
75 feet high. The most pressing initial problem for the project was to find con-
tractors to mass-produce the large numbers of columns; twenty-one manufacturers

Fig. 5.29 The S-50 facility. The main process plant is the long, dark building to the left of
center. The K-25 powerhouse (three smokestacks) is to its right, and a tank farm for supplying oil
for the “new boiler plant” is to the left. The new boiler plant itself is between the main process
building and the river. Source http://commons.wikimedia.org/wiki/File:S50plant.jpg
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were consulted before the Grinnell Company of Providence, Rhode Island, and the
Mehring and Hanson Company of Washington agreed to attempt the job. The
outside diameter of the inner nickel tubes had to be maintained to tolerances
of £0.0003 in., and the clearance between the nickel and copper tubes to £0.002
in. Since neither nickel nor copper tubes could be drawn in 48-foot lengths, shorter
tubes had to be welded together. The first order for columns was placed with
Mehring and Hanson on July 5.

The S-50 plant was designed as twenty-one copies of the 102-column
Philadelphia installation, with the resulting 2,142 columns operated in parallel to
provide a large quantity of slightly enriched U-235 as feed for the Y-12 and K-25
plants. Each rack was arranged as two rows of 51 columns, which for purposes of
steam supply were divided into three groups of seven “sections.” Columns could
be isolated from each other for maintenance or product removal by “freeze-oft”
water directed through intercolumn connectors. Erected adjacent to the K-25
powerhouse on the bank of the Clinch River, the pace of construction of the S-50
plant was phenomenal. Ground was broken in early July, and foundations laid less
than three weeks later. Installation of process equipment began on August 17, and
the first columns were received from Grinnell on August 27. By September 16,
sixty-nine days after the start of construction, 320 columns were on hand, one-third
of the plant was complete, and preliminary operation of the first rack had begun.
Of the twenty-one racks, number 21 was completed first, and was used for training
operators. The first process material was introduced into that rack on October 18,
and the first product was drawn off on October 30. Operation of S-50 was carried
out on a cost plus $11,000 per month fee basis by the Fercleve Corporation (from
Ferguson of Cleveland), a wholly-owned subsidiary of the Ferguson Company that
was established to avoid the possibility of labor trouble when employing non-
union laborers; Ferguson normally operated on a unionized basis.

Crucial to the operation of S-50 was the steam-supply system; the process
required over 100,000 pounds of steam per hour for each rack. When power
demand for the K-25 plant began to increase in early 1945, plans were made to
construct a new boiler plant to service S-50. Construction began with site clearing
on March 16; the boilers arrived on April 26, and steady operation was underway
by July 13. Ironically, the plant was completed on August 15, the day after the
Japanese surrender was announced.

Production from S-50 began in October 1944, with 10.5 pounds of output.
During routine operation, enriched product was removed at two-to-four-hour
intervals from the tops of columns by “milking” equipment. By mid-January,
1945, large-scale production was underway, with ten of the 21 racks producing,
and construction of all racks nearly complete. By March 15, all 21 racks were
yielding product, and in April, S-50 output began to go directly to the K-25 plant.
Cumulative production amounted to nearly 45,000 pounds by the end of July, and
just over 56,500 pounds by the end of September (Fig. 5.30). If all of this was of
0.86 % U-235 concentration, this would represent some 220 kg of U-235, enough
for almost four Hiroshima Little Boy bombs. This productivity was less than the
10 kg per day of 90 % U-235 that the Lewis committee had estimated in June,
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1944, because the S-50 columns were operated in parallel, not series. S-50’s
mission was to produce a large quantity of slightly-enriched material, as opposed
to a small quantity of greatly-enriched material.

The cost of the S-50 plant was about $20 million, plus about $2 million in
research costs borne by the Navy. This represented a mere 1 % of the total cost of
the entire Manhattan Project, and less than one-twentieth the cost of either Y-12 or
K-25. Nevertheless, Kenneth Nichols estimated that S-50 contributed to shortening
the war by about nine days.

5.6 The Postwar Era at Clinton

By the end of the war, the continuous-feed gaseous diffusion process had proven
itself more efficient at enriching uranium than the electromagnetic batch-feed
method. Shutdown of Y-12’s Alpha units began on September 4, 1945, and the last
tank ceased operating on September 22. After the war, many calutrons were
refitted with copper windings and operated to separate isotopes, which, after
neutron bombardment in the X-10 pile, could be used as radioactive tracers for
medical-imaging and cancer-treatment applications, an interesting example of
wartime technology turned to humane use. In December, 1946, all but one Beta
track was shut down, although the Alpha and Beta units in the pilot-plant building
would be kept operating as part of a program to separate stable isotopes.
Beginning in 1958, Beta calutrons in building 9204-3 were used to produce
medical isotopes. They continued in that role until they could no longer compete
economically against overseas suppliers, and were finally shut down in 1998. The
last of the Treasury silver was returned to West Point on June 1, 1970, just a few
weeks before General Groves’ death on July 13 of that year. Y-12 still operates as
a Department of Energy “National Security Complex” under contract with the
Babcock and Wilcox Company; an ultra-secure highly-enriched uranium materials
facility was recently dedicated there as part of the site’s mandate to retrieve and
store nuclear materials. An April, 2010, federal Nuclear Posture Review advocated
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that a new uranium processing facility should be built at Y-12 to come on-line in
2021. According to a 2011 report by the International Panel on Fissile Materials,
the United States produced a total of some 610 t of highly-enriched uranium
between 1945 and 1995, about one metric ton of which was produced by the Y-12
plant.

The K-25 plant operated successfully for twenty years until it was shut down in
1964. The gaseous diffusion process proved so sound that, in the 1950s, three other
diffusion plants were built at the Clinton site (K-29, K-31, and K-33), plus others
in Kentucky and Ohio. The plant in Kentucky is still operating, although enrich-
ment by more efficient centrifugation methods has been the preferred approach
since the 1980s. K-25 went back into service in 1969 to produce low-enriched
uranium for private customers, an arrangement that continued until it was shut
down for good in 1985; all gaseous diffusion operations at the Clinton site ceased
in 1987. Despite efforts to preserve a part of K-25 as a component of a Manhattan
Project National Historic Park (Sect. 9.5), the last remnants of the structure were
demolished on January 23, 2013. K-29 was demolished in 2006; K-31 and K-33
still stand, but are inactive.

The end of the war also brought operations at the S-50 plant to an abrupt halt.
On September 4, orders were issued to terminate all operations at the earliest
possible date and to place the plant in standby mode for possible future use.
Columns were drained, washed, dried, capped, and employees given two weeks
notice. In September, 1946, the decision was made to dispose of the S-50 plant,
with its useful parts to be declared surplus and returned to the NRL or to be
disposed of at sea. According to an Oak Ridge Associated Universities Dose
Reconstruction Project published in 2006, disassembly of S-50 equipment was
carried out in the late 1940s, with materials eventually being either salvaged or
buried. Today, nothing remains of S-50 but for the concrete pad that it rested on.

The Clinton Laboratories eventually became Oak Ridge National Laboratory,
which now has a staff of about 4,400 and is one of America’s premier research
facilities for neutron physics. In its postwar years, the X-10 pile would be used to
synthesize medical isotopes which were distributed both domestically and inter-
nationally. X-10 was finally shut down in 1963 after operating for 20 years, and in
1966 was designated a National Historic Landmark. It is now accessible for public
tours. At the University of Chicago, Stagg Field was torn down in 1957; a
sculpture now marks the location where CP-1 stood. Both CP-2 and CP-3
remained in operation at Argonne (now Argonne National Laboratory) until 1954.
After they were dismantled, CP-3’s aluminum tank was filled with concrete, and
contaminated hardware was dumped into the space between the tank and the
biological shield, which was then also filled with concrete. The tank was tumbled
into a 40-foot deep pit, covered with rubble, and capped with dirt. The area is now
a public forest preserve, with a granite marker indicating the burial location
(Fig. 5.31).

In addition to the Oak Ridge National Laboratory, Clinton’s most enduring
legacy is the town of Oak Ridge itself. At the time of the transfer of Manhattan
District assets to the newly-formed Atomic Energy Commission at the beginning
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of 1947 (Chap. 9), the town’s population had declined to about 42,000, and
employment to about 29,000. The AEC operated and managed Oak Ridge through
an Oak Ridge Operations Office, but over the following years the city gradually
transitioned to normal municipal operations. To national fanfare, the town became
open to public access in March, 1949. The Atomic Energy Community Act of
1955 provided a legal basis for the establishment of local self-governance in Oak
Ridge, Los Alamos, and Hanford, and for disposal of federally-owned properties at
those sites; at Oak Ridge alone this would involve the appraisal and sale of nearly
6,500 pieces of real estate. A priority system was established for sale of homes to
residents, with the first sale occurring in September, 1956. By a 5,500-to-400 vote
in May, 1959, residents overwhelmingly approved incorporating the city. Fol-
lowing establishment of a city council and hiring of staff, the AEC turned over
operation of most municipal services to the new city on June 1,1960. Visitors to
Oak Ridge will find it an attractive, vibrant town with all of the amenities of
modern American city life.

The story of the Clinton Engineer Works during the Manhattan Project was one
of incremental improvements and problem-solving by a multitude of people who
together produced remarkable accomplishments in just 30 months. Without their
work, the Hiroshima Little Boy bomb would simply not have been, and the
Nagasaki bomb would have been seriously delayed. Clinton was central to the
success of the Manhattan Project.

Exercises

5.1. Consider an air-cooled reactor operating at a power output of 1 MW. The
density and specific heat of air depend on temperature, but take as rough
numbers 1 kg/m3 and 1,000 J/(kg-K). If the airflow is 30,000 cubic feet per
minute, what will be the temperature increase of the air? Recall Q = mcAT
from basic thermodynamics. 1 foot = 0.3048 m. [Ans: ~70 K].
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5.2. Uranium fuel slugs for the X-10 reactor were in the shape of cylinders of
diameter 1.1 in. and length 4.1 in. (1 in. = 2.54 cm). If each 24-foot long
fuel channel was completely filled with slugs and the reactor contained 1,248
channels, what was the mass of a full fuel load? The density of uranium is
18.95 gr/cm3. [Ans: About 105,700 kg, or 116 U. S. tons]

5.3. The density of graphite is about 2.15 gr/cm®. If the graphite bricks in the CP-
1 reactor were 16.5 in. long by 4.125 in. square in cross—section, what would
be the total mass of the claimed ~ 40,000 bricks in the entire assembly? Does
your result accord roughly with the total mass quoted in the text? [Ans: About
395,700 kg, or 436 U. S. tons]

5.4. Suppose that you have available an enrichment process that increases the
abundance of U-235 by 10 % at each stage, that is, by a factor of 1.1. If you
begin with natural uranium (235 abundance fraction 0.0072), how many
stages will you require in series to isolate bomb-grade U-235 of abundance
fraction 0.9? [Ans: 51]

5.5. Verify the claim in the text that 1.6 billion kWh of energy is equivalent to
about 100 times the energy released by the 13-kiloton Little Boy bomb.
Explosion of one kiloton of TNT liberates 4.2 x 10'? J of energy.

5.6. Process columns in the S-50 thermal diffusion plant were 48 feet long. The
outer diameter of the inner nickel pipe was 1.25 in., and the width of the
annular space for the process fluid was 0.25 mm. If an operating column
contained 1.6 kg of uranium hexafluoride, estimate the average density of that
material during operation. [Ans: about 4.4 gr/cm’]

5.7. For a gas of atoms or molecules at pressure P and absolute (Kelvin)
temperature 7, an approximate expression for the mean free path 4 is

ﬂ kT
Ao —
V2 nPd?

where k is Boltzmann’s constant (1.38 x 1072* J/K) and d is the effective
diameter of the particles. Evaluate A for standard atmospheric pressure
P = 101,300 Pa, T = 300 K (room temperature), and d = 3 A (O, mole-
cules). How does your result compare to the ~ 1,000 A quoted in Sect. 5.4?
[Ans: ~1,022 A]
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Chapter 6
The Hanford Engineer Works

The Hanford Engineer Works represented even more of a gamble than its
counterpart in Tennessee. The uranium enrichment facilities at Clinton were
complex, plagued with difficulties, and subject to constant design changes, but at
least involved processes that were in principle familiar to mechanical, electrical,
and chemical engineers. At Hanford, the story was completely different. In 1943,
there was no established nuclear industry, or even a discipline of nuclear engi-
neering. Nobody had ever before designed or constructed a large-scale reactor, and
there was no cadre of experienced operators ready to walk into a control room.
Also, the dangers of this proposed new technology were immense. At Oak Ridge,
an electrical short in a calutron or an explosion in a diffusion tank might set back
production temporarily and endanger a small number of workers, but at Hanford
an explosion in a reactor could potentially spread radioactive fission products over
hundreds of square miles and endanger tens of thousands of lives. As General
Groves wrote, the plutonium project was truly pioneering.

A few simple estimates will serve to give a sense of the magnitude of the
potential radiological danger. As remarked in Chap. 5, a reactor fueled with natural
uranium produces about 0.76 g of plutonium per day, per megawatt of operating
power. To produce 10 kg of plutonium requires some 13,000 MW-days of trouble-
free operation. If you desire to realize the 10 kg from 30 days of operation
(let alone any time for processing the irradiated fuel), you will need about four
reactors if each operates at 100 MW. At Hanford, three reactors were built, but
each was designed to operate at 250 MW. This power level would theoretically
yield about 190 g of plutonium per day per reactor, or about 18 days between
10 kg bombs once steady-state operation was achieved. The rate of fission-product
generation from a 250 MW reactor is fantastic. At an energy release of 180 MeV
per fission, 250 MW corresponds to about 8.7 x 10'® fissions per second. Each
fission will give rise to two fission-product nuclei, most of which will have very
short half lives. If we make the very rough assumption that the fission products
decay at about the same rate as they are formed, we will have 1.7 x 10" decays
per second. As described in Chap. 2, the customary unit for rate of radioactivity is
the Curie (Ci), where 1 Ci = 3.7 x 10'° decays per second. Our 250 MW
corresponds to some 4.6 x 10° Curies. If a fuel slug remains in the reactor for
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100 days before being ejected for processing, then about 1 % of the fuel will be
ejected on any given day, that is, some 4.6 million Curies worth of radioactive
material will need to be handled safely every day from each reactor.

Many hundreds of different fission products with a wide spectrum of half-lives
are produced in a reactor, so the forgoing is at best a very rough estimate. But the
idea should be clear. Four million Curies corresponds to the radioactivity of
4,000 kg of pure radium. To complicate the issue further, only about one atom per
13,000 in a fuel slug will be transmuted into plutonium, and those transmuted
atoms have to be extracted by first dissolving the slug in acid and then processing
the resulting fluid with a complicated series of chemical reactions. The result is
extracted plutonium plus a very daunting waste-disposal problem. It is no wonder
that Groves insisted on a very isolated location for the Manhattan Project’s
reactors.

This Chapter describes the Hanford project. As with Chap. 5, this is done
largely chronologically, beginning with considerations of contractor and site
selection, and then working through pile design, construction, and operations.
Section 6.6 briefly describes the postwar era at Hanford.

6.1 Contractor and Site Selection

The origins of the agreement of the DuPont corporation to design, build, and
operate the plutonium production piles following General Groves’ personal appeal
to its Directors and the favorable report of the late-1942 Lewis review committee
were described in Chap. 4. Following the Military Policy Committee meeting of
December 10, 1942, which determined that production piles should be removed
from the Clinton location, a site had to be procured for them.

On December 14, Colonel Nichols, Arthur Compton, and Lieutenant Colonel
Franklin Matthias, Groves’ Area Engineer for the plutonium project, traveled to
Wilmington to discuss pile design and site selection with DuPont officials;
Matthias had served as Groves’ Deputy Manager of construction for the Pentagon
project. Four helium-cooled 250 MW piles and two separation plants were planned
for, with a goal of producing 600 g of plutonium per day. The piles, which would
each require some 150 tons of uranium fuel and 350,000 cubic feet of helium
coolant, were to be separated from each other by at least one mile, and the
chemical separation plants from each other by four miles. Each pile was to be a
self-contained unit, independent of the others in case of a disaster at any one of
them. Laboratories would have to be at least eight miles from the separation plants,
and a village for housing workers was to be at least 10 miles upwind from the
nearest pile or separation plant; the village would eventually be located some 30
miles from the piles. To allow for the possibility of up to six piles, the site would
require an area of about 15 by 15 miles.

Matthias reported back to Groves, who directed him to make inquiries as to
locations where suitable electric power would be available. On December 16,
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Matthias, Groves, and DuPont representatives met to draw up more specific
criteria. Some 100,000 kW of power would have to be continuously available.
While cooling the piles with circulating helium gas was the preferred design at that
time, water-cooling was being given serious consideration, and Groves wanted to
cover all bases: the site would require a water supply of 25,000 gallons per minute
in case water-cooling was chosen (which it was). Level terrain with conditions
suitable for heavy construction was desirable, with plenty of sand and gravel
available for producing large quantities of concrete. Hanford would ultimately
require over 780,000 cubic yards of concrete, enough for a 390-mile highway 20
feet wide by 6 in. thick. Overall, an area of close to 700 square miles was required,
preferably in the form of a rectangle of about 24 by 28 miles which would
completely enclose the 12 by 16-mile plant area. The setting should be remote,
with no settlement of population greater than 1,000 within 20 miles. Consideration
was given to locating the site within a 44 by 48-mile buffer area from which all
residents would be removed, but this idea was eventually dropped.

Matthias and a group of DuPont representatives spent two weeks scouring the
western United States in search of possible sites, looking at eleven altogether. Two
sites in each of California and Washington looked promising. In California, these
were near the Shasta Dam and the Hoover Dam on the California-Arizona border.
In Washington, one site lay near the Grand Coulee Dam in the central-northeast
part of the state, and the other, which had the advantage of access to the Bonneville
Power Authority, was near the town of Hanford on the Columbia river in the
south-central part of the state. Matthias reported back to Groves on December 31
(some sources say January 1) that the group was unanimously enthusiastic about
the Hanford location. Groves inspected the site personally on January 16, 1943,
and gave his approval. On February 9, Undersecretary of War Robert Patterson
approved acquisition of more than 400,000 acres for the site of the Hanford
Engineer Works (HEW). Hanford was the last site selected for the Manhattan
Project.

The Hanford site comprised 670 square miles—about half the area of the entire
state of Rhode Island—over a roughly circular area which extended 37 miles at its
greatest north—south extent by 26 miles in maximum east—west breadth (Fig. 6.1).
From the point of view of human habitation, the location was distinctly unap-
pealing. Flat, semi-arid, and covered in grayish sand and gravel, the area could be
swept by blinding sandstorms that lasted two or three days and which left
everything coated in a layer of dust. Despite this, land acquisition proved to be a
chronic bane for Groves and Matthias. About 88 % of the land was being used for
grazing, 11 % was farmland, and less than 1 % was occupied by three small
towns; Richland (population about 200), Hanford (about 100), and White Bluffs,
which was about the same size as Richland. Acquisition was complicated by the
presence of a number of interests: some 157,000 acres were owned by federal,
state, or local governments; 225,000 by private individuals; 46,000 by railroads;
and 6,000 by irrigation districts.

The first tract of land was acquired on March 10, but resistance soon arose on
the parts of individuals and irrigation districts over what they thought to be low
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Fig. 6.1 The Hanford Engineer Works site. Piles were built at the 100-B, D, and F sites from
west to east along the Columbia river. The 200-North site is not shown on this map; it was about 3
miles north of the 200-East site. The original village of Hanford was on the west bank of the
Columbia, due east of the 200 area. Source HAER, Fig. 1

property valuations, inadequate advance-notice allowances (some residents were
given as little as 48 hours to vacate), and insufficient compensation for crops.
Rumors began circulating that the War Department was using the right of eminent
domain to benefit DuPont. The issue reached a Military Policy Committee meeting
on March 30, and then a cabinet meeting on June 17. At the latter, President
Roosevelt, concerned with possible wartime food shortages, wondered if another
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site could be chosen. Groves had to explain to Henry Stimson that both DuPont
and the Manhattan District had concluded that the Hanford site was the only one in
the country where the work could be done. The acquisition process was not helped
by faulty War Department appraisals. In the late spring of 1943, the Corps of
Engineers Pacific District Real Estate Branch agreed to reappraise all tracts that
had not yet been acquired. A number of cases went to trial, and settlements on over
1,200 tracts were averaging no more than seven cases per month until Groves
requested more judges from the Department of Justice, and an end to the habit of
juries inspecting the areas in question. Groves was particularly irritated with
publicity in local newspapers, which was played up by Assistant Attorney General
Norman Littell. Littell was responsible for prosecution of all cases of War
Department condemnation procedures within the Lands Division of the Depart-
ment of Justice, and had practiced law in Seattle before joining the Justice
Department in 1940. The issue reached a head on November 18, 1943, when
Attorney General Francis Biddle requested that Littell resign; Biddle and Littell
had apparently been engaged in a long-standing feud between over administration
of the Lands Division. Littell stalled until President Roosevelt removed him from
office on November 26. Despite more expeditious proceedings, a number of
landowners had to be evicted by court orders, and the acquisition program was still
ongoing as of late 1946, when the official Manhattan District history was being
prepared. By that time, $5 million had been spent on the acquisition program;
Groves thought many of the settlements to be exorbitant.

6.2 Pile Design and Construction

Well before Groves took command of the Project or CP-1 had demonstrated the
feasibility of a self-sustaining reaction, scientists and engineers at Arthur Comp-
ton’s Metallurgical Laboratory were exploring possible configurations for
production piles. The complexities were legion: design of reactors and separation
plants, cooling and control systems, determining relevant chemical and metallur-
gical properties of uranium and plutonium, effects of reactor materials on the
efficiency of the chain reaction, and ensuring human and environmental safety
were but a few of the issues that occupied Met lab staff for months. In early 1942,
one of Compton’s first actions upon centralizing the pile program in Chicago was
to establish an Engineering Council (later known as the Technical Council) to
consider suggestions for pile design. As chief engineer, Compton chose Thomas V.
Moore, a veteran of many years experience in the petroleum industry. A younger
member of the group was John Wheeler of the Bohr and Wheeler fission theory.
Initially, much of their effort focused on investigating helium-cooled, uranium-
graphite configurations.

On June 18, 1942 (almost six months before CP-1 first achieved criticality), the
Council gathered to consider designs that might be suitable for production-scale
piles. Various suggestions were put forth. One plan was to use an actively-cooled
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Fermi-type lattice, even though it would be necessary to dismantle the pile to
retrieve the irradiated uranium. Walter Zinn suggested an arrangement of uranium
in graphite cartridges that would move through a graphite block at about three feet
per second, which would be fast enough to obviate the need for cooling the pile
itself. John Wheeler proposed alternating layers of uranium and graphite, with the
uranium-bearing layers connected to shafts to draw them out of the pile. Another
concept, which was ultimately adopted, was to use cooled rods of uranium that
extended through a large graphite block.

Following the Military Policy Committee decision of December, 1942, to
proceed with full-scale piles, the most pressing issue was to decide which cooling
method to adopt. If the piles were to be gas-cooled, two alternatives looked fea-
sible. Air cooling was familiar to engineers, but would involve some neutron loss.
On the other hand, helium cooling was attractive in view of its chemical inertness
and that element’s low neutron-capture cross-section. But all gases have relatively
poor thermal properties, which would mean large volumes of gas would have to be
pumped under high pressures, an issue which would complicate design of com-
pressors and pumps. As for liquids, water-cooling was also familiar territory for
engineers, but water captures neutrons and corrodes unprotected uranium metal.
A number of Met Lab scientists favored heavy water, which could serve as both a
coolant and a moderator, but that material was scarce. A drawback of any form of
liquid-cooling was that a leak might render the pile inoperative, or cause an
explosion if the coolant became vaporized under high pressure. During the sum-
mer of 1942, Moore and his team concentrated on designing a helium-cooled pile
comprised of a block of graphite pierced by vertical holes in which graphite-
uranium cartridges would be stacked and through which helium would be pumped.
When Groves came into the project, Arthur Compton considered helium cooling to
be the front-running possibility, but John Wheeler and Eugene Wigner continued
to research the possibility of water cooling. At the same time as pile design went
forward, there was also the issue of plutonium separation chemistry to consider. At
one point, 12 alternate separation methods were under consideration; in May,
1943, DuPont officials decided on a bismuth-phosphate process for units at both
Clinton and Hanford.

The successful operation of CP-1 indicated that water cooling would be feasible
for large-scale piles. Within five weeks of CP-1’s first criticality, Eugene Wigner
and his group had developed a design for a S00-MW pile wherein a thin film of
water would flow over aluminum-sheathed uranium slugs which would be con-
tained within long aluminum tubes which ran through a graphite moderating
structure. After being irradiated, slugs would be ejected from the back of the pile
and collected in a pool of water to let their radioactivity die off before being
transported away for chemical separation. Curiously, Wigner anticipated an
operational lifetime for the reactor of only 100 days. This is the system that came
to be used in the Hanford piles, although they ended up being operated for many
years.

In mid-February, 1943, DuPont decided to terminate research on the helium-
cooled design in favor of Wigner’s water-cooled design. The decision to shift to
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water cooling was a major one, and involved a number of competing factors.
Wigner had objected to helium on the grounds that the reactor would have to run at
a very high temperature, perhaps 400-500 °C, which would mean serious material
stress problems. Helium cooling would also require handling and purifying large
volumes of gas, and maintaining a leakproof pressure enclosure for the pile. While
it was expected that water cooling would reduce the reproduction factor by perhaps
3 %, DuPont engineers had become impressed by Wigner’s design, and were
confident that the chain reaction could be maintained. The decision in favor of
water-cooling came after the Hanford site had been chosen, but the Columbia river
was more than able to supply the requisite amount of water. As described below,
however, helium was used to provide an inert operating atmosphere for the pile,
which still meant providing a pressure enclosure. After the cooling decision was
made, hard feelings persisted among some of the scientists at Chicago when they
learned that DuPont planned to use its own staff for the detailed design work,
consulting Chicago only occasionally. The Chicago group did not entirely lose
control of their creation, however: Wigner reviewed all blueprints, and would
eventually accumulate 37 patents on various kinds of reactors.

Like the Clinton facility, the Hanford Engineer Works was constructed from
scratch. But in many ways construction at Hanford was far more challenging than
at Clinton. With no cities nearby, DuPont had to plan from the outset for large on-
site communities. They decided to build two: a construction camp at Hanford
itself, and, more distant, a permanent housing area at Richland for employees and
their families (Fig. 6.1). The construction camp was located about 6 miles from the
nearest process area, and Richland village was about 25 miles from the piles.
Planning for both began in early 1943. Nearly 400 miles of highways and over 150
miles of railroad track would also be constructed. Initial estimates called for being
able to house a construction workforce of 25,000-28,000. Plans for the con-
struction camp were deliberately made scalable, an approach which proved its
worth: the construction force would grow to nearly twice the initial estimate.

For Richland, initial estimates projected a population of 6,500-7,500, but this
was soon revised to 12,500, then to 16,000, and eventually to 17,500. As at
Clinton, living conditions were rough-and-ready, with many families housed in
prefabricated and portable residences. Once again, schools, stores, churches,
recreational areas, hospitals, utilities, street maintenance, trash pickup, transit
services, and fire and police forces had to be provided. Eventually, some 4,300
family dwelling units and 21 dormitories were put up. As at Oak Ridge, an
extensive bus system was necessary; during the construction phase alone, some
340 million passenger-miles were driven.

If conditions at Richland were reminiscent of a boomtown, they must have
seemed luxurious in comparison to those at the construction camp. Shops to
machine graphite, fabricate concrete pipes, and prepare sections of steel plate and
masonite panels for reactor shielding were interspersed among houses, heating and
water plants, barracks, trailer courts, cafeterias, bars, administrative buildings,
theaters, schools, hospitals, and libraries. The first DuPont employee arrived on
February 28, 1943, and construction officially began on March 22 with the opening
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of an employment office in the city of Pasco, about 30 miles from the site. The
construction camp began housing workers in April, although some workers spent
their first six months living in tents. Between March, 1943, and August 1944, the
local police force, the Hanford Site Patrol, recorded just over 8,000 “incidents,”
the vast majority of which involved intoxication and burglary, although the tally
also included five violent deaths, 19 accidental deaths, and 88 cases of
bootlegging.

Construction of the construction camp itself had to come first. Work on the first
barracks began on April 6, and by September most people were working nine-hour
days six days per week, with some laborers temporarily putting in ten-hour days
seven days per week. In his diary, Matthias recorded on August 20 that the caf-
eteria was serving some 22,000 meals per day. By November, 5,300 workers were
employed in erecting the construction camp alone, which by the end of the year
boasted over 100 men’s barracks, several dozen women’s barracks, seven mess
halls, and 1,200 trailers. On December 3, work went to two nine-hour shifts, and
on January 1, 1944, a third shift was added. By July, 1944, when construction of
the piles themselves was in full swing, the camp was home to 45,000 people. Total
project man-hours at Hanford would run to over 126 million, with only about
15,000 lost due to labor disruptions. Walter Simon, DuPont’s plant operations
manager at Hanford, allegedly said that “Rome wasn’t built in a day, but DuPont
didn’t have that job.”

Isolation, sandstorms, and spousally-segregated living conditions made
employee turnover an endemic problem. DuPont interviewed over 260,000
applicants and hired over 94,000 to maintain an average workforce of 22,500 over
the life of project. By the summer of 1944, the turnover rate in construction
personnel had reached 21 %. To raise morale, DuPont put up recreation halls,
taverns, bowling alleys, tennis courts, baseball and softball fields, and brought in
nationally-known entertainers. Groves directed that beer be could be sold in
whatever quantities were needed. Unskilled laborers were attracted by an average
daily pay of $8, twice the $3-$4 rate common in other parts of the country; for
skilled laborers, the figures were $15 in comparison to $10. All employees signed a
declaration of secrecy, which reminded them that violation of the national
Espionage Act could result in 10 years in prison and fines of up to $10,000.
Security agents would often pose as regular workers.

Three major types of working areas were laid out over the Hanford reservation.
The piles themselves would be located in “100” areas: 100-B, 100-D, and 100-F,
each about one mile square (as for the other letters of the alphabet, see below). The
separation facilities were located about 10 miles south of the piles in “200” areas:
200-E, 200-W, and 200-N, for East, West, and North, respectively, with the 200-N
area used as a storage area for irradiated fuel slugs. The 300 area, located just a
few miles from Richland, was where uranium slug fabrication and testing took
place. Each pile also required a plethora of support facilities: retention basins to
hold spent cooling water until its radioactivity had declined to the point where it
could be safely returned to the Columbia, water pumping and treatment plants,
refrigeration and helium-purification facilities, fuel-storage areas, steam and
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electricity substations, and fire and first-aid stations. Equally monumental would
be the three chemical separation plants. Colloquially known as “Queen Marys”
after the famous ocean liner, each would be 800 feet long by 65 feet wide by 80
feet high (Fig. 6.2). Irradiated fuel from the piles made their journey to the Queen
Marys in sealed casks aboard railroad cars.

Initial plans called for eight 100-MW piles laid out along the banks of the
Columbia, designated as 100-A through 100-H. When Chicago scientists and
DuPont engineers settled on a 250-MW water-cooled design, the decision was
made in May, 1943, to cut the number of piles to three, to be located at the B, D,
and F sites; the A and H sites were left vacant as safety areas. As shown in
Fig. 6.1, the B-pile area was about 7 miles southwest of the D area, with F about
9.5 miles southeast of D. Various other reactors were built at Hanford after the
war, but there never was an A-pile (Figs. 6.3 and 6.4).

The first pile built was the B-pile, and a particularly rich record on its con-
struction and operation is available in a Department of Energy “Historic American
Engineering Record” document (HAER; see Further Reading). This document is
the source of many of the photographs appearing in this chapter, as well as of
various facts and figures on design and operational details. Survey work for the B
area was completed on April 15, 1943; ground was broken for a retention basin on
August 27, and layout of the reactor building itself, the 105-B building, began on
October 9.

The 105-B building had a footprint of 120 feet by 150 feet, and was 120 feet
high. Including shielding, the outer dimensions of the pile itself were 37 feet from
front to rear (roughly west to east), 46 feet from side to side (north—south), and 41
feet high. The graphite core for each pile measured 36 feet wide by 36 feet tall by
28 feet from front-to-rear.

Fig. 6.2 Queen Mary separation building Source http://commons.wikimedia.org/wiki/File:Queen
MarysLarge.jpg
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Fig. 6.3 The 100-B area, looking northwest, January, 1945. The Columbia river is in the
background. The pile building itself is adjacent to the water tower. Source http://
commons.wikimedia.org/wiki/File:Hanford_B_site_40s.jpg

Fig. 6.4 The B-pile building under construction. (HAER, Photo 3)

Figure 6.5 shows an overall view of how each pile was laid out. At the front
face was the charging area, where slugs of uranium metal fuel were loaded into
2,004 aluminum process tubes, each of which was 44 feet long. The charging area
was large enough to permit removal of fuel tubes for repairs if necessary. At the
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back of the pile was the discharge face, from which irradiated slugs would fall into
a 20-foot deep pool for storage and transfer. The control room was situated on the
left side of front face of the pile on the ground floor. Above the control room was a
“rod room,” from where nine 75-foot long control rods could be electrically or
manually deployed. Exclusive of the pile itself, each pile building used 390 t of
structural steel; 17,400 cubic yards of reinforced concrete; 50,000 concrete blocks;
and 71,000 bricks. The piles themselves were welded to be gas-tight, and con-
tained 2.5 million cubic feet of masonite; 4,415 t of steel plate; 1,093 t of cast
iron; 2,200 t of graphite; 221,000 feet of copper tubing; 176,700 feet of plastic
tubing; and some 86,000 feet of aluminum tubing. The total volume of land
excavated at Hanford was equivalent to about 10 % of that of the Panama Canal.
Organizing the construction was a mammoth task; over a two-year period, DuPont
placed over 47,000 purchase orders and engaged 74 subcontracts with firms in 47
states. The firm’s organizational charts ran to 24 feet in length. Despite the
completely novel nature of Hanford, DuPont brought the project on-line a year
ahead of schedule, and at a cost only about 10 % above that estimated in mid-
1943.

The bottom-most layer of the pile structure was a 23-foot thick concrete
footing, cast to accommodate instrument and gas-transfer ducts. Atop the footing
lay a 1.5-inch steel baseplate. Each pile was surrounded on all sides by water-
cooled cast-iron blocks which formed a thermal shield wall approximately 10 in.
thick. The bottom layer of this shield served as a base for the graphite bricks of the
pile, and absorbed about 99.6 % of the heat generated by the fission reactions. The
cast-iron blocks were machined to accuracies of 0.003 in., and were interlocked to
provide a radiation barrier. Holes bored through the shield for fuel-channel tubes
had to match corresponding holes in moderator bricks to 1/64 of an inch. Working
outward, the thermal shield was surrounded by a 4-foot thick biological shield
comprised of over 350,000 blocks of alternating layers of steel and masonite,
known as B-blocks. This layer reduced the ambient radiation by a factor of 10
billion; to achieve the same effect with concrete would have required a wall 15 feet
thick. The entire assembly was then surrounded by a steel outer shell, which served
as a containment structure for the pile’s helium atmosphere.

As with the K-25 facility at Clinton, a particular issue in the construction of the
piles was the quality of welding joints. Once a pile had been activated, it would be
next to impossible to correct any internal problems; all joints had to be done
properly the first time. Each pile required over 50,000 linear feet of welds, which
had to be smooth to a tolerance of 0.015 in. This task was assigned to the highest-
quality welders, who received a special pay grade and had to submit to background
checks and periodic tests. Only about 18 % of such applicants qualified. Welds
were inspected by use of X-rays or penetrating dyes; each weld was stamped with
a welder’s identification number.

Each pile comprised some 75,000 graphite moderating bricks, most being
4-3/16 in. square by 48 in. long. About one in five were bored lengthwise to
accommodate fuel tubes spaced 8 and 3/8 in. on-center. The squareness tolerance
of the bricks was held to £0.004 in. to ensure snug fits, and their corners were
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Fig. 6.5 Cutaway view of the Hanford B pile. (HAER, p. 133)

bevel-cut to provide passages for the helium atmosphere of the pile. Each brick
weighed about 50—60 pounds, and their neutron-absorbing boron content was held
to 0.5 parts per million. Bricks were milled a restricted-access building, and each
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was stamped with a quality code; the best-quality ones were used in the centers of
the piles. A small test pile was built in the 300-area to check the fit of each brick,
with the location of each recorded in order that layers could be correctly recon-
structed in the real pile. After each layer of bricks was stacked, it was vacuumed to
remove any contaminants. Milling of bricks for the B-pile began on December 10,
1943, and laying was finished on June 1, 1944, just a few days before the D-Day
invasion of Europe. Graphite cleanliness was so critical that DuPont even had a
laundry procedure which specified what soaps and detergents could be used to
clean worker’s clothes (Fig. 6.6).

6.3 Fuel and Cooling Systems

At the heart of each pile was its assembly of graphite moderator bricks, fuel
channels, and fuel slugs. Eugene Wigner’s early-1943 design for a 500-MW pile
called for 1,500 process tubes piercing a graphite cylinder 28 feet in diameter by
28 feet deep. DuPont engineers modified the design by adding 500 fuel channels to
make a roughly square-faced arrangement (Fig. 6.7).

The record as to who actually suggested the overdesign is unclear; many people
were involved. Some sources indicate that Hood Worthington, the head of
DuPont’s design effort, followed what was normal chemical engineering practice
at the time and invoked a one-third overcapacity margin. In his study of DuPont
management practices at Hanford, Harry Thayer suggests that it was due to George

Fig. 6.6 Laying the graphite core of B-reactor. The rear face of the reactor is toward the lower
left, and the inside of the front face to the upper right. (HAER, Photo 6)
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Fig. 6.7 Front face of F-pile, February, 1945 (HAER, Photo 21)

Graves, the Assistant Manager of DuPont’s TNX group. Other sources suggest that
the idea was proposed by John Wheeler and Enrico Fermi, who were concerned
about possible neutron-absorbing fission products poisoning the chain-reaction.
While many physicists thought that the overdesign would make the piles more
expensive than necessary to construct and operate, the conservatism would pay off.
The additional tubes beyond Wigner’s 1,500 contributed only about 10 % of the
reactivity of the central ones, but would prove to be crucial to achieving the piles’
design power ratings. One DuPont engineer estimated that had the additional tubes
not been provided for from the start, eight to ten months would have been nec-
essary to revise pile design and construction in response to the xenon-poisoning
crisis described below (Sect. 6.5).

As constructed, each pile comprised a square central area of 42 tubes on a side,
for a total of 1,764 tubes. To those were added 240 tubes arranged as two rows of
30 tubes each, centered on each of the four sides of the square. This gave a total of
2,004 tubes, each of which was uniquely numbered so that operators at the front
and back faces of the pile could open the same tube simultaneously for refueling.
Piles were shut down during re-fueling operations, during which tons of irradiated
slugs would be discharged from the back face of the pile. The tubes, which had
inside and outside diameters of 1.61 and 1.73 in., were developed by the Alu-
minum Company of America, which invested seven months of research in per-
fecting them (Fig. 6.8). During normal operation, each tube contained 32 active
fuel slugs of outside diameter 1.44 in. (including an aluminum jacket 0.035 in.
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thick) by 8.7 in. long. Relatively short slugs were used to minimize warpage due to
thermal expansion. Each slug contained about eight pounds of natural uranium;
with some 64,000 slugs inside the pile (2,004 tubes times 32 active slugs per tube),
the usual fuel load was about 250 t. Fuel slugs were supported inside the tubes by
two ribs which ran along the bottom of each tube, an arrangement which left an
annular gap of only 0.086 in. for the flow of cooling water. With a flow speed of
about 19.5 ft/sec, about 14 gallons of water would pass through each tube per
minute. Nozzles at tube ends allowed for insertion and removal of fuel slugs and
adjustment of the water flow rate. The piping was arranged such that if water flow
to a tube was stopped for refueling or maintenance, the tube would remain full of
water.

Early IBM computers were used to track the irradiation history of each fuel slug
in order that the amount of plutonium production could be predicted. Dummy
slugs, such as inert spacers and neutron absorbers, were used to help control the
neutron flux within the pile; in routine operation a pile would contain almost as
many dummy slugs as active ones. Dummy slugs could be reused, but since they
too would become slightly radioactive, they also had to undergo a period of post-
use thermal and radiological cooling before being re-inserted into a pile.
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Fig. 6.8 Cross-section of a fuel tube assembly (HAER, Fig. 9, p. 143)
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Because the Hanford piles operated at much greater power than the X-10 pile
and involved potentially corrosive water cooling, requirements for the robustness
of the “canning” of fuel slugs were much more demanding than at Clinton. Slug
jackets had to be strong enough to withstand the thermal and neutron-
bombardment environment within the pile without swelling or blistering (and
hence releasing fission products), yet be easily dissolvable when the time came to
process irradiated slugs to extract their plutonium. Finding a mass-production
jacketing method proved to be so tricky that it almost derailed the plutonium
project. At the Met Lab, researchers tried coating uranium slugs by various
spraying, dipping, and canning methods, but to little avail. The Aluminum
Company of America experimented with sealing the slugs in aluminum cans, but
the process required welding on a cap without using any sort of soldering flux in
order to maintain the purity of the slug. Aluminum is notoriously difficult to solder,
and more often than not the result was cap failures. By October, 1943, Arthur
Compton considered slug production to be the most critical job facing the project.

DuPont centralized much of the slug research to Hanford in March, 1944.
Uranium arrived at Hanford in the form of billets, which would be extruded into
rods with a 1,000-t press. From these rods, slugs were cut, machined smooth, and
cleaned. The first experimental canning operations began later that month, but the
number of acceptable slugs was limited to single-digits per day, a far cry from the
thousands that would be required to fuel a pile. A critical breakthrough came with
experimental determination of the correct temperature which would ensure proper
bonding between a uranium slug and the aluminum can. First, a clean aluminum
can was filled with a molten aluminum-silicon bonding material. After being
cleaned, a slug would be dipped in a bath of bronze to prevent the uranium from
alloying with the bonding material, into which it was then dipped. The slug would
be quickly pressed into the can, and covered by an aluminum cap which would be
welded into place; the process was called “underwater canning.” Temperature
control was crucial; the solder into which the slug was dipped melted at only a
couple degrees below that of the aluminum can. After canning, slugs would spend
40 h in an autoclave to drive out any moisture. Each completed slug was inspected
for blistering or distortions both visually and with X-rays; a flawed can could jam a
process tube. The canning process was largely perfected by August, 1944, and, as
experience was gained, the rejection rate fell to about 2 %.

Fueling the piles was accomplished by operators in a loading elevator who used
a “charging machine” to push fuel slugs into process tubes, which simultaneously
caused irradiated ones to emerge from the back of the pile. In operation, tubes
typically averaged 59 fuel and dummy slugs. The rear face of the pile was sur-
rounded by a 5-foot thick concrete wall, and workers would normally vacate the
area after they had opened the discharge tubes but before pushing began.
A discharge elevator on the rear face carried a cab which was shielded with 7 in. of
lead, and was equipped with a periscope and power tools. The discharge system
was a simple free-fall arrangement. After falling into the collecting pool, slugs
would be sorted into buckets of active and dummy units. After an hour or two,
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their radioactivity would drop by a factor of 10, and then by another factor of 10
after 60 days.

Vital to the safe operation of each pile was its once-through cooling system. For
all three piles, the total cooling water consumption would be equivalent to that of a
city of about 1.3 million inhabitants. Some 30,000 gallons of water was pumped
through each pile per minute, but only a small fraction of that would be inside the
core at any moment (see Exercise 6.1). By using a single-pass arrangement, outlet
temperatures could be kept at or below 65 °C. This ensured rapid heat dilution of
the effluent water in the Columbia, which has a flow rate at Hanford on the order of
54 million gallons per minute. The cooling water would nevertheless become
slightly radioactive from its single pass through the pile; to allow short-lived
fission products to decay after discharge, effluent was held in a 7-million gallon
retention basin for three to four hours before being returned to the river. Intake and
discharge lines were guarded by grates to prevent fish from swimming up them. To
monitor the health of fish, the University of Washington established an Applied
Fisheries Laboratory at the site.

The cooling system contained multiple backups. Primary circulation was pro-
vided by electric pumps, with steam-driven pumps idling on the same lines in case
of a power failure; the primary pumps were fitted with 4,600-pound flywheels so
that they would keep running for 20-30 seconds until the steam pumps came up to
full power. Each pile was also equipped with two elevated 300,000-gallon water
tanks which could dump their contents into the piles by gravity feed.

In addition to fuel and cooling management, another concern was the operating
environment of the piles. An ordinary air environment would not do. Nitrogen
captures neutrons, and air also contains a small amount or argon, which becomes
radioactive upon neutron capture. The solution was to weld each pile tightly closed
and supply an inert helium atmosphere at a flow rate of about 2,600 cubic feet per
minute; helium also had the advantage of being fairly thermally conductive for a
gas. Pressure-tests of B-pile began on July 20, 1944, the same day as an unsuc-
cessful assassination attempt against Adolf Hitler.

6.4 Control, Instrumentation, and Safety

Control of the Hanford piles was effected by a system of boron-steel control and
backup rods similar to those used in the X-10 pile. At Hanford, nine 75-foot long,
water-cooled horizontal control rods entered from the left side of the pile as seen
from its front face. Hydraulically and electrically driven, these were arranged in
three rows of three rods each, set five feet apart both vertically and horizontally.
Seven were shim rods which controlled the bulk of the pile’s reactivity. These
could be moved at speeds of up to 30 in. per second, and could effect a complete
shutdown of a pile unless a complete loss of cooling water occurred. The other two
were regulating rods, which were used to handle finer minute-to-minute adjust-
ments, and could be moved at speeds as slow as 0.01 in. per second. Above each
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pile resided 29 vertical safety rods. These were normally held in place by electric
clutches which would release in the event of a power failure. Given that an
earthquake or bombing could damage a pile in such a way as to prevent rods from
deploying, a last-ditch safety system was mounted atop each pile: five, 105-gallon
tanks filled with a boron solution, an arrangement reminiscent of the manual CP-1
“suicide squad.” When released, the fluid would run into the vertical rod holes, but
would ruin the pile in the process. In 1953, these were replaced with systems using
boron-steel ball-bearings.

The safety systems received a real-world test on March 25, 1945, when a small
explosive-laden Japanese balloon drifted into eastern Washington and struck an
electrical transmission line that fed Hanford. The resulting two-minute power
outage caused all 3 piles to scram automatically. Over the course of the war, the
Japanese produced some 9,000 such balloons.

Operators constantly monitored the status of the piles through readouts from
over 5,000 instruments. At a glance, they could determine the state of the water
pressure at any tube inlet; the water temperature at all inlets and outlets; the water
flow rate; the pressure of the helium gas; the temperature of the graphite moderator
and the thermal shield; positions of all control rods; and monitor for the presence
of any radiation leaks. Safety circuits were programmed to deploy control rods
depending on the severity of a problem such as high or low water pressure, high
radioactivity in the discharge water, overly high neutron flux, a power failure, or
high effluent temperature. The power level was determined by the simple expe-
dient of monitoring the temperature difference between inflowing and outflowing
water, which in combination with the flow rate gave the heat generated by the pile.

Extensive efforts were made to ensure the safety of both workers and the
environment. Radiation detectors monitored effluent water, retention basins, ven-
tilating air, discharge areas, and control rooms. Workers who might be exposed to
radiation always carried two personal dosimeters via which their daily and
cumulative doses were tracked; they also wore protective clothing and face masks
if needed. One type of dosimeter was a pocket ionization chamber called a
“pencil.” These would be electrostatically charged before being issued, and at the
end of a shift the amount of discharge would indicate the amount of gamma-ray
exposure sustained. The second system was a film badge housed in a worker’s
identification tag. The film would be fogged by beta or gamma radiation; exposure
to radiation of different energies could be monitored by shielding different parts of
the film.

Because plutonium tends to collect in bones, urine and blood samples were
regularly collected and tested. A separate Health Instruments (HI) Division was
responsible for setting radiation protection rules and standards, and for monitoring
workers and the environment. The dose tolerance for workers was set to a very low
level, 0.01 rems per day (see Sect. 5.2 for a brief discussion of rems). If workers
had to enter a hazardous area, a HI monitor would first assess the area and set
criteria for exposure time and distance from sources. HI Patrol Groups also rou-
tinely surveyed pile buildings and other areas to check for signs of contamination.
As part of monitoring the external environment, Army guards would periodically
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shoot coyotes, whose thyroids would be examined for iodine, a characteristic
fission product. Despite the pressure of wartime work, not a single serious case of
radiation exposure occurred at either Oak Ridge or Hanford.

6.5 Operations and Plutonium Separation

The first fuel was loaded into B-reactor at 5:44 p.m. on September 13, 1944, by
Enrico Fermi, giving the pile the so-called “blessing of the pope.” During the
initial loading phase, all control rods were inserted. The design of the pile was
such that only a few hundred fully-loaded tubes would be needed to bring it to
criticality, albeit at low power. Initially, only the central-most 1,595 tubes in
B-pile were connected to the cooling system, and 895 of those were filled with
aluminum dummy slugs.

The first operational benchmark was what reactor engineers term “dry
criticality,” which is when a pile achieves criticality with no coolant circulating.
Given the poisoning effect of water, this is the smallest possible critical size of a
pile. If cooling is then activated, criticality will be lost, and more tubes will need to
be loaded to restore it. Dry-critical loading of B-pile began with a central area of
22 tubes on a side, and was achieved at 2:30 a.m. on September 15 with 400 tubes
loaded. A period of control-rod tests and instrument calibrations followed, after
which loading was resumed until 748 tubes were charged. At that point, the
cooling system was activated, which, as expected, poisoned the reaction. Addi-
tional tubes were loaded, and “wet criticality” was achieved at 5:30 p.m. on
Monday, September 18, with 838 tubes charged. Loading with control rods
inserted continued into the early morning of September 19, by which time 903
tubes were charged, although two had to be shut down due to lack of water
pressure. After further tests, control rods were withdrawn until wet-criticality was
again achieved with the 901-tube loading. This occurred at 10:48 p.m. on Tuesday,
September 26, 1944, and is regarded as the first official operation of the pile. By
just after midnight, September 27, B-pile was operating at 200 kW, and by 1:40
a.m., 9 MW was achieved.

At first, everything seemed to be operating perfectly. But about an hour after
reaching 9 MW, operators noticed that they were having to withdraw control rods
to maintain power; the pile appeared to be dying. By 4:00 in the afternoon the
power level had fallen to 4.5 MW, at which time it was intentionally reduced to
400 kW in an attempt to halt the decline. This proved unsuccessful, and by 6:30
p.m. the pile had shut itself down completely and was considered to be dead. There
was no obvious problem: water flow and pressures were nominal, there was no
evidence of any leaks or slug corrosion, and the helium atmosphere was normal.

Surprisingly, after a few hours of dormancy the pile spontaneously began
coming back to life. The multiplication factor k rose back to greater than unity at
about 1:00 a.m. the next morning, Thursday, September 28, and by 4:00 p.m. the
power level could again be raised to 9 MW. But as soon as that level had been
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reached, the multiplicity factor again began to decline. Sustained operation proved
to be impossible, and as Thursday became Friday, B pile was once again effec-
tively dead (Fig. 6.9).

From the temporal pattern of the pile’s on-again, off-again reactivity, Enrico
Fermi, John Wheeler, and DuPont chemical engineer Dale Babcock determined
that the problem was likely a fission product with a poisonously high neutron-
absorption cross-section. By monitoring the rate at which control rods had to be
withdrawn in order to hold the power steady at 9 MW, they determined that both
the parent isotope and its poisoning decay-product isotope both likely had half-
lives of the order of several hours. By Friday morning, enough data had been
gathered to indicate a half-life for the poison of about 9.7 hours. Examination of a
table of isotopes showed that the problem was likely an iodine-to-xenon decay
chain. The specific culprit was xenon-135, which arises from beta-decay of tel-
lurium-135, itself a direct fission product. Tellurium undergoes a 19 second beta
decay to iodine-135, which suffers a 6.6 hours beta decay to xenon-135, which has
a half-life 9.1 hours (modern value) before decaying to cesium and eventually to
barium. At over three million barns, Xe-135’s neutron capture cross-section is the
largest known for any nuclide.

The only solution was to increase the amount of fuel in the reactor in order to
overcome the poisoning effect. This required plumbing in the initially unused fuel
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tubes, which necessitated boring holes through the biological shield blocks.
Compton presented the bad news to Groves in Chicago on October 3. Groves was
highly critical of the scientists for not foreseeing the problem, and was not
impressed by Compton’s argument that a fundamental new discovery regarding
the neutron properties of matter had been made. Compton then left for Hanford to
review the situation personally.

Many accounts of the B-reactor startup present the xenon-poisoning episode as
a completely unanticipated phenomenon, but this is far from the truth. As
described by Babcock in an article published on the twentieth anniversary of the
event, the possibility of a severely neutron-absorbing fission product had received
considerable attention. The reproduction constant achieved in Fermi’s CP-1 pile
was only slightly greater than unity, and Wigner, Wheeler, and DuPont engineers
were well aware that a production reactor would involve many materials not
present in CP-1, particularly water and aluminum tubes. Wheeler carried out
detailed calculations of how even slight changes in design specifications could
affect the value of k, but the numbers were uncertain and not all fission products
were known or could be predicted. As early as February, 1942, Wheeler had
speculated on the possible effects of fission products, and in April of that year
determined that a short-lived fission product could severely affect pile operation if
it had a capture cross-section of about 100,000 barns or greater.

As design work progressed, each specification was assigned a plus-or-minus
value for how it might affect k: the thickness of a fuel cladding or water jacket, the
design of a control rod, the purity of graphite bricks, and so forth. The uncertainty
of the situation is indicated by the fact that independent analyses by Sam Allison
and John Wheeler in September, 1943, predicted “excess reactivity” values [that
is, the value of (k-1) expressed as a percentage] of +1.22, and —0.18 %, respec-
tively. Wheeler’s result led him to suggest adding the 504 additional fuel tubes at
the periphery of the core, as well as slightly altering the diameter of the tubes.
Wisely, DuPont accepted both suggestions. Wheeler also identified in advance
some potential problematic fission products. One of particular concern was
samarium-149, which is stable and has a thermal neutron capture cross-section of
about 40,000 barns. However, the calculations were very sensitive to the fact that
the distribution of fission products is by no means uniform with mass number
(Fig. 3.7); the result could be very different if a different samarium isotope was
preferentially created. It does seem to be true, however, that nobody anticipated a
poison with a cross-section of millions of barns.

Work on charging an additional 102 tubes in B-reactor began on September 30,
and was completed on October 3. With 1,003 tubes loaded, the pile was quickly
brought back to criticality and taken to a power of 15 MW, where it was main-
tained until October 5. This did not overcome the poisoning, so the pile was shut
down to load more tubes. Between October 12 and 15, the number of charged
tubes was raised to 1,128, and the pile taken to a power 60 MW. Poisoning
persisted; more fuel would be needed to get to the design power of 250 MW.
Another shutdown on October 19 permitted raising the number of charged tubes to
1,300 and the power to 90 MW, and yet another on October 26 brought the number
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of operating tubes to 1,500. A power of 110 MW was achieved on November 3,
but again could not be maintained, so operations were reduced to 90 MW on
November 5. The next shutdown came on November 20, following which 1,595
tubes were made active.

B-pile achieved a power of 125 MW (half of its design capacity) on November
30, but it was clear that all tubes would be needed to get to 250 MW. Thus, the pile
was again shut down on December 20 to install a full fuel load; extra reactivity
was also obtained by replacing some dummy slugs with active ones. All 2,004
tubes were ready (less the two defective ones) by December 28. A power of
150 MW was achieved on the 29th, and 180 MW the next day. The full design
rating of 250 MW was finally achieved on February 4, 1945, with about 1,950
tubes operating. With lessons learned from B pile, the D and F piles started life
with full fuel loads. D went critical at 11:11 a.m. on December 17, 1944, with
2,000 tubes loaded, and F on February 25, 1945, with 1,994. Within a day, F-pile
was operating at 100 MW, and by March 1 was running at 190 MW. Colonel
Matthias recorded in his diary that on the morning of March 28, all three piles ran
simultaneously for the first time at 250 MW. With all three piles operating at this
power level, theoretical plutonium production would be about 17 kg per month,
enough for almost three Far Man bombs per month at about 6 kg per bomb. By
May 3, some 1.6 kg of plutonium had been delivered to Los Alamos, and deliv-
eries were taking only two days to get from Hanford to New Mexico. By June 1,
Groves was ordering that production be maintained at five kilograms every
10 days. In early July, Matthias’ diary makes frequent references to urgings from
Groves and Oppenheimer to get material to Los Alamos as quickly as possible. D-
pile was also used for polonium production: by May 4, four of its fuel channels had
been loaded with 264 bismuth slugs.

Xenon poisoning was not the only operational concern. Another issue was
graphite swelling, which had been anticipated by Eugene Wigner and is now
known as “the Wigner disease.” This is an effect where energetic neutrons knock
carbon atoms out of their normal positions in graphite crystals, causing that
material to expand. Matthias remarked on the effect in his diary entry for May 18,
but investigating it was at that time a much lower priority than plutonium pro-
duction. A year after startup, the graphite in the center of B-pile had expanded by
about one inch, causing some of the tubes to warp. Curiously, cooler graphite
would expand more than hot graphite under the same neutron flux, so the cooler
edges of the pile actually expanded more than the central portion. B-pile was
placed in standby mode on March 19, 1946, and power levels at the D and F piles
were reduced to eliminate further expansion stresses. Full-power operation was
resumed in July, 1948, when a solution to this effect was found: It was discovered
that an annealing effect took place if the graphite blocks were operated at a
temperature of about 250 °C as opposed to their usual 100 °C; the displaced
carbon atoms would jump back into their crystalline planes. Operationally, this
required changing to a helium-plus-carbon dioxide atmosphere. Another opera-
tional concern was the possibility of fuel slug failures; a ruptured or swollen slug
could block cooling water or become stuck in a process tube. Although many slugs
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blistered and warped and some tubes had to be pulled, there were no total slug
failures at Hanford during the war. The first actual rupture of a slug at Hanford did
not occur until May, 1948, in F-pile.

For both the Little Boy and Fat Man bombs, expected availability of fissile
material was always the pacing element of when they could be ready. Even while
B-pile was undergoing its various reconfigurations in response to the xenon crisis,
Groves began pressuring DuPont to find strategies to increase production. In
October, 1944, DuPont estimated that production would begin with 200 g of
plutonium in February, 1945, and increase to six kilograms per month by August,
1945. At this rate, after allowing time for material cool-down, processing, trans-
port, and fabrication of bomb cores, the first plutonium test bomb would not have
been ready until mid-October, 1945, and the first combat bomb not until a month
or so later—after the proposed invasion of Japan had begun. Groves wanted five
kilograms as soon as possible for a test device, and another five kilograms as soon
as possible thereafter for a combat weapon.

There were three possible ways to increase production, and all were used in
what came to be called the “speed-up program” or the “super acceleration”
program: (1) operate piles at higher power levels, (2) push fuel slugs out of the
piles sooner than normal (less plutonium per slug, but more slugs—and more
waste), and (3) shorten the post-irradiation thermal and radiological cooling time
for slugs before they were transported to the separation facilities. It had been
intended that slugs should remain under water for about 120 days, but the time was
first reduced to about 60 days, then to 30, and then, by mid-1945, to as little as
15 days. By March, 1945, Roger Williams (Sect. 4.10) advised Groves that
DuPont should be able to deliver 5 kg by mid-June, and another five by mid-July.
Groves pressed for even more efficiency, and the schedule was tightened to bring
the delivery dates to June 1 and July 5. By Independence Day, 13.5 kg had been
shipped, with another 1.1 ready to go. During the speed-up, B-pile remained at
250 MW, but by June, 1945, the D and F-piles would be operated at 280 MW and
265 MW, respectively.

Construction of the Queen Mary separation plants, also known as “canyon
buildings,” proceeded in tandem with that of the piles. Two Queen Marys, 221-T
and 221-U, were completed by December 1944 in the 200-West area; a third
reserve unit, 221-B, was constructed in the 200-East area and was completed in the
spring of 1945. Essentially large concrete boxes, these huge buildings were
divided internally into cells containing equipment for various stages of chemical
processing. The cells were surrounded by seven-foot-thick concrete walls and
covered with 35-t, six-foot-thick concrete lids which could be removed by an
overhead crane which ran the length of the building. Each Queen Mary contained
40 cells, most of which measured about 15 feet square by 20 feet deep. Once
operations started, the cells would become intensely radioactive; operators worked
by remote control as they watched through periscopes and early television mon-
itors. The separation plants, which were built to hundredth-of-an-inch tolerances,
were largely designed using six-inch slide rules.
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Part of the separation process involved centrifugal precipitation, a process akin
to swirling a mixture in a flask. Leona Marshall (later Leona Libby), a 1943
University of Chicago Chemistry Ph.D. and the only female member of Fermi’s
CP-1 team (Fig. 3.5), became concerned that the swirling action might cause
enough plutonium-bearing precipitate to collect that a low-grade chain reaction
might occur. This proved not to be a problem at Hanford during the war, although
a post-war accident was caused by this very effect.

Operators took over 221-T on October 9, 1944, and began test runs to become
familiar with remote-operations procedures while B-reactor was going through its
teething problems in November. The first test run of irradiated fuel was discharged
from B-pile on November 6 (while it was being reconfigured); this was much
sooner than the nominal irradiation time of 100 days, but slugs were desperately
needed to test handling and separation processes. Spent fuel slugs were known
colloquially as “lags.” Aluminum cans were dissolved for the first time on
November 25, and test runs using slugs rejected from the canning process started
in early December. 221-T was ready for the first production-discharge run from
B-pile on Christmas Day, and the first pure plutonium nitrate was produced before
the end of January. The first Hanford plutonium to go to Los Alamos began its
journey south on February 5, 1945. When operations had become routine by
mid-1945, the average time for slugs to go from discharge to isolated plutonium
was about 50 days, and the processing yield was up to 90 %. To receive the large
volume of radioactive waste generated by the separation process (10,000 gallons
per day per separation plant), 64 underground storage tanks were constructed,
many as large as 500,000 gallons. Before disposal, the highly acidic waste was
neutralized by addition of large quantities of sodium hydroxide. Many of the tanks
began leaking in the 1950s.

By early 1945, all of General Groves’ fissile-materials production programs
were beginning to show results. The next task was for scientists and engineers at
Los Alamos to turn fissile material into deliverable weapons. This work is the
subject of the next chapter.

6.6 The Postwar Era at Hanford

Hanford continued to operate for many years after the end of the war. DuPont did
not desire to remain in the nuclear business, and when its contract with the Army
ended on September 1, 1946, General Electric became the operator of the facility;
various operating contractors would follow in subsequent years. On being restarted
in June, 1948, B-pile was taken to a power of 275 MW; by 1956 it was operating at
800 MW. In late 1956 it was shut down to install larger-capacity pumps for the
cooling system, which by early 1958 permitted operation at 1,440 MW. This was
increased to 1,900 MW a year later, and then to 2,090 MW in early 1961.

In the fall of 1948, Hanford acquired an important new project in addition to its
role as a producer of plutonium: breeding tritium for use in fusion weapons
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(Chap. 9). The process used was to seed fuel slugs with lithium, which would
capture neutrons and produce tritium via the reaction Li + \n — JH + 3He.
But there was a price to be paid for this: the neutron-capture cross-section of
lithium-6 is so small that generating a single kilogram of tritium meant forgoing
80-100 kg of plutonium production; Hanford ultimately produced 10.6 kg of tri-
tium. Further details on the fusion program are given in Chap. 9; we mention here
only that the first American fusion device, “Mike,” was tested at Enewetak Atoll
in the Pacific Ocean on November 1, 1952. This device yielded an astonishing
10.4-Mt explosion, nearly 500 times the energy release of the plutonium-fueled
Trinity and Fat Man devices.

The final shutdowns of the wartime F, D, and B piles came in June 1965, June
1967, and February 1968, respectively. Six other reactors were built at Hanford
between 1949 and 1963; these operated at power levels of up to 4,000 MW. In
43 years of production, Hanford generated about 67,000 kg of plutonium,
including over 15,000 kg from the B, D, and F piles. Between 1949 and 1964, the
United States would build 11 more production reactors, which brought total U. S.
plutonium production to 1994 to about 103,000 kg. At about 6 kg per Fat Man
weapon, this represents enough for some 17,000 such devices; later improvements
in bomb design decreased the amount of fissile material necessary per weapon. All
piles constructed at Hanford were shut down by January, 1987.

In 1991, a group of local residents organized the B-Reactor Museum Associ-
ation, a non-profit corporation dedicated to educating the public about the his-
torical and technological significance of B-pile. In 1993, the Department of Energy
issued a directive that the Hanford reactors be placed in “interim safe storage” for
75 years. This includes demolition of the reactor building down to the shield wall,
and a “cocooning” process involving installation of an enclosing roof. Cocooning
began in 1995, and is scheduled to be completed for all piles by 2015. In 1992,
however, the National Park Service placed B-pile on the National Register of
Historic Places, and in 2008 it became a National Historic Landmark. In response
to community interest in preserving B-pile, the Department of Energy issued an
alternative plan in 1999 that called for it to become a museum. B-pile may
eventually become Hanford’s component of a proposed Manhattan Project
National Historical Park (Chap. 9).

The Hanford project exemplified all of the ingredients that made the Manhattan
Project so successful: supremely competent and hard-driving leadership, lack of
encumbering bureaucratic interference, outstanding contractors who insisted on
rigorous quality control at every step of design, construction, and operation, and a
remarkable dedication to safety and secrecy. General Groves’ gamble more than
paid off.

Exercises

6.1. From Fig. 6.8, the water annulus inside a Hanford fuel channel was of inner
diameter 1.44 in. and thickness 0.086 in. If all 2,004 channels are in opera-
tion, compute the volume of water inside the 28-foot length of the channels
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that lay inside the core of the reactor at any moment. One U. S. fluid gallon
has a volume of 231 cubic inches. [Ans: ~ 1,202 gallons].

6.2. A reactor operating at 250 MW is cooled by the flow of 30,000 gallons of
water per minute. If the water makes a single pass through the reactor, by how
much will its temperature increase? Density of water = 1,000 kg/m>, specific
heat of water = 4,187 J/(kg-K), one U. S. fluid gallon = 3.786 1. [Ans:
~32 K]
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Chapter 7
Los Alamos, Trinity, and Tinian

The Los Alamos Laboratory was the intellectual center of the Manhattan Project,
and the Laboratory’s wartime Director, Dr. J. Robert Oppenheimer, is probably the
most widely-recognized personality of the Project. Even decades later, the image
of a collection of accomplished scientists and engineers shut away to labor for over
two years in danger and secrecy under the direction of a brilliant, charismatic
leader in a setting of spectacular natural beauty to produce a revolutionary new
weapon still strikes a powerful emotional reaction.

Compared to the tasks faced by the organizers of the Clinton and Hanford
Engineer Works, Los Alamos’ mission of fashioning uranium and plutonium into
deliverable weapons sounds straightforward. Arrange to bring enough fissile
material together at the desired time inside a bomb casing, provide a source of
neutrons for initiating the reaction, train a bomber crew to deliver the device, and
the job is done. When Robert Oppenheimer took on the Directorship of Los
Alamos in early 1943, he thought that he would require only a few dozen scien-
tists, technicians, and engineers. But almost immediately, complexities in the
nature of fissile materials and the engineering of bomb mechanics demanded
expansions of the Laboratory staff. By mid-1945, Los Alamos employed over
2,000 people. Experimental physicists were needed to acquire measurements of
nuclear parameters for various materials. Instruments had to be developed to
measure such properties accurately and reproducibly. Employing numerical sim-
ulations of the time-evolution of a nuclear explosion over sub-microsecond time
increments carried out with slide rules, mechanical calculators, and early com-
puters, theoretical physicists worked to turn experimental results into predictions
of critical masses to inform bomb design specifications. Chemists refined uranium
and plutonium arriving from Oak Ridge and Hanford to purity levels of a few parts
per million. After purification, the precious fissile materials were handed over to
metallurgists, who worked to cast them into desired shapes, sometimes employing
unusual alloying materials. Reactor-produced plutonium proved to have such a
propensity to detonate too soon that ordnance experts had to develop a wholly-new
high-speed triggering mechanism that had to operate within microsecond-level
tolerances. Weapons engineers worked to integrate the fissile materials into
practical bombs that could be carried by existing aircraft in combat conditions.
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Drop tests had to be conducted to refine bomb-casing designs to ensure stable
flight characteristics, and reliable fuzing mechanisms had to be developed.

All of these tasks, as well as aircrew training, aircraft configuration, and
preparations for overseas operations, were carried out against an ever-present
deadline: when sufficient fissile material became available, a bomb had to be
ready. Anticipated production schedules in Tennessee and Washington drove the
pace of work at Los Alamos. Emilio Segre wrote that genuine inventiveness was
required; Los Alamos’ products would be developed ab initio—literally, “from the
beginning.” That Oppenheimer and his staff accomplished their task in only
28 months is testimony to their brilliance and commitment. As Henry Smyth
wrote, Los Alamos developed within less than three years into what was probably
the best-equipped physics research laboratory in the world.

This chapter examines the work of the Los Alamos Laboratory from its
beginnings in late 1942 through the Trinity test of July, 1945, and its involvement
in preparations for the atomic missions against Japan. Target selection and the
bombing missions themselves are described in Chap. 8.

7.1 Origins of the Laboratory

The idea of a centralized, secure laboratory under government control to coordi-
nate fast-neutron research and bomb design was circulating well before the formal
establishment of the Manhattan Engineer District. In the spring of 1942, the OSRD
had contracts with no less than nine universities that had accelerators that could be
used as neutron sources, but the work lacked overall coordination. Gregory Breit
raised the issue of a centralized laboratory when he resigned from the project in
May, 1942, and, a month later, Vannevar Bush and James Conant suggested in
their report to Vice-President Wallace, Secretary of War Stimson, and General
Marshall that a special committee take charge of all research and development on
military uses of fissionable material. Immediately after the Bohemian Grove
planning session described in Chap. 4, Oppenheimer, Fermi, Lawrence, Compton,
Edwin McMillan, and others met in Chicago from September 19-23, 1942, to
consider the notion of a bomb-design laboratory. These various ideas would
become realized as Los Alamos and the Military Policy Committee (Sect. 4.10).
When General Groves was assigned to the project in September, 1942, his letter
of appointment made no mention of a design laboratory. Groves began his new
assignment with a familiarization tour of project sites, and met Robert Oppenheimer
for the first time in Berkeley on October 8, at which time they discussed the concept
of a centralized laboratory. Groves approved the idea on October 19, initially
thinking that he would locate the facility near the production plants in Tennessee. In
Manhattan District lingo, the bomb-design laboratory was known as Project Y.
Given Compton’s involvement with the Project, his own University of Chicago
Metallurgical Laboratory might have seemed a logical choice for a design center,
or perhaps Ernest Lawrence’s Radiation Laboratory at Berkeley. But Groves
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decided that a laboratory site would have to be isolated, relatively inaccessible,
have a climate that would permit year-round construction and operations, be large
enough to accommodate a testing area, and be sufficiently inland to be secure from
enemy attack. None of Oak Ridge, Chicago, or Berkeley was sufficiently isolated,
and the latter was also too vulnerable to Japanese attack. Groves assigned the
problem of locating a site to Major John Dudley of the Corps of Engineers. After
speaking with some of the scientists involved, Dudley estimated that a staff of
some 265 would need to be accommodated. He investigated various locations in
California, Nevada, Utah, Arizona, and New Mexico. One possibility near Los
Angeles was rejected by Groves on security grounds, and another near Reno,
Nevada, was discounted on the basis that heavy snowfalls would interfere with
winter operations. Oak City, Utah, looked favorable, but would have required
evicting several dozen families and taking a large amount of farm acreage out of
production. The choices narrowed to two sites north of Albuquerque, New Mexico:
one about 50 miles north of the city in the Jemez Springs area, and another about
25 miles northeast of Jemez near Los Alamos. “Jemez” is the Indian name for
“Place of the Boiling Springs,” and Los Alamos means “the poplars.” The latter
site, set on a mesa at an altitude of 7,300 feet, was then serving as the home of the
Los Alamos Ranch School, a financially-troubled wilderness school for boys.

On November 16, 1942, Groves, Oppenheimer, Dudley, and McMillan set out
on horseback to inspect the two sites. The Jemez Springs location proved to be in a
valley prone to floods, and was deemed unsuitable. On the other hand, the Los
Alamos mesa was surrounded by deep canyons which would be perfect for test
sites. It also had the advantage of 54 ready-to-occupy buildings owned by the
school, including 27 houses and dormitories. Oppenheimer owned a ranch not far
from Los Alamos and was familiar with the area, having spent part of every
summer there throughout the 1930s (Fig. 7.1).

Los Alamos was a bargain: just over 49,000 acres (about 75 square miles) were
acquired at a cost of just under $415,000 (about $5.3 million 2013 dollars), a tiny
fraction of the Manhattan Project’s budget. (For perspective on this, the average
list price of a house in Los Alamos in early 2013 was about $283,000.) The cost
was modest as all but some 8,900 acres were federal lands under the jurisdiction of
the Forest Service. Groves acquired right of entry to the lands and property of the
school on November 23, obtained authority to acquire the site two days later, and
authorized the Albuquerque District Engineer to proceed with construction on
November 30, just two days before CP-1 went critical in Chicago. To allow
students to complete their studies, the Ranch School was given until February 8
before it had to formally relinquish the site. Christmas vacation was cancelled, and
the last four students were awarded their diplomas on January 21. One of those
students, Stirling Colgate, would go on to earn a Ph.D. in nuclear physics at
Cornell University, and later returned to Los Alamos to work on development of
thermonuclear weapons. In March, 1943, Secretary of War Henry Stimson for-
mally requested acquisition of the Forest Service lands from the Secretary of
Agriculture “for the establishment of a demolition range.” Agriculture Secretary
Claude Wickward approved the request on April 8, by which time the work of the
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Fig. 7.1 The Los Alamos area. The “Main Area” is shown in more detail in Fig. 7.2. From
V. C. Jones, United States Army in World War II: Special Studies—Manhattan: The Army and
the Atomic Bomb. Courtesy Center of Military History, United States Army. See also Fig. 7.26

Laboratory was already getting underway. To its residents, Los Alamos became
known as “The Hill.” Oppenheimer biographers Kai Bird and Martin Sherwin
have described the Laboratory as a combination army camp and mountain resort.
The entire community would be fenced and guarded, and the Laboratory itself,
known as the “Technical Area,” would be built within an inner fenced area that
had been the site of the school (Fig. 7.2); 25 outlying test sites were also even-
tually constructed. Construction costs at Los Alamos ran to some $26 million
during the war.

Groves wrote in his memoirs that neither himself, Bush, or Conant felt com-
mitted to appointing Oppenheimer as Director. Indeed, he was seen to have a
number of drawbacks. While regarded as brilliant and broadly-educated—he knew
six languages—Oppenheimer was not an experimental physicist. A quintessential
academic, he had no administrative experience such as being a department chair or
Dean; his left-wing background was considered highly suspect, and, unlike
Lawrence and Compton, he did not have a Nobel Prize. As experimental physi-
cists, either Lawrence and Compton would have been naturals for the job, but
neither could be spared from his own work. When it became apparent that no other
candidates of Oppenheimer’s quality were available, he was asked to take on the
job. Lawrence had preferred the idea of McMillan as Director, and was apparently
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Fig. 7.2 Map of the main Los Alamos “Tech Area”. The town proper and residential area were
on the north side of Trinity Drive. Source Edith C. Truslow, Manhattan District History:
Nonscientific Aspects of Los Alamos Project Y 1942 through 1946. Los Alamos report LA-5200,
http://www.fas.org/sgp/othergov/doe/lanl/docs1/00321210.pdf

Fig. 7.3 Left Robert Oppenheimer (1904—1967), ca. 1944; Right John Manley (1907-1990) in
1957. Sources http://commons.wikimedia.org/wiki/File:JROppenheimer-LosAlamos.jpg; Los
Alamos National Laboratory, courtesy AIP Emilio Segre Visual Archives, Physics Today
Collection

outraged when Groves chose Oppenheimer; Luis Alvarez is said to have consid-
ered Oppenheimer incapable of running a hamburger stand. Security officers were
so reluctant to clear Oppenheimer that Groves was forced to issue a direct order to
them to do so. His July 20, 1943, directive to the District Engineer was that
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In accordance with my verbal directions of July 15, it is desired that clearance be issued
for the employment of Julius Robert Oppenheimer without delay, irrespective of the
information which you have concerning Mr. Oppenheimer. He is absolutely essential to
the project.

Oppenheimer’s success at directing Los Alamos defied all expectations. The-
oretical physicist Victor Weisskopf described Oppenheimer’s managerial style:
“He did not direct from the head office. He was intellectually and even physically
present at each decisive step. He was present in the laboratory or in the seminar
rooms, when a new effect was measured, when a new idea was conceived. It was
not that he contributed so many ideas or suggestions; he did sometimes, but his
main influence came from something else. It was his continuous and intense
presence, which produced a sense of direct participation in all of us; it created
that unique atmosphere of enthusiasm and challenge that pervaded the place
throughout its time ... The location ... gave it a special character by its romantic
isolation, in the midst of Indian culture. Living in this unusual landscape, separated
from the rest of the world, in walking distance of the laboratories—all this created
a community type of living, where work and leisure were not separated. But the
special flavor came from the kind of people that were there. It was a large com-
munity of active scientists, many of them in their most vigorous and productive
years.” Another of Oppenheimer’s biographers, Abraham Pais, described him with
the words “In all my life I have never known a personality more complex than
Robert Oppenheimer.” Oppy, as he was known, would have to bring to bear all his
abilities to his new task.

7.2 Organizing the Work: The Los Alamos Primer

Even before he was formally appointed as Director of Los Alamos, Robert
Oppenheimer was delegated to recruit scientists to staff the new laboratory, and
spent the latter part of 1942 and early 1943 traveling around the country doing so.
The task was not easy. Oppenheimer could reveal very little of the Laboratory’s
ultimate purpose, and many leading scientists were already deeply involved in
radar and other war work; some considered the bomb an improbable venture. As
one history of Los Alamos put it, Oppenheimer had to recruit a staff for a purpose
he could not disclose, at a place he could not specify, for a period he could not
predict.

Oppenheimer particularly wished to recruit two outstanding physicists who
were then working on radar at MIT, Robert Bacher and Isidor Rabi (Fig. 7.4). Both
were crucial to the radar program, and initially refused to have any connection
with a military-directed project. Rabi in particular was concerned that Los Alamos
was planned to be a military installation, an arrangement squarely at odds with the
scientific tradition of decentralized authority. In a letter to Conant on February 1,
1943, Oppenheimer related that following lengthy discussions with Rabi,
McMillan, Bacher, and Alvarez, Rabi felt (and the others concurred) that an
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Fig. 7.4 Left to right Robert Bacher (1905-2004); 1. 1. Rabi (1898-1988) in 1983; Kenneth
Bainbridge (1904-1996) holding a photograph of the Trinity explosion, 1945. Sources http://
commons.wikimedia.org/wiki/File:Robert_F._Bacher.jpg; Photo by Sam Treiman, courtesy AIP
Emilio Segre Visual Archives, Physics Today Collection; http://commons.wikimedia.org/wiki/
File:BainbridgeLarge.jpg

indispensable condition was that the Laboratory be demilitarized to avoid the
possibility that scientific autonomy would lose out against having to follow mil-
itary orders. In a heartfelt letter to Rabi on February 28, Oppenheimer stated that
“I know that you have good personal reasons for not wanting to join the project,
and I am not asking you to do so. Like Toscanini’s violin, you do not like music.”
Oppenheimer went on to ask two things of Rabi, however: that he participate in an
opening conference at the Laboratory to be held in April, and that he use his
personal influence to persuade Hans Bethe (Cornell University, then also working
on radar; Fig. 4.13) and Bacher to join the project, which they did. Rabi did not
formally join Los Alamos, but visited frequently as a consultant.

Oppenheimer was formally appointed Director on February 25, 1943. As
recorded in the appointment letter from Conant and Groves, a compromise had
been found on the militarization issue. The Laboratory’s work was to be divided
into two periods. The first would involve “experimental studies in science, engi-
neering, and ordnance,” while the second would see “large-scale experiments
involving difficult ordnance procedures and the handling of highly dangerous
material.” Los Alamos would operate on a strictly civilian basis during the first
period, with personnel, purchasing, and business operations to be carried out under
an operating contract with the University of California. But when the second part
of the work was to be entered upon, which was anticipated as being no earlier than
January 1, 1944, the scientific and engineering staff would become commissioned
officers. Oppenheimer was authorized to show the letter to individuals whom he
was trying to recruit.

Ultimately, Los Alamos functioned as a hybrid military-civilian-contractor
organization with two heads. Formally, it was a military post with a Commanding
Officer who reported to Groves, and who was responsible for maintenance of


http://dx.doi.org/10.1007/978-3-642-40297-5_4
http://commons.wikimedia.org/wiki/File:Robert_F._Bacher.jpg
http://commons.wikimedia.org/wiki/File:Robert_F._Bacher.jpg
http://commons.wikimedia.org/wiki/File:BainbridgeLarge.jpg
http://commons.wikimedia.org/wiki/File:BainbridgeLarge.jpg

264 7 Los Alamos, Trinity, and Tinian

living conditions and the conduct of military personnel. All residents, civilian and
military alike, were subject to military security and censorship regulations.
Oppenheimer, as Director, was responsible for the technical, scientific, and security
aspects of the program. Civilian employees never were commissioned, and
remained employees of the University of California or other contractors. Los
Alamos was formally activated as a military post on April 1, 1943, and the Uni-
versity of California contract became effective on April 20, retroactive to January 1.

Responsibility for overall direction of the Laboratory’s scientific work lay in
Oppenheimer’s hands, but he was always assisted by a number of boards and
committees. The first informal group, comprising Oppenheimer, Robert Wilson,
Edwin McMillan, John Manley (Fig. 7.3), Robert Serber (a former postdoctoral
student of Oppenheimer, then at the University of Illinois; Fig. 4.13) and Associate
Director Edward Condon (Westinghouse Electric; Sect. 4.4), met on March 6,
1943, to begin considering when people and equipment would arrive and how the
work would be organized. This initial group was superseded a few weeks later by a
Planning Board, which met through early April to organize the laboratory’s
technical operations. The Planning Board was subsequently replaced by a more
permanent Governing Board, which comprised Division leaders (see below),
administrative officers, and individuals serving in technical liaison capacities.

The initial organizational structure of Los Alamos consisted of an Adminis-
trative Division and four Technical Divisions. The latter were Chemistry (later
Chemistry and Metallurgy) under Glenn Seaborg’s Berkeley colleague Joseph
Kennedy, Ordnance and Engineering under Navy Commander William S. “Deak”
Parsons (Sect. 5.5; Fig. 5.28), Experimental Physics under Robert Bacher, and
Theoretical Physics under Hans Bethe. Within each Division were housed a
number of individual research groups. While divisions, groups, and various
oversight committees would come into and go out of existence as the work of the
Laboratory evolved, the basic structure of groups operating within larger divisions
remained, and is still in place today. Oppenheimer apparently considered that he
would lead the Theoretical Division as well as serving as Director, but was dis-
suaded from that notion by Rabi.

The role of the Governing Board was to consider the work of the laboratory as a
whole, and to relate it to progress in other parts of the Manhattan Project. Aside
from technical issues, the Board also had its hands full with civic issues such as
housing, construction priorities, water supply, recruitment, security restrictions,
procurement bottlenecks, morale, and salary scales. Two later important
appointments to the Board were George Kistiakowsky (Fig. 4.7) and Kenneth
Bainbridge (Fig. 7.4), both of whom were recruited from Harvard University.
Kistiakowsky was an expert on explosives, and would become intimately involved
with the plutonium implosion bomb; Bainbridge, a physicist, would direct the
Trinity test. The Board remained in place until mid-1944, when it was replaced by
separate Administrative and Technical Boards during a reorganization of the
Laboratory to deal with a crisis concerning plutonium.

Just as in a university or industrial laboratory setting, the work of the research
groups required various support services such as a library, machine shops,
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photographic and drafting shops, optical shops, business offices, and safety and
medical services. The ordnance program alone grew so extensive as to require its
own machine shop, capable of handling some 2,000 man-hours of work per week;
at one point, more than 500 machinists and toolmakers would come to be working
at Los Alamos. By July, 1945, the library, which was organized by Robert Serber’s
wife, Charlotte, held some 3,000 books, copies of some 1,500 microfilmed
reproductions of articles and parts of books, was receiving 160 journals per month,
and served as a repository for some 6,000 internally-generated technical reports
(over 200 per month). A Patent Office dealt with protection of government
interests in any technology that might be developed; about 500 cases were reported
to OSRD headquarters in Washington. The Trinity test represented for many
inventions what patent attorneys refer to as their first “reduction to practice.”

Directly reporting to Oppenheimer was the Health Group, which bore respon-
sibility for setting health and safety standards and procedures for working with
radioactive, explosive, and toxic materials. The work of the Health Group began to
grow substantially in the spring of 1944 when the first significant quantities of
plutonium began to arrive from Oak Ridge. Plutonium is not an external body
hazard, but because it tends to collect in bones and kidneys and is only slowly
eliminated from the body, the potential harmful dose was set at the very low level
of 1 ng. Extremely sensitive tests had to be developed for detecting small quan-
tities of plutonium in urine, about 10~'° pg/l. A sense of the scale of radiation
safety operations can be gleaned from the statistics that in July, 1945, 630 res-
pirators were decontaminated; 17,000 articles of clothing were laundered; and
3,550 rooms were being monitored. The Health Group at Los Alamos was but one
of a number of such groups throughout the Manhattan Project. In early 1943,
Groves appointed Dr. Stafford Warren of the University of Rochester to direct a
research program on the biological effects of radiation. Warren effectively became
the medical director for the Manhattan Project, and was commissioned as a
Colonel in the Army Medical Corps. An extensive project was undertaken at
Rochester in which radiation effects on hundreds of animals and over a quarter-
million mice were studied. At Los Alamos, the Health Group was directed by
Dr. Louis Hempelmann, a radiologist recruited from Washington University. No
accidental occupational deaths occurred at Los Alamos during the war, but radi-
ation overdoses did lead to two postwar deaths there (Sect. 7.11).

One of the first decisions made by the Planning Board was to sanction a series
of orientation lectures for arriving scientific personnel. The lectures were delivered
by Robert Serber on April 5, 7, 9, 12, and 14, 1943, and were recorded by the
Laboratory’s Deputy Director, Edward Condon. Condon’s notes were printed up as
a 24-page booklet titled The Los Alamos Primer. Designated as Los Alamos’s first
official technical report, only 36 copies were printed at the time. Declassified in
1965 and published in book form in 1992 with annotations by Serber, the Primer is
now considered a foundational document in the history of nuclear weapons; a copy
of the original typewritten report signed by Serber can be obtained from the
Federation of American Scientists website. The lectures, which were attended by
about 30 people, were held in a large library reading room, accompanied by
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background hammering as carpenters and electricians went about their work. At
one point, a leg burst through the flimsy ceiling. In one annotation, Serber recalls
that as he began lecturing and used the term “bomb,” Oppenheimer, concerned
that workmen would overhear, sent John Manley forward to tell Serber to use the
term “gadget” instead. Edward Condon, upset with Groves’ policy of compart-
mentalizing information, would resign from Los Alamos before the month of April
was out.

The Primer still makes for fascinating reading. The first section, titled
“Object,” makes the situation clear: “The object of the project is to produce a
practical military weapon in the form of a bomb in which the energy is released by
a fast neutron chain reaction in one or more of the materials known to show
nuclear fission.” Subsequent sections touch on all major aspects of bomb design
and operation: reaction cross-sections; the energy released in fission; how a chain
reaction operates; the energy spectrum of fission neutrons; why natural uranium is
safe against a fast-neutron chain reaction; the use of diffusion theory to estimate
the critical mass; how a tamper can serve to lower the critical mass (Sect. 3.5); the
expected efficiency of a nuclear weapon; the extent of damage expected from blast,
thermal, and radiation effects; how a bomb could be triggered; and the probability
of low-efficiency “fizzle” explosions arising from effects that could cause the
weapon to detonate before the intended moment. Many experimental and theo-
retical details remained to be filled in, but the basic outline of an overall strategy
for the development of fission bombs was fairly clear by the spring of 1943.

Immediately after Serber delivered his lectures, a series of conferences were
organized to plan the Laboratory’s research program. These were held from April
15 to May 6, during which time Los Alamos was visited by a special committee that
had been appointed by Groves to review research and development plans. The chair
of the committee was again Warren Lewis of MIT, who had been involved with the
Compton committee in 1941 and with the DuPont-initiated review of the entire
program in late 1942 (Sect. 4.10). The other members were Edwin L. Rose, an
ordnance specialist and Director of Research for the Jones and Lamson Machine
Company (a precision machine-tool company with ordnance contracts); theoretical
physicist John van Vleck (also of the Compton committee); Harvard University
physical chemist and explosives expert E. Bright Wilson; and Richard Tolman.

The committee submitted its report on May 10. They approved the Laboratory’s
proposed program of nuclear physics research, but recommended major changes in
two areas. The first was that final purification of plutonium should be carried out at
Los Alamos, rather than at the Metallurgical Laboratory in Chicago. The rationale
for this was that since further purification would likely be required after experi-
mental use of the material at Los Alamos, the purification might as well be done
there. The other major recommendation was that ordnance development and
engineering should be undertaken as soon as possible, and that such work should
include the issues of safety, arming, firing and detonating devices, transport of the
bomb by aircraft, and studies of bomb trajectories; the committee suggested that a
Director of Ordnance and Engineering be appointed to coordinate these efforts.
These proposals were estimated to require an increase in the number of chemists at
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the Laboratory by thirty, as well as a two-fold increase in the number of people
working on ordnance issues. These expansions would prove to be merely the first
steps in the growth of the Laboratory.

The appointment of an ordnance director resulted in a violation of President
Roosevelt’s admonition to Vannevar Bush to keep the Navy out of the Manhattan
Project. At a Military Policy Committee meeting in May, 1943, Groves asked for
advice in filling the position. His desire was to find an individual who possessed
sound understanding of both the theory and practice of ordnance (high explosives,
guns, and fusing mechanisms), but who also had a sufficiently strong scientific
background to hold the respect of Los Alamos’ professional scientists. (A technical
comment: The term “high explosive” will appear occasionally throughout this
Chapter. This term is properly used to designate an explosive such as TNT, as
opposed to earlier powder-type explosives that date back hundred of years.) Since
the appointee might well accompany the eventual bombs into combat, it was also
desirable that he be a military officer. As Groves related the story, it was Bush
himself who suggested Commander Parsons. Parsons had just completed several
years of work on development and testing of proximity fuses, and had met Groves
in the 1930s when he was working on radar development for the Navy and Groves
was working on infrared technology for the Army. Chemist Joseph Hirschfelder,
who worked closely with Parsons, considered him to be the “unsung hero” of Los
Alamos.

To make estimates of critical masses, Los Alamos theoreticians needed accurate
measurements of nuclear parameters such as cross-sections, secondary neutron
numbers, and the energy spectrum of fission-generated neutrons. Setting up
equipment to obtain such measurements became the first order of business for the
Experimental Physics Division. Such a program required large-scale equipment
such as particle accelerators, but there was no time to undertake the design and
construction of such devices from scratch. As John Manley described it, “What we
were trying to do was build a new laboratory in the wilds of New Mexico with no
initial equipment except the library of Horatio Alger books or whatever it was that
those boys in the Ranch School read, and the pack equipment that they used going
horseback riding, none of which helped us very much in getting neutron-producing
accelerators.” To get work underway quickly, scientists’ home universities sold or
loaned the necessary equipment. A cyclotron from Harvard, two Van de Graaff
generators from the University of Wisconsin, and a Cockcroft-Walton (deuteron—
deuteron) accelerator from the University of Illinois made their way to Los Ala-
mos. All were used to produce neutrons to bombard various materials; the energy
ranges of the machines permitted experimenters to generate neutrons of energies
from thermal to a few MeV. No one experimental method was ever relied upon for
any particular energy; overlapping measurements were always conducted. The two
Wisconsin machines were used to generate neutrons via proton bombardment of
lithium ({H + }Li — \n + ]Be); together, they produced neutrons of energies from
20 keV to 2 MeV. The Cockcroft-Walton device generated neutrons up to 3 MeV
via the reaction 1H + 1H — \n + 3He. The bottom pole-piece of the magnet for
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the Harvard cyclotron was laid on April 14 (the day of Serber’s last lecture), and
experiments with it began in July. Initially, the Laboratory possessed only about
1 g of U-235 and only micrograms of plutonium; scheduling of experiments and
handoff of material between experimental groups had to be carefully monitored.
Los Alamos’ first experimental results emerged in mid-July, 1943: a measurement
of the number of neutrons emitted in the slow-neutron fission of a 165-pg sample
of plutonium. At 2.6 + 0.2, this proved to be about 20 % greater than the corre-
sponding number for uranium. Measurements of fission cross-sections for both
elements began soon thereafter.

At the time the Lewis Committee was preparing its report, the Governing Board
acted on a proposal that would indirectly lead to serious international repercus-
sions years later. On May 6, Hans Bethe put forth a suggestion to hold a regular
technical colloquium every week or two. Groves saw the idea as a potentially
enormous risk to his policy of compartmentalization of information, wherein
individuals were to have access only to what they strictly needed to know to do
their job. Oppenheimer maintained that a colloquium would be the most efficient
way to share information among individuals with legitimate need-to-know. Groves
relented, although he had Oppenheimer agree to restrict the number of participants
and to establish a vouching system. Groves’ concern was such that he raised the
issue at a meeting of the Military Policy Committee on June 24. The result,
engineered by Vannevar Bush, was a June 29 letter to Oppenheimer from President
Roosevelt. The President expressed his appreciation for the scientists’ work on
behalf of the war effort, but made clear the need for very strict secrecy. Groves
wrote in his memoirs that he felt that the colloquium existed not so much to
provide information as to support morale and a feeling of common purpose.
However, his concern with security proved justified. One of the regular colloquium
participants was theoretical physicist Klaus Fuchs (Fig. 7.5), a German-born
member of the British Mission (Sect. 7.4) who later passed detailed design

Fig. 7.5 Klaus Fuchs
(1911-1988), ca. 1940.
Source http://
commons.wikimedia.org/
wiki/File:Klaus_Fuchs_-
_police_photograph.jpg
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information on the Fat Man implosion bomb to the Soviets. Fuchs’ treachery was
not discovered until after the war, at which time he was working for the British
atomic energy program. In 1950, he was convicted of espionage and jailed. After
his release in 1959, Fuchs emigrated to East Germany, and lived in Dresden until
his death in 1988.

We cannot know what Fuchs might have passed to the Soviets had he not been
privy to the colloquia, but attending them certainly gave him a synoptic view of
the Laboratory’s activities. As John Manley wrote, Fuchs didn’t have to penetrate
Los Alamos, he was an official member of the staff, and a very respected member
of the Theoretical Division; by having himself appointed as liaison between the
Theoretical Division and the (later) Explosives Division that did much of the work
on the plutonium bomb, he gained an intimate working knowledge of that device.
Two other Los Alamos employees, Theodore Hall and David Greenglass, also
passed information to Soviet operatives.

Human nature being what it is, no security system will be perfect. While
Groves’ security was so tight that most scientist’s wives had no idea what their
husbands had been doing until after Hiroshima, some superiors did tell subordi-
nates of the purpose of their work in order to boost morale and give them a sense
of purpose. Groves’ compartments were hardly hermetically sealed.

7.3 Life on the Hill

Oppenheimer’s notion of running the Laboratory with a staff of a couple hundred
soon ran up against the enormity of its task. On average, the working population of
Los Alamos doubled about every nine months. By early June, 1943, “The Hill” was
home to over 300 officers and enlisted personnel in addition to some 460 civilian
employees. By the end of the year, the total was approaching 1,100. A census of
personnel in May, 1945 counted 1,055 members of the military Special Engineer
Detachment (below); 1,109 civilians, and 67 Women’s Army Corps members, for a
total of over 2,200. Like Oak Ridge, one product for which Los Alamos became
known was babies. The most probable age of staff members was only 27. Many were
recent college graduates starting families, and they wasted no time in doing so.
During the war, 208 babies were born at Los Alamos (including Oppenheimer’s
daughter, Katherine, in December, 1944); nearly 1,000 would arrive between 1943
and 1949. All birth certificates listed addresses as Box 1663, Santa Fe, New Mexico,
the Laboratory’s official address. By June, 1944, one-fifth of all the married women at
Los Alamos were in some stage of pregnancy, and approximately one-sixth of the
population were children. The spate of fecundity prompted a poem:

The General’s in a stew

He trusted you and you

He thought you’d be scientific
Instead you’re just prolific
And what is he to do?
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By the time of the Trinity test in July, 1945, Los Alamos would boast a total
population of just over 8,000. By the end of 1946, the number of housing and
apartment units for families alone numbered 617, not including 16 ranch houses
obtained from the original school, dozens of trailers, and 51 less ostentatious
“winterized hutments”. Thirty-six dormitories and 55 barracks provided living
quarters for 2,700 single personnel. Fuller Lodge, one of the main ranch school
buildings, served as a dining area; eventually it would serve some 13,000 meals
per month. Because of wartime secrecy, no official census was attempted at Los
Alamos until April, 1946, by which time it was a community of about 10,000.

Even more than Oak Ridge and Richland, Los Alamos was a frontier town.
Despite the spectacularly beautiful natural surroundings and sense of companion-
ship that veterans of The Hill would later speak of, life could be arduous. Living
conditions for early arrivals were difficult, with several families often crowded
together or housed in nearby guest ranches. Wartime construction restrictions
dictated that new houses were to be equipped only with showers (as opposed to
bathtubs), with the result that the only bathtub-equipped houses were a few which
had served as residences for teachers at the Ranch School; this group of homes
became known as “Bathtub Row.” Transportation had to be arranged over roads
that were primitive at best. Housing, water, milk, meat, and fresh vegetables were
always in short supply. No sidewalks, garages, or paved roads were put in. All
houses were painted Army green and referred to colloquially as greenhouses; Los
Alamos was generally regarded as having the worst housing of the entire Manhattan
Project. To conserve water, bathers were encouraged to limit showers to a minute or
two. At the high altitude, simple meals could take hours to cook. Turning on a
faucet might well yield algae, sediments, or worms. James Conant’s granddaughter,
Jennet Conant, has written that one GI named the place “Lost Almost.” Ruth
Marshak, wife of theoretical physicist Robert Marshak, described her feeling about
the place as “akin to the pioneer women accompanying their husbands across
uncharted plains westward, alert to dangers, resigned to the fact that they journeyed,
for weal or woe, into the Unknown.” For new arrivals, the first stop after a long,
often dusty journey was an unassuming office at 109 East Palace Avenue in Santa
Fe. There they would be met by Mrs. Dorothy McKibbin, who arranged for an even
dustier ride northward to the mesa. McKibbin began work in March, 1943, and
would remain on to manage the office until retiring in June, 1963.

A serious problem for all Project sites, particularly Los Alamos, was that of
securing enough technically-trained personnel. This was addressed in two main
ways. Many scientists’ wives were pressed into service in technical/scientific,
hospital, administrative, and school-system positions. By October, 1944, some
30 % of the Laboratory’s 670 civilian employees were women. To prevent sci-
entifically-educated individuals such as graduate students from being drafted and
sent overseas or otherwise lost to the Project, the MED recruited these individuals
into a so-called Special Engineer Detachment (SED), which was created on May
22, 1943, as the 9812th Technical Service Unit. By the end of 1943, nearly 475
SED’s were present at Los Alamos. By August, 1944, they comprised almost one-
third of the Laboratory’s scientific staff, and their numbers reached some 1,800 by



7.3 Life on the Hill 271

the end of the war. By the spring of 1945, about 29 % of SEDs posted to Los
Alamos held college degrees, including a number of Masters and Doctorates.
The transition from civilian to military life for SEDs was more than symbolic,
however. Housing could not be provided for married enlisted men, and security
regulations prohibited them from bringing their wives to Santa Fe or other nearby
communities. Each man was allocated only 40 square feet in a military barracks,
and not until the summer of 1944 were furlough regulations relaxed. SEDs were
but one component of the Manhattan Project’s complement of enlisted personnel,
which by the fall of 1945 totaled about 5,000; at Los Alamos, some 42 % of the
staff would be in uniform. Curiously, Groves does not mention the SEDs at all in
his memoirs.

As at Oak Ridge and Richland, all of the services expected by a highly-educated
population had to be provided. A Community Council was established (also known
as the Town Council, proposed by Robert Wilson), with members elected by
popular vote. Nursery and elementary schools had to be set up; by the end of 1946
the elementary school alone enrolled over 350 students. A high school, traffic laws,
a court system, cafeterias, sewage systems, a fire department (chimney and brush
fires were common; Los Alamos sported over 6,800 fire extinguishers), laundry
services, a general store, a motor pool (hundreds of vehicles), an automobile repair
garage, a cleaning and pressing shop, a post office, garbage collection, veterinary
services (over 100 horses for the Military Police alone), dental services, and a
hospital had to be organized. A policy for housing assignments and rental rates was
established which took into account an employee’s occupation, family status, and
salary. Recreational activities included hiking, horseback riding, skiing, skating,
numerous parties, visits to Indian pueblos, and a rough nine-hole golf course. For
the first 18 months of the project, security regulations severely restricted personal
off-site travel; Groves did not want anyone to feel the slightest desire to use any
outside facilities. Edwin McMillan’s wife, Elsie, who knew the purpose of the
Laboratory, later remarked that “We had parties, yes, once in a while, and I’ve
never drunk so much as there at the few parties, because you had to let off steam,
you had to let off this feeling eating your soul, oh God are we doing right?”

Salary scales were a chronic area of discontent. Pay inequities often arose
between academic scientists and technicians in that the latter received higher
salaries, consistent with what they could command in the civilian world. Mail was
subject to censorship; all letters had to be addressed to Box 1663. Letters could not
contain last names or information which might provide a clue as to the Labora-
tory’s location; the word “physicist” was strictly forbidden. Scientific workers
were not allowed to maintain personal accounts in local banks; the Business Office
would make up a monthly payroll and send it to Los Angeles, from where checks
would be mailed out to banks designated by employees. Eventually, every resident
over the age of six was issued a security pass. Even at the top administrative levels,
Groves kept Los Alamos largely isolated from other branches of the Project. As he
laid out in a memorandum in June, 1943, any liaisons with other sites or indi-
viduals had to be personally sanctioned by him, and discussions were to be limited
to a list of approved topics. To the outside world, Los Alamos did not exist.
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7.4 The British Mission

A group that made contributions to the Manhattan Project out of all proportion to
its number was a contingent of British and European-born scientists known for-
mally as the British Mission. The story of how the British Mission scientists came
to America has as much if not more to do with politics as it did with physics and
engineering, and merits a brief description.

It was described in Sect. 4.11 how the American assessment of cooperation with
Britain on atomic matters cooled considerably between the fall of 1941 (when
interchange on technical issues had been endorsed) and late 1942, when Vannevar
Bush informed President Roosevelt that there would be no unfairness to the British
if all interchange were to cease. The British, however, were not about to let the
impact of their initial work slip away. Bush’s counterpart in Britain was Sir John
Anderson, a member of Churchill’s War Cabinet. Anderson’s involvement in
wartime British administration ran deep: he would also serve as Chancellor of the
Exchequer from September, 1943, to July, 1945. As a student, Anderson had
studied geology, chemistry, and mathematics (he wrote a thesis on uranium), but
he turned to a career in the civil service.

In March, 1942, Anderson wrote to Bush that he felt it desirable to continue
complete collaboration. Bush later responded with a description of his June, 1942
rearrangement of the S-1 administrative structure (Sect. 4.9), but made no com-
mitments. Soon thereafter, Churchill visited Roosevelt in America; they discussed
the uranium issue on the afternoon of June 20. Churchill urged that Britain and
America should pool their information, work as equal partners, and share whatever
results might emerge, despite the fact that production plants would be located in
the United States. Three weeks later, Roosevelt wrote to Churchill and Bush that
he and the Prime Minister were “in complete accord,” but no written agreement
had been signed nor any details developed. On August 5, Anderson attempted to
formalize the discussions in letters to Bush, suggesting that a British-designed
diffusion plant be built in America, that a heavy-water pile program be transferred
to Canada, that a common patent policy be developed, and that a joint nuclear
energy commission be established. But Anderson’s timing could hardly have been
worse. The American program was in the middle of its transfer to military
authority; for Groves and Bush, international negotiations could only be a hin-
drance. While the British had made some progress with diffusion, research on all
of the other production methods—electromagnetic, piles, and centrifuges—were
strictly American affairs. Bush informed Anderson of the evolving arrangements in
America on October 1, and evasively referred to keeping up contact on how best to
put the resources of both countries to work. Secretary of War Stimson discussed
the issue with President Roosevelt on October 29, and suggested that matters be
allowed to go along for the time being without sharing any more information than
was necessary.

The rapidly-diverging viewpoints of British and American atomic-project
leaders became clear on December 11, 1942, when James Conant conferred with
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Directorate of Tube Alloys chief Wallace Akers (Sect. 4.10) in Washington.
Conant presented the American perspective, which was that interchange should
be restricted only to information that Britain could use during the war. Akers
argued that Roosevelt and Churchill intended collaboration in both research and
production, and felt that British scientists should have access to all large-scale
American developments. Conant reported back to Bush the next day; four days
thereafter, Bush carried to Roosevelt the 29-page December 15 MPC report
which recommended no or only limited interchange. Other factors were in play,
however. On September 29, Britain and Russia had concluded an agreement on
exchange of new weapons which covered both those in use and any that might
be developed. Roosevelt and Stimson had apparently known nothing of this until
around December 26, when a copy of the agreement reached Stimson. Clearly,
such an the agreement would cast into doubt the security of any atomic infor-
mation passed on to the British. On December 28, Roosevelt initialed the MPC
report, setting the policy at limited interchange: cooperation in the design and
construction of the diffusion plant, research-level information interchange on
plutonium and heavy water, and no sharing of information on the electromag-
netic method or Los Alamos. Churchill brought up the issue with Roosevelt
again when the two met at the Casablanca Conference in January, 1943, and
further protested to Roosevelt aide Harry Hopkins in late February that inter-
change restrictions were contrary to the idea of a jointly-conducted effort.
Hopkins took no action until prodded again by Churchill by cable on April 1.
Roosevelt left it to Bush to develop a reply, which was that there was no reason
to change the American position.

Churchill raised the issue yet again during a visit to Washington in late May,
during which Bush was brought into discussions with Hopkins and British
advisors. On the rationale that since a weapon might be developed in time for
use in the war (in which case the “direct use” scenario would hold), Churchill
departed with the understanding that he had secured from Roosevelt a private
promise that the work was to be joint and that interchange would be resumed.
Bush met with Roosevelt on June 24 to review the situation. Roosevelt had
apparently not been apprised of Bush’s discussion with Hopkins and the British
advisors, and Bush left the meeting with the impression that Roosevelt had no
intention of going beyond the standing limited-interchange policy. Churchill
tenaciously raised the issue with Roosevelt again on July 9, and the President
finally acquiesced: on the 20th he wrote to Bush to instruct him to renew full
interchange with the British.

At the time of Roosevelt’s July 20 directive, Bush was in London conferring
with counterparts there on scientific aspects of the war. He met with Churchill
on the 15th, and the Prime Minister expressed his frustration with the uranium
issue in no uncertain terms. Unaware of the President’s directive, Churchill,
Hopkins, Bush, and Anderson met again on July 22, at which time Churchill
offered a five-point proposition that would form the basis of the so-called
Quebec Agreement that would be signed a month later. The essential points were
that (1) the enterprise would be joint with free interchange; (2) neither
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government would employ nuclear weapons against the other; (3) neither would
pass information to other countries without the consent of the other; (4) use of
the bomb in war would require common consent; and (5) the President might
limit commercial or industrial uses by Britain in such a manner as he considered
fair in view of the expense being borne by the United States. Points (2)—(5)
would go into the Quebec Agreement essentially unchanged, but the interchange
issue would be referred to a joint committee. In Washington in early August,
Bush and Conant met with Anderson at the British Embassy. Working from
Churchill’s draft proposal, Anderson added the establishment of a “Combined
Policy Committee” to coordinate what work would be done in each country and
to serve as a focal point for exchanging information. Interchange on scientific
research and development was to be “full and effective,” but interchange in the
area of design, construction and operation of full-scale plants was left on an ad
hoc basis to be decided by the Committee. Stimson, Bush, and Conant were
specified as the American members of the Committee; the other members were
two British military officers and the Canadian Minister of Munitions and Supply.
The formal agreement was signed by Roosevelt and Churchill on August 19,
1943, during a meeting in Quebec City, and the Committee met for the first time
in Washington on September 8.

As part of the interchange program, groups of British scientists, both native and
newly-naturalized, came to America. In particular, they became involved with a
pile-research program in Montreal, the diffusion and electromagnetic projects, and
Los Alamos. James Chadwick headed the “British Scientific Mission in USA,”
and spent most of his time in Washington. Nineteen individuals would ultimately
be appointed to work at Los Alamos, including Rudolf Peierls, Klaus Fuchs, and
Otto Frisch; apparently General Groves was allowed no security vetting of these
individuals. The first two members of the contingent, Frisch and Birmingham
alumnus Ernest Titterton, arrived on December 13, 1943. As is described in the
following sections, members of the British Mission at Los Alamos contributed a
number of important theoretical and experimental insights. Hans Bethe was of the
opinion that

For the work of the Theoretical Division of the Los Alamos Project during the war the
collaboration of the British Mission was absolutely essential. It is very difficult to say what
would have happened under different conditions. However, at least, the work of the
Theoretical Division would have been very much more difficult and very much less
effective without the members of the British Mission, and it is not unlikely that our final
weapon would have been considerably less efficient in this case.

General Groves’ dismissive attitude toward British contributions to the Man-
hattan Project was probably driven by patriotic pride, but was unfair. Unfortu-
nately, many Americans do not fully appreciate the contributions of the British
Mission to the success of the Project.
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7.5 The Physics of Criticality

This Section and the following two describe the physics underlying the concept of
critical mass and bomb-core assembly that were central to the work of Los Ala-
mos. Even if you do not wish to fully explore the technical details, it will be worth
scanning these sections to get some understanding of the constraints that the
scientists and engineers of Los Alamos faced.

As described in Sect. 3.5, the fundamental idea behind a critical mass is to
assemble a great enough mass of fissile material such that once fissions have been
initiated, more neutrons will cause subsequent fissions than will escape from the
mass. The mass will eventually disrupt itself, but the goal is to obtain, at least for a
while, a growing population of neutrons. The critical mass depends on the density
of the material, the number of neutrons liberated per fission, and the cross-sections
for fission and scattering. The most straightforward analytic way of determining
the critical mass is by applying diffusion theory to the travel of neutrons from when
they are created to when they encounter another nucleus. Derivations of the dif-
fusion equation are available in a number of texts; only the essential expressions
and results are discussed here. Stated more precisely, what diffusion theory pro-
vides is a way of calculating the critical radius for a given set of nuclear
parameters. This can be transformed into an equivalent mass upon knowing the
density of the material involved.

Central to the calculation of critical radius are the so-called fission and transport
mean free paths for neutrons, respectively symbolized as Arand 4,. These are given
by

1
A = — 7.1
= o (7.1)
and
1
= — 2
= (12)

os is the fission cross-section, and o, is the so-called transport cross-section. If
neutron scattering is isotropic, the transport cross-section is given by the sum of
the fission and elastic-scattering cross-sections:

0, =07 + 0. (7.3)

In words, the meanings of Arand /, can be expressed as “the average distance a
neutron will travel before it is consumed in causing another fission,” and “the
average distance a neutron will travel before it is scattered or causes a fission.”
Recall from Chap. 3 that cross-sections are usually quoted in barns (bn);
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1 bn = 1072 m? We do not consider here the role of inelastic scattering, which
affects the situation only indirectly in that it lowers the mean neutron velocity.'
The symbol 7 in (7.1) and (7.2) represents the number density of nuclei, that is,
the number of nuclei per cubic meter. If the fissile material has density p grams per
cubic centimeter and atomic weight A grams per mole, then n (in nuclei per cubic

meter) is given by
N,
n=10° (p—A> (7.4)
A

where N, is Avogadro’s number, 6.022 x 10%3. The factor of 10° arises from
converting cubic centimeters to cubic meters in the density.

Another important quantity is the average time that a neutron will travel before
causing a fission, which is designated by the symbol t. If neutrons have average
speed vy, and travel for an average distance /As before causing a fission, then it
follows that

=1 (7.5)

Vneut

In the simplified case of an untamped spherical bomb core of radius R.,,., that
is, one that is not surrounded by any sort of enclosing jacket, diffusion theory
shows that criticality will hold if the following transcendental equation is satisfied

Rcore Rcore 1 Rcore
t — —-1=0. 7.
(d)co(d)+’7<d> 0 (76)

In this expression, d is a measure of the characteristic size of the core, and is given
by

! The neglect of inelastic scattering is not as drastic as it may seem, due to a combination of
reasons. What matters to the growth of the neutron population is the time t that a neutron will
typically travel before causing another fission; see Eq. (7.5). But, if one averages through the many
resonance spikes in Fig. 3.12, the fission cross-section for uranium-235 (and plutonium-239 as
well) behaves approximately as ¢ ~ 1/v,,.,,. This means that the mean free path for fission, 4 is
proportional to v,,.,,, which, overall, makes t independent of v,,,,. This means that if a neutron has
been either elastically or inelastically scattered, the time for which it will typically travel before
causing a subsequent fission is largely independent of its speed. It would then seem that one should
also add in the inelastic-scattering cross-section when forming the transport cross-section in Eq.
(7.3). This is true, but another effect comes into play: elastic scattering is not isotropic. This has the
effect of somewhat lowering the effective value of the elastic scattering cross-section. For elements
like uranium and plutonium, the two effects largely cancel each other, with the net result that Eq.
(7.3) is a quite reasonable approximation. Details are given in the Appendix to Serber’s Primer;
see also H. Soodak, M. R. Fleishman, I. Pullman and N. Tralli, Reactor Handbook, Volume III Part
A: Physics (New York: Interscience Publishers, 1962), Chap. 3.
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where v is the number of neutrons liberated per fission. The parameter o will be
described presently. The quantity # in (7.6) is dimensionless, and is a measure of
the ratio of the transport mean free path to the scale size:

2 e(—o4+v—1)
n=50= 2 3, . (7.8)
Because of the presence of the cotangent, (7.6) cannot be solved analytically; it
can only be solved by trial and error or by using, for example, the root-finding
“Goal Seek” function in a spreadsheet.

The parameter « is involved with the time-growth of the number of neutrons in
the bomb core. In working through the algebra of diffusion theory, it is actually
easier to deal with the density of neutrons, that is, the number of neutrons per cubic
meter. If the initial density of neutrons at the center of the core at the moment
when fissions begin (“time zero”) is N,, then the central density at any later time
t is given by

N;(t) = N,e*/"", (7.9)

The initial neutrons have to be provided by a suitable initiator; this is discussed in
Sect. 7.7.1.

If o > 0, the neutron density grows exponentially. In this case, one has a condition
of supercriticality, and the energy liberated by fissions will also grow exponentially.
If « < 0, the reaction will quickly die out. If « = 0, the neutron number density
neither increases nor decreases once it has been established, in which case one has
threshold criticality. To determine the so-called threshold critical radius, set o = 0
in (7.7) and (7.8), and solve the criticality equation (7.6) for R,,.. An untamped core
is also known as a bare (or naked) core, and this value of R,.,,.. is consequently known
as the bare threshold critical radius, designated R,,,.. The corresponding bare
threshold critical mass M. follows from My, =41 p Rim / 3. It is this mass that
is often referred to as the “critical mass,” although, as explained below, this com-
monly-used term is not really uniquely defined.

Table 7.1 shows calculated bare critical radii and masses for uranium-235 and
plutonium-239. Sources for the parameter values are cited in Reed, The Physics of
the Manhattan Project (Springer, Berlin, 2011).

To put these numbers in some perspective, a regulation softball has a radius of
about five centimeters and a mass of about 180 g. A threshold bare critical mass of
plutonium is only slightly larger, but some 90 times heavier. Forty-six kilograms is
equivalent to about 101 pounds, and 16.7 kg to about 37 pounds. We will see
shortly, however, that these masses can be significantly reduced with use of a
surrounding tamper (Fig. 7.6). One set of numbers to especially note are the
neutron travel-times-to-fission, t: they are on the order of a only few nanoseconds.
Nuclear explosions are incredibly brief phenomena. Lest you think that openly
publishing estimates of critical masses is to flirt with divulging classified data, put
your mind at rest; such estimates have been available in the public domain for
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Table 7.1 Parameter values and critical radii and masses for bare threshold criticality

Quantity Unit Physical meaning By 3%y
A g/mol Atomic weight 235.04 239.04
o g/em’® Density 18.71 15.6
af bn Fission cross-section 1.235 1.800
[P bn Scattering cross-section 4.566 4.394
v - Neutrons per fission 2.637 3.172
n 10%® nuclei/m® Nuclear number density 4.794 3.930
Ay cm Fission mean free path 16.89 14.14
As cm Transport mean free path 3.596 4.108
T 1079 s Time between fissions 8.635 7.227
d cm Size scale factor; Eq. (7.7) 3.517 2.985
n - Equation (7.8) 0.6817 0.9174
Rpare cm Bare threshold critical radius 8.366 6.345
Mpure kg Bare threshold critical mass 45.9 16.7
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Fig. 7.6 Threshold critical mass of uranium-235 as a function of the thickness of a surrounding
tungsten-carbide (steel) tamper. The tamper is presumed to fit snugly around the core with no gap
between them. An example, based on the Little Boy bomb: If the tamper is assumed to have an
outer radius of 18 cm, the core critical radius proves to be 6.17 cm. The core mass in this case is
18.4 kg; the tamper thickness will be 11.83 cm, and its mass will be about 350 kg (770 pounds).
A critical mass of 18.4 kg represents a reduction of about 60 % from the untamped value of
45.9 kg. Adopted from Reed (2009)

decades. For example, a 1963 publication of the United States Atomic Energy
Commission, “Reactor Physics Constants,” a compilation of data for nuclear
engineers, lists the experimentally determined bare critical mass for highly enri-
ched uranium (93.9 % U-235) as 48.8 kg, and that for Pu-239 as 16.3 kg. Esti-
mating a critical mass is one of the least difficult parts of making a nuclear
weapon.
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To students of physics and engineering, the forgoing equations will appear
rather straightforward. It often comes as a surprise to non-scientists that calcula-
tions underlying nuclear weapons design are often no more complicated than those
covered in many upper-level undergraduate physics courses. As Los Alamos
mathematician Stan Ulam put it, “It is still an unending source of surprise for me
to see how a few scribbles on a blackboard or on a sheet of paper could change the
course of human affairs.”

We come now to a very important consideration in fission-bomb design: Why it
is desirable to assemble a core comprising more than one critical mass.

A bomb which contains only a single critical mass will not yield a very efficient
explosion, as the core will rapidly expand and disperse itself. This typically
happens over a timescale on the order of a single microsecond. To appreciate the
effect of this expansion, look back to (7.8). The factor n appearing therein is
independent of the density of the core material. Hence, for « = 0, (7.6) will be
satisfied by some unique value of R,,./d, which will be characteristic of the
material being considered. Through the mean free paths and the number density 7,
the parameter d is proportional to the inverse of the density, 1/p, so we can
equivalently say that the solution of (7.6) demands a unique value of pR,,,. for a
given value of v and set of cross-sections. Stated more generally, this means that
the condition for threshold criticality can be expressed as a constraint on the
product pR, where p is the mass density of the fissile material and R is the radius of
the core.

Now suppose that we start with a core of more than one critical mass. This
means that from the outset we will be specifying the value of R,,. in (7.6), with
Riore > Rpare- The value of pR.,,. will then obviously be greater than that nec-
essary for threshold criticality, pR ... But if R.,,. is chosen in advance, of what
use is equation (7.6)? The use is that there is still one variable: the time-growth
parameter o. If R..,,,. is specified, Eq. (7.6) can be solved for o, and it turns out that
one will always find o > 0 if R.,,. > Rp.,.. Hence, a way to get an exponentially
growing supercritical reaction as opposed to a steady-state one is to start with more
than one critical mass of material. For a core of two bare critical masses, o is
typically on the order of 0.5.

Now consider what happens as the supercritical core begins expanding. The radius
R will increase, but the density will drop. What happens to the product pR? The mass
M of the material is essentially fixed, and since density is equal to mass divided by
volume, we will have p x M / R3. This means that, at any time,p R x M / RZ%. Con-
sequently, it is inevitable that pR will eventually fall below the threshold value
Poriginal Rbare» at which time criticality will be lost. But if one started with only a
single critical mass, critically would be lost as soon as the core begins expanding,
which would be essentially immediately. It is to avoid this prompt shutdown that it is
so important to assemble a multiple-critical-mass core.

At this point, it is instructive to return to the Frisch-Peierls formula quoted in
Sect. 3.7 for the energy released by an exploding bomb. In terms of the present
notation, this appears as


http://dx.doi.org/10.1007/978-3-642-40297-5_3
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Ree ) (. [Reore
E~0.2M<“W) ( - 1). (7.10)
T Rbure

As an example, consider 1.5 critical masses of U-235. From Table 7.1, this
requires M = 68.9 kg. One and one-half critical masses will have R,/
Rpare = 1.5'% = 1.145, or R.ye = 9.577 cm. With 7 = 8.635 x 107 s, we have,
in MKS units (E will emerge in Joules)

0.09577 '\’ 14
E~0.2(68.9) (m) (\/1.145 - 1) ~119% 1047, (7.11)

One kiloton is equivalent to 4.2 x 102 ] ,so E ~ 28 kilotons, about the correct
order of magnitude for a Manhattan Project fission bomb. Actually, this formula
makes somewhat optimistic predictions. A detailed derivation shows that the
factor of 0.2 in (7.10) is equal to « 2 [see Reed (2011), Sect. 2.4]. For 1.5 critical
masses of U-235, o iniar ~ 0.3, so the Frisch-Peierls factor of 0.2 is probably
more on the order of ~0.3% ~ 0.09, which reduces E to ~ 13 kilotons, a figure
very close to the yield of the Hiroshima Little Boy uranium bomb. This agreement
is somewhat fortuitous, however, as the Frisch-Peierls formula does not account
for two factors. The first is that, during the course of the explosion, o decreases
from its initial value (given by solving 7.6) down to zero at the moment criticality
is lost. The effective overall value of o will thus be somewhat less than its initial
value, and this will act to decrease the estimate of E. But countering this is a
second effect: Little Boy was heavily tamped, which increased the yield by slowing
the expansion and reflecting some neutrons back into the core (see below). The
Frisch-Peierls formula is nevertheless very handy for getting an order-of-magni-
tude estimate of what one might expect.

If you are solving for o by trial and error using a calculator or spreadsheet, it is
helpful to have an approximate starting value. To a rough approximation, a con-
venient expression for this is

o~ (V - 1) - (Rbare/Rcore)2:|- (712)

For our example with 1.5 critical masses, this gives o ~ 0.39, about 25 % high
compared to the true value of 0.30.

From the above analysis, it would seem that you would have no hope of making
an effective nuclear explosion if you have available less than one critical mass of
material. Surprisingly, this is not the case. If you could crush the material from its
normal density to a sufficiently great density, you could achieve a value of pR
which would exceed that for normal-density material, p,,,.ma; Rpare- If you have
available a fraction f of a single bare critical mass, the condition for achieving
criticality is to crush it to a density which satisfies pyompress = Prormat/ V. Engi-
neering such an implosion is very difficult (Sect. 7.11), but offers the possibility of
making a bomb with considerably less fissile material than would be the case
for a non-implosion bomb. At Los Alamos, weapons engineers had to develop
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implosion for use in plutonium bombs because the properties of reactor-produced
plutonium precluded use of a simpler triggering method which had been developed
for the uranium bomb (Sects. 7.7, 7.11).

If the bomb core is non-spherical or is surrounded by a tamper (a metal jacket),
the mathematics of criticality become more complicated; the geometry of the core
and the thickness and properties of the tamper enter into the calculations, and there
is no simple “pR” measure of criticality to be had. In theory, an infinitely-thick
tamper reduces the threshold critical radius by a factor of two, which reduces the
critical mass by a factor of eight. As illustrated in Fig. 7.6, most of the critical
mass reduction comes with the first few centimeters of tamper, so it is certainly
worthwhile going to the trouble of providing one. The tamper also boosts the
efficiency of the weapon by briefly retarding the core expansion, allowing criti-
cality to persist a little longer. A weapon that makes use of both implosion and a
tamper will be more efficient yet. A tamper is “dead weight” as far as transporting
a bomb to a target goes, but is vital to its efficient functioning.

7.6 Critical Assemblies: The Gun and Implosion Methods

The question of how to assemble a supercritical mass was considered very early on
in the Los Alamos project. In his Primer, the first and most straightforward system
described by Robert Serber was the so-called “gun” method; he referred to it as
“shooting.” As ultimately realized in the Hiroshima Little Boy bomb and as
sketched in Fig. 7.7, the concept is to begin with two sub-critical pieces of fissile
material within the barrel of an artillery gun. A cylindrical “target” piece is held
fixed at the nose end of the barrel, while a mating sleeve, the “projectile” piece, is
fired toward the target piece from the tail end. When fully mated, the two comprise

tamper cannon conventional
barrel explosive

! I

—
[
uranium
ta_rget uranium
piece projectile
piece

Fig. 7.7 Schematic illustration of a gun-type weapon. The uranium projectile is fired toward a
mating target piece in the nose. See also Fig. 7.18
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Fig. 7.8 Assembly process ) Projectile piece
for a gun-type fission weapon Target piece
-—
o , ~ 1000 m/s
~10cm ~10cm

more than a critical mass of material. Since the average density of the projectile
piece is fairly low because it is hollow, it can comprise by itself the equivalent of
more than one “solid” critical mass, thereby giving the entire assembly over two
critical masses. By surrounding the target piece with a tamper, the completed
assembly can potentially comprise several tamped critical masses.

In World War II, the greatest muzzle velocity achievable with artillery pieces or
naval cannons was about 1,000 m/s. Since the target and projectile pieces are on
the order of 10 cm in size, an assembly speed of 1,000 m/s implies that about
100 ps will elapse between the time that the leading edge of the projectile piece
first encounters the target piece, and when full assembly is achieved (Fig. 7.8).
This 100-ps assembly timescale is extremely important, and we will return to it in
the following section.

Another method described by Serber contains the genesis of what came to be
known as the implosion technique. As described in the Primer, the idea was to
mount pieces of fissile material on the inside of a ring, with explosive material
distributed around the outside of the ring. When fired, the fissile pieces would be
blown inward to form a cylinder or sphere, as suggested in Fig. 7.9.

explosive

tamper

fissile
material

Fig. 7.9 Seth Neddermeyer (1907-1988) in his later years. Source Photograph by David Azose,
courtesy AIP Emilio Segre Visual Archives, Physics Today Collection. Right: Sketch of early
implosion concept adapted from Robert Serber’s Los Alamos Primer. The four triangular-shaped
wedges are pushed together by detonating an enclosing ring of explosives; the fissile material
(shaded) consequently forms a cylindrical critical assembly. If the wedges are three-dimensional
pyramids, a spherical assembly results. Serber’s original sketch did not include the surrounding
tamper
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Conception of the implosion method is often attributed to physicist Seth
Neddermeyer, a Caltech Ph.D. whom Oppenheimer had recruited from the
National Bureau of Standards. However, Serber has dismissed this attribution as
“television history,” stating that the idea had been raised by Richard Tolman at the
1942 Berkeley summer conference. Serber and Tolman (and later Tolman alone)
wrote memos on the subject which apparently went up to Bush and Conant.
Tolman wrote Oppenheimer on March 27, 1943 (just before Serber’s first orien-
tation lecture), to describe how it might be possible to blow a shell of “active
material” inward upon itself, beginning with an ordinary explosive. Neddermeyer
apparently conceived of modifying the idea to surround a thick but initially cen-
trally-hollow cylindrical or spherical core with a tamper, which itself would be
surrounded by a layer of explosive. When detonated at many points simulta-
neously, the explosive would push inward at several kilometers per second,
crushing the core to critical density in much less time than a gun mechanism could
assemble subcritical pieces. However, the idea originated, Neddermeyer was
struck by the concept, and the record shows that it was discussed at Los Alamos
Planning Board meetings held on March 30 and April 2, 1943. By late April,
Neddermeyer had developed calculations on the velocities that might be achieved,
and was assigned by Oppenheimer to lead a small group devoted to implosion
research within the Ordnance Division. While implosion was given low priority at
first and considered a backup scheme in case the gun method failed to work, its
priority was great enough that preliminary estimates of the size and weight of a
spherical implosion weapon were generated in order to investigate how test-drop
mockups would fare in comparison to models of the more conventionally-shaped
gun bomb (Sects. 7.8 and 7.9). Neddermeyer carried out his first implosion test-
shot on July 4, 1943, using tamped TNT surrounding hollow steel cylinders. The
symmetry of the implosion was poor, but the shot did demonstrate the fundamental
feasibility of using an explosion to crush something. In time, implosion would
come to be crucial to the success of the plutonium bomb project.

7.7 Predetonation Physics

In the preceding section, it was remarked that the 100 ps assembly timescale for a
gun-type bomb would prove to be of great significance. This timescale, which is
purely mechanical in origin, is one of three timescales that are involved in the
efficient functioning of a fission weapon. The other two involve the physics of
the fissioning core, and also need to be appreciated in order to understand the
importance of the 100-pus assembly time.

The first of the other two timescales involves how much time is required for the
entire core to fission once the chain reaction has been initiated. In Sect. 7.5, it was
described how once a neutron is emitted in a fission, it will travel for only about
10 ns before causing another fission. With such a small travel time between fis-
sions, it will take only about 1 ps to fission the entire bomb core. This remarkably
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brief time can be understood with a simple estimate. Suppose that we have a core
of mass M kilograms of fissile material of atomic weight A grams per mole. The
number of nuclei N in the mass will be N = 10°MN, /A, where N4 is Avogadro’s
number. If v neutrons are produced per generation, then the number of generations
G that will be required to fission the entire mass will be v¥ = N. At t seconds per
generation, the time to fission the entire mass will be 5, ~ 1 G ~ 7 In(N)/In(v).
For M = 50 kg of U-235 with A = 235 g/mol, v = 2.6,and 7 ~ 8 X 107° s, you
should be able to show that #5;, ~ 0.5 us. Even if only half of the neutrons cause
fissions (v = 1.3), t4, ~ 2 ps, still much less than the assembly timescale.

The second core-physics timescale concerns the amount of time required for the
core to expand to the point where its decreasing density results in criticality
shutdown. The time-evolution of the core to this condition, which is known
technically as “second criticality” (first criticality is defined below), has to be
determined via numerical simulations of exploding cores. The result is that this
expansion takes about the same amount of time as required to fission the entire
core once the chain reaction has started: a microsecond or two. The similarity of
these timescales means that there is a very strong competition between the
exponential growth of the explosion and the onset of second criticality. As Robert
Serber wrote in The Los Alamos Primer, “Since only the last few generations will
release enough energy to produce much expansion, it is just possible for the
reaction to occur to an interesting extent before it is stopped by the spreading of
the active material.”

We can now understand the potential problem with the 100-ps assembly time.
The difficulty is sketched in Fig. 7.10. At some point during the assembly of the
core, a critical mass will come to be present in the partially-assembled system; this
is known as “first criticality.” If a stray neutron should initiate the first fission at
some time after first criticality (which means that an exponential chain reaction
will begin) but before the assembly is complete, the reaction may well reach
second criticality before assembly can be completed. The result would be an
explosion of much lower efficiency than what the weapon was designed to achieve
on the presumption of the reaction not being initiated until assembly was fully
completed. In general, because the chain reaction can begin at any time between
first criticality and the fully-assembled state (the “supercritical period™), there will
be a range of possible weapon efficiencies. The worst-case scenario is if the chain
gets initiated just at the moment of first criticality, in which case there will likely

Fig. 7.10 Core achieves first
criticality before assembly is o .
completed .
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be little if any hope of completing the assembly before second criticality. Such an
extreme predetonation is known to weapons engineers as a “fizzle.”

There are two possible sources for stray neutrons, and their effects are additive.
Both are controllable to some degree, albeit with difficulty. These sources are
described in the following two sub-sections.

7.7.1 The (o, n) Problem

The first source of stray neutrons was described in Chap. 4: If the fissile material
contains any light-element impurities, especially trace amounts of elements such
as beryllium or aluminum, neutrons will be generated as a result of alpha-bom-
bardments originating from alpha-decay of the fissile material. Chemical pro-
cessing and purification will inevitably introduce some level of impurities, and
since uranium and plutonium are both natural alpha-emitters, the problem is
unavoidable: a stray neutron may initiate a premature reaction as soon as first
criticality is achieved. The rates of alpha-emission per gram of material are fixed
by nature, so minimizing the probability of a predetonation during core assembly
means minimizing the level of impurities, and making the assembly time as short
as possible. The probability can never be reduced to zero, but can be made
acceptably small in most cases.

The first step in analyzing the (o, n) issue involves the half-life decay-rate
formula of Chap. 2:

N, In2
R, = 10° (A) <n) decays per kg per second, (7.13)
A t2

where A is the atomic weight in g/mol, and #,,, is the alpha-decay half-life of the
fissile material in seconds. We do not need to worry about the exponential decline
in decay rate because the half-lives for U-235 and Pu-239 are so great that even if a
bomb core has been sitting in storage for several decades, its activity will not have
declined appreciably from when it was first manufactured.

Numbers for U-235 and Pu-239 appear in Table 7.2. The decay rates are large,
but so far as the («, n) problem goes, they are mitigated by two factors: the typical
yield of such reactions, and the range of alpha particles within the fissile material.

The yield y of a reaction is a reflection of the fact that atoms are mostly empty
space: not all alpha-particles will strike a light-element nucleus. In a postwar
textbook on nuclear physics, Enrico Fermi gave some illustrative figures for two
cases. The first is that 1 Ci of radium well-mixed with beryllium yields about
10-15 x 10° neutrons per second. The second case is that 1 Ci of polonium well-
mixed with beryllium yields some 2.8 x 10° neutrons per second. (Both radium
and polonium are natural alpha-emitters.) On recalling that 1 Ci is equivalent to
3.7 x 10" decays per second, these figures give yields of 2.7-4.1 x 10~* and
7.6 x 107> neutrons per alpha, respectively. Most light-element (o, 1) reactions
have yields on the order of y ~ 10~*, which will be assumed here.
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Table 7.2 Alpha-decay rates for bomb materials

1

Isotope Half-life (years) Alpha decay rate (kg~' s™")
U-235 7.04 x 10° 8.0 x 107
Pu-239 24,100 23 x 10"

The range of a particle is a measure of how far it will travel through some
material before coming to rest due to losing energy by causing successive
ionizations in the material. Analyses of the rates of emission, yields, and ranges
of alpha particles through samples of heavy elements leads to an expression for
the average rate of neutron production R, (neutrons per second) in terms of
the densities of the fissile material and the impurity. This is usually expressed
as the ratio of the necessary number density of fissile nuclei to that of the light-
element impurity in order to have the average rate of neutron production be no

more than R,
(ﬂm;w) =y (Ralpha> Alight (7.14)
Niight Rneut Af.vsile ’

where the A’s again denote atomic weights.

Consider a 10-kg plutonium-239 core, which would have Ry, = 2.3
x 10" s7!. If we demand that R,...; be reduced to one neutron per 10,000 ps
(=0.01 neutrons per 100 ps, or 100 neutron/s), take beryllium as the impurity
(A =9), and adopt y = 1074, we get

nﬂssile 4 2.3 % 1013 9
——— | > 107" ( ———5— |1/ 535 ~ 4,460, 000. 7.15
<nlight> ~ < 102 239 (7.15)

This means that no more than one atom in about 4.5 million can be one of
beryllium! In a letter to James Conant on November 30, 1942, Robert Oppen-
heimer outlined fissile-material purity requirements, indicating a fraction by
weight of beryllium in plutonium of no more than 10~; our result is of the correct
order of magnitude. Oppenheimer similarly estimated the requirements for lithium
and boron at a few times 10~ ’. These are demanding, although not impossible
levels of purity. Los Alamos chemists were able to reduce light-element impurities
in plutonium to the level of a few parts per million, which was good enough in
view of the second source of neutrons, which is described in the following
subsection.

In the case of U-235, the impurity situation is much more forgiving. Suppose
that we have a 50-kg core, again with beryllium as the contaminant:

Nissile 4 (4.0 x 10° 9
) > 107 (5 |/ 525~ 800. 7.16
(nﬁgm> ~ ( 102 235 ( )

One atom in a thousand is well within the limits of normal chemical purity.
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It was appreciated from the outset at Los Alamos that the possibility of light-
element-induced predetonation was going to be a much more demanding con-
straint for a plutonium bomb than for a uranium bomb. Impurities would have to
be rigorously minimized, and the speed of assembly would have to be as great as
possible. An artillery cannon capable of accelerating a projectile piece of pluto-
nium to 1,000 m/s was anticipated to be about 17 feet long (Exercise 7.1). On the
positive side, if the gun could be made to work for plutonium, it would surely work
for uranium.

An issue related to alpha-particle bombardment yields is the question of how to
initiate a nuclear explosion. At Los Alamos, this was accomplished by fabricating
devices known, not surprisingly, as initiators; they were also known as “Urchins.”
Placed within the bomb core, these spheres, which were approximately the size of
a golf ball, contained interior cavities lined with teeth which projected into a
hollow center. Polonium and beryllium were deposited on opposite sides of the
teeth. Upon being crushed by the incoming projectile piece of fissile material
(uranium bomb) or by an implosion (plutonium bomb), the polonium and beryl-
lium would mix; alphas from the polonium would strike beryllium nuclei, and
liberate neutrons to trigger the detonation. The idea of such initiators was
apparently conceived by Hans Bethe. Manhattan Project initiators used about
50 Ci of polonium-210 which was created by neutron bombardment of bismuth in
the X-10 reactor at Oak Ridge and in the production reactors at Hanford via the
reaction

b+ g 20 L 20p, (7.17)
5.0days
50 Ci is equivalent to a mass of about 11 mg, and a rate of alpha emission of
1.85 x 10'* s™'. If we suppose a yield of 10™*, some 185 neutrons will be emitted
if the initiator functions for 1 ps.

Initiator manufacture was a difficult business. Polonium is hazardous not only
because of its high alpha-activity, but also because it is one of the most motile
elements known; it is virtually impossible to work with and avoid its entrance
into the human body. Fortunately, however, it does get eliminated rapidly and
does not collect in bones as do radium and plutonium. Bismuth has a low
thermal-neutron capture cross-section (0.01 barns), so large amounts of it had to
be bombarded for a long time to make even a small amount of polonium. In a
letter to General Groves on June 18, 1943, Oppenheimer related that one hun-
dred pounds of bismuth placed near the center of the X-10 pile would create
only 9 Ci of polonium every four months if the pile were operated at 20 kW/ton
of fuel; a full fuel load for X-10 was about 120 t. Much greater supplies were
anticipated from the Hanford piles when they went into operation; the same 100
pounds of bismuth would yield 4.5 Ci of polonium per day. Oppenheimer also
stated that it would be desirable to have “a mean emission of 100 neutrons”
during the operation of the initiator, a number of the same order as calculated
above.
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The polonium was separated from the parent bismuth material at a Monsanto
Chemical Company facility located outside Dayton, Ohio, where Charles Thomas,
Director of Research for Monsanto, set up a makeshift laboratory in the indoor
tennis courts of the estate of his mother-in-law. The first batch of irradiated bis-
muth reached Dayton in January, 1944, and Los Alamos began receiving ship-
ments of polonium by the end of March. By April, Monsanto was producing 2.5 Ci
pet month; this rose to 6 Ci per month by summer, and by the time the Hanford
piles came on-line in early 1945, Dayton was prepared to deliver 10 Ci per month.
The uranium gun bomb used four initiators mounted within the projectile piece
(Fig. 7.18); the implosion bomb used one at the very center of the core (Fig. 7.21).
The first “production” Urchin unit was completed on June 21, 1945, only about
three weeks before the Trinity test. Urchins were tested for resilience against leaks,
vibrations, being dropped, and for resistance to water vapor—all circumstances
they might experience in combat conditions.

To close this sub-section, we mention another aspect of the light-element
impurity issue. This is that plutonium is rather brittle at room temperature, and is
difficult to form into desired shapes unless alloyed with another metal. But com-
mon light alloying metals such as aluminum cannot be used because of the («,
n) problem; one has to use something heavier. Los Alamos metallurgists found that
by alloying plutonium with 3 % gallium by weight, they could avoid the («,
n) problem while also depressing the melting point of the malleable J-phase of
plutonium (Sect. 3.8) sufficiently that it could be worked at room temperature. An
advantage of this approach was that since the lower-density o-phase transforms to
the higher-density o-phase under compression, one realizes a gain in the sense that
the critical mass of a-phase plutonium is less than that of the J-phase material that
one began with, leading to an efficiency enhancement.

In comparison to the high-profile work in physics and engineering carried out at
Los Alamos, the work of the metallurgy group has tended to be overlooked. From
a complement of about twenty in June, 1943, the staff of the Chemistry and
Metallurgy Division would grow to number some 400, about one-sixth of the
Laboratory personnel. Much of the research on the properties of plutonium was
carried out by Charles Thomas and Cyril Smith (Fig. 7.11), a metallurgist
employed with the American Brass Company who was working with the NDRC in
Washington.

Some of the tasks faced by Los Alamos metallurgists were unusual. Uranium
and plutonium will spontaneously ignite in air when powdered or thinly sliced, and
so often had to be handled in an inert atmosphere. Plutonium is highly susceptible
to corrosion; this was circumvented by plating bomb cores with thin coatings of
silver. Other tasks included machining beryllium bricks for use in scattering and
criticality experiments (Sect. 7.11), producing foils for nuclear-physics experi-
ments, and developing crucibles for use in purification operations that did not
themselves introduce further impurities. In a 1981 reminiscence, Smith put
the importance of chemistry, engineering, and metallurgy at Los Alamos into
perspective:
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Fig. 7.11 Cyril Stanley
Smith (1903-1992) in 1948.
Source Allen M. Clary,
Camera Portraits, courtesy
AIP Emilio Segre Visual
Archives

Of course the nuclear bomb was a physical concept, stemming from physical theory and
experiment of the most magnificent kind, but the design would have been nothing without
fantastic chemistry, without stupendous achievements in engineering both chemical and
mechanical, or if the metallurgists had not been able to fabricate fantastic materials into
many tricky shapes. Before any nuclear cross-section could be measured or before any
critical assembly could be achieved, something had to be made.

7.7.2 The Spontaneous Fission Problem

The second source of possible pre-detonation-initiating neutrons arises from the
fact that both uranium and plutonium suffer spontaneous fissions. This problem
was nearly catastrophic for the plutonium-bomb program.

Because spontaneous fission (SF) is also a half-life phenomenon, the rate of
such events can be computed with the formula for alpha-decays used above.
Relevant numbers appear in Table 7.3. SF rates are listed in terms of both number
of spontaneous fissions per kilogram per second, and number per gram per hour,
which was the preferred unit in much Los Alamos technical documentation. Rates
in both units are listed here for easy comparison with values to be cited from Los
Alamos reports. The large number for Pu-240 is not a misprint.

Table 7.3 Spontaneous-fission rates for uranium and plutonium isotopes

Isotope SF half-life (years) SF rate (kg7l sfl) SF rate (g71 hfl)
U-235 1 x 10" 5.63 x 1073 0.02
U-238 8.2 x 10" 6.78 24.4
Pu-239 8 x 10" 6.92 24.9

Pu-240 1.14 x 10 483,000 1.74 x 10°
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Spontaneous fission differs from the light-element issue in that there is no
mitigating yield factor involved: neutrons are emitted directly. Also, because
neutrons are uncharged, they do not suffer any range limitation due to ionization-
energy losses. Furthermore, since two to three neutrons are typically emitted per
fission, the numbers in the last two columns of the Table should be multiplied by
about 2.5 to get an idea of the rates of neutron emission.

In the case of either pure U-235 or pure Pu-239, spontaneous fission is not an
overly serious concern for bomb engineers. Over 100 ps, a 10-kg core of pure Pu-
239 will suffer on average only 0.007 spontaneous fissions, so the danger of a
predetonation by this cause is quite low. If supercriticality for such a core lasts for
a full 100 ps (that is, if 100 ps elapse between first criticality and when assembly
is complete), the probability that the bomb will achieve its full design yield is
greater than 99 %, if the separate issue of light-element impurity levels can be
addressed. The situation is even more relaxed for a uranium core. The Hiroshima
Little Boy bomb core had a mass of about 64 kg, about 20 % of which was U-238.
But even with this level of contamination, the probability of a predetonation is less
than 1 % for a 100-us supercriticality time.

The problem with plutonium concerns the way it is produced. If an already-
synthesized Pu-239 nucleus is stuck by a thermal neutron, it has about a one-in-
four chance of capturing the neutron and so becoming Pu-240, as opposed to
undergoing fission. This means that reactor-produced plutonium will inevitably
contain some percentage of Pu-240. Leaving a fuel slug in the reactor for a longer
time will give more Pu-239, but will also lead to more Pu-240 in the bargain. The
problem is that because Pu 240 has such a spectacular SF rate, the presence of even
a small amount of it can be a big problem. The Trinity and Nagasaki bombs each
used about 6 kg of plutonium. If a 6-kg core is contaminated with even only 1 %
Pu-240, it will suffer on average 2.9 SFs over the course of a 100-us supercriti-
cality time. As can be read from Fig. 7.12, the probability of not suffering a
predetonation in this case is only about 10 %. There is no “correct” non-prede-
tonation probability to aim for, but one would presumably want something in the
vicinity of 90 % or better. The supercriticality period would have to be reduced to
about 30 ps to have a 50 % chance of no predetonation, and to about 5 ps for a
90 % chance. Even if the Pu-240 contamination level is reduced to only 0.3 %, a
100-ps supercriticality timescale will still yield only a 50 % non-predetonation
probability. Depending on such a low chance of success is not acceptable when
one has invested hundreds of millions of dollars in synthesizing fissile material.
Aside from the virtually impossible task of removing the offending Pu-240,
the only option is to speed up the assembly process to on the order of a few
microseconds. Unfortunately, this is impossible with any conceivable gun-type
mechanism.

Figure 7.12 does not tell quite the entire story, however. The probability of pre-
detonation can never be reduced strictly to zero, but its effect on the explosive
yield of a bomb is another question altogether. If the chain-reaction is initiated
when assembly is almost complete, the effect on the yield might be very slight. At
the other extreme, if initiation occurs just at the time of first criticality, what
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minimum “fizzle yield” might one expect? Would the explosion be violent enough
to at least destroy the bomb, so that an enemy could not recover the fissile
material? Los Alamos theoreticians devoted considerable effort to analyzing these
issues. These questions are applicable to both the light-element and spontaneous-
fission issues, but we will work with numbers assuming the latter problem, which
was the more serious one for the plutonium bomb.

Answers to such questions are expressed with probabilities. It is impossible to
make a statement to the effect of “Your bomb will achieve precisely percentage
x of its design yield.” Rather, one has to settle for an assessment such as “The
chance of realizing at least percentage x of the design yield of a weapon of a
specified core mass and percentage of spontaneously-fissioning contaminant is
such-and-such.” Figure 7.13 shows results of such calculations for a 6-kg Pu core
contaminated with 1, 6, and 20 % Pu-240 by mass, assuming a supercriticality
time before full assembly of 10 ps, a duration characteristic of an implosion
weapon. The probability of achieving full yield with 1 % contamination is about
80 %, but falls to only about 27 % in the case of 6 % contamination. Manhattan
Project plutonium was held to a Pu-240 contamination level of about 1 %.

The curve for 20 % contamination is included here as such a percentage is
characteristic of the plutonium created in commercial power-producing reactors,
so called “reactor-grade” plutonium. The Pu-240 fraction in such circumstances is
very large because the fuel in commercial reactors typically remains in the reactor
for many months. The chance of achieving any sensible fraction of the nominal
design yield for a weapon constructed with such plutonium is abysmal. While this
might seem comforting when considering the possibility of terrorists trying to
develop a crude bomb based on plutonium extracted from spent fuel rods, bear in
mind that a device that achieves even only a few percent of design yield would still
create a devastating explosion and leave behind widely-scattered radioactive
contamination.
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Fig. 7.13 Probability of achieving a given fraction of a fission weapon’s design yield as a
function of the desired fraction of the design yield for a 6-kg Pu-239 core contaminated with 1, 6,
and 20 % Pu-240 for a supercriticality time of 10 ps. One has about a 50 % chance of obtaining
at least 20 % of the design yield if the contamination level is 6 %, but only about a 30 % chance
of achieving 80 % of the design yield for the same level of contamination. From Reed (2011)

Related calculations show that for a bomb of design yield 20 kilotons, one can
expect a minimum energy release of about 500 t TNT equivalent in the worst-case
scenario when the chain reaction starts at first criticality (supercriticality time
10 ps). This would be more than enough to destroy the weapon itself. (Since the