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Part I. Introduction to Coherent
Extreme-Ultraviolet and Soft X-Ray
Sources



1. Short Survey of XUV Emission
Mechanisms and Sources

The radiation range of photon energy comprised between, let us say, 20 eV and
600 eV is known by the names of extreme ultraviolet, soft X-ray or XUV ra-
diation. This fluctuating designation reflects the various origins of a radiation
pattern which, in other respects, exhibits singular optical properties marking
it off from far-ultraviolet, on one side, and X-rays, on the other. The penetra-
tion length of XUV radiation is very small in almost all materials—generally
less than 1 μm. There is practically no reflection on optical surfaces under nor-
mal incidence and, in addition, wavelength is too large to make use of Bragg
reflection on natural crystals. These peculiarities made the development of
instrumentation for XUV studies more difficult than for others spectral fields,
a fact which has been prejudicial to the advance of XUV research. During the
last decades important progress, especially in XUV optics, became possible
with the help of synchrotron radiation sources.
As illustrated in Figure 1.1, the energy of the transitions occurring between

two upper electronic shells of atoms, remains of a constant order of magnitude
as the atomic number increases. For instance, the LII–K transition of boron
(Z = 5), the MI–LII transition of silicon (Z = 14), the NI–MII transition of
zinc (Z = 30), the OI−NII transition of tin (Z = 50), all have an energy of
the order of 100 eV, which corresponds to a wavelength of ∼12 nm. Therefore
B atoms ionized in K-shell, Si atoms ionized in L-shell, Zn atoms ionized in
M-shell, and so on, will be sources of soft X-ray emission (see for instance [1]).
One can ask the question whether this process can provide excitation den-

sities such that population inversions might appear between lower and upper
levels. This would open the way to neutral atom photo-pumped XUV lasers.
But attempts at implementing X-ray photo-pumping have not yet succeeded
since a very large X-ray flux is necessary to pump the lasing material, while
the small aperture of XUV optics makes it difficult to concentrate the flux on
the target.
XUV radiation is also emitted by electron transitions between the optical

levels of multicharged ions. The word “optical” refers to the empty levels above
the ground state, that is to say the levels otherwise involved in the visible or
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Fig. 1.1. Simplified atomic level diagrams that show soft X-ray transitions.

near ultraviolet spectra of neutral atoms. Multicharged ions are obtained by
removing external bound electrons from atoms. Let us consider, for instance,
the lithium atom (Z = 3), then the singly charged beryllium ion, the doubly
charged boron ion, and the triply charged carbon ion. All the members of
this so-called lithium-like isoelectronic sequence have the same number of
bound electrons as lithium itself. Their optical spectra are very similar but
they are shifted to higher energy region as the ion charge increases. It results
from this that multicharged ions will form a huge reserve of XUV and X-ray
emitters.
Except for the case of ion beams in particle accelerators, multicharged

ions are mainly found in the fourth state of the matter known as “plasma.”
In a plasma, the negative electrons removed from each atom make up a gas—
or a sea—of free electrons, which surrounds the positive ions and so ensures
the plasma global neutrality. The simultaneous presence of free electrons and
ions gives rise to a dense ion excitation, which generates line and continuous
emission spectra [2–4].
Temperature and density are the important parameters that characterize

a macroscopic plasma state. Temperature governs the mean ionization degree,
from which follows the rough spectral structure and its energy range. Density
has a strong effect on the balance between collisional and radiative processes,
on the one hand, and on photon propagation through the plasma, on the other
hand. Roughly speaking, the plasma temperature necessary for achieving XUV
emission extends from 100 eV (∼106 K) to 1 keV (∼107 K). In laboratory
plasmas, the electron density lies between 1010 cm−3 and 1023 cm−3, except in
the extreme case of plasmas confined under thermonuclear fusion conditions.
Near the low-density limit of this domain, the photon mean free path

exceeds widely the plasma chamber size. The observed spectrum then directly
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a)

b)

Fig. 1.2. (a) Dense hot plasma produced by laser pulse; (b) diagram showing the
opposite variations of plasma density and plasma temperature.

displays the excitation of individual atoms or ions. For a propagation path
length of about 1 cm the spectrum is significantly modified by reabsorption
or stimulated emission at densities exceeding 1018 cm−3. As we will see later,
the densities suitable for XUV lasers lie between 1018 cm−3 and 1021 cm−3

approximately.
XUV plasma sources are commonly achieved by producing highly ionized

atoms, either by triggering electric gas discharges or by focusing pulsed laser
beam onto solid targets. To reach high discharge currents, very short electric
pulses are required. This leads to the use of coaxial circuits of low impedance.
The electrode geometry is chosen in order to optimize the directionality of
the electron flow. A self-induced magnetic field then may appear, generating
plasma confinement and electron density increase. These days, systems with
coaxial capillary discharge [5] arouse a large interest.
Figure 1.2 summarizes the principle of hot-dense plasma production by

focusing a powerful pulsed laser beam onto the surface of a solid material. The
main energy-transfer process between laser light and plasma consists in the
inverse-bremsstrahlung of free electrons crossing the multicharged ion electric
field [6]. The plasma’s hydrodynamic expansion causes density to decrease
from a high value near the target surface to much smaller values far away
from it.
Figure 1.2b displays this general feature in the bottom curve. Owing to

the electron density gradient, the laser beam absorption varies with the tar-
get distance. Now let us recall that radiation cannot propagate if the plasma
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Fig. 1.3. Efficiency of XUV emission for the resonance line of He-like ions for two
laser irradiation parameters: white circles, E = 175 J, τ = 800 ps, Φ = 1015 W/cm2;
black circles, E = 40 J, τ = 500 ps, Φ = 5× 1014 W/cm2.

frequency becomes larger than the radiation frequency. Since the plasma fre-
quency increases as the density to the square, the beam propagation ends
reaching a density zone where it cannot penetrate more deeply into the plasma.
For near-infrared and visible lasers this occurs at densities about two orders
of magnitude smaller than solid state density. This explains the tempera-
ture curve of Figure 1.2b which falls at large density, near the target. The
lower density region, which is directly heated by the laser, is known as the
“subcritical” region, or plasma corona. The gradient lengths of density and
temperature depend on pulse duration. In Figure 1.2b, the length scale along
the horizontal axis is of a few microns for picosecond pulses, but of tens or
hundreds of microns for nanosecond pulses. Considering these features, XUV
spectra will depend, to a large rate, on the distance of the emitting region
and the target surface. The corona is the plasma region of interest for X-ray
lasers.
Other emission parameters are target composition, total laser deposited

energy, and wavelength of the focused laser beam. As an example, Figure 1.3
displays the efficiency of the 1s2−1s2p line emission of helium-like ions versus
the emitter nuclear charge, Z, for two laser wavelengths commonly used to
heat the plasma [7]. General features of the conversion of laser light into soft
X-rays can be found in [8, 9].
There are other important sources of XUV radiation, which are not usu-

ally referred to the standard atomic spectroscopy. This the case of high-order
harmonic generation, which will be treated in Part III of this book. For syn-
chrotron radiation, undulators and transition radiation the reader may refer
to [10]. A wide view on general XUV radiation physics and optics specific to
the XUV range may be found in [11] and [12]. As regards the base of op-
tical coherence theory, which will be referred to in the next chapters, it is
exhaustively treated in [13].
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1.1 Radiation Transfer Through Matter, Opacity,
and Gain

Except for the case of a small emitting volume of dilute matter, the shape
of the spectral lines emitted by atoms and ions results from the properties of
individual emitter properties together with reabsorption and scattering by the
particles. This is exemplified in Figure 1.4, which shows the experimentally
observed profiles of the 2p–3s lines of neon-like aluminium coming from the
under-dense region of a laser-produced plasma, compared to the same lines
observed in the dense plasma region [14]. It can be established that the broad-
ening of the lines is due to reabsorption in the central hot dense plasma region
while their split-like line shape is due to reabsorption in the external colder
plasma shell. Thus the understanding of line spectra calls for radiation-transfer
calculations in which, as we will see, the atomic level populations are impor-
tant parameters. Moreover, since radiation amplification requires population
inversion to occur between the upper and lower levels of some transition, X-ray
laser physics has to resort, in some respects, to radiation transfer calculation.
The study of radiative transfer offers a very wide field to theoretical inves-

tigation and numerical calculation [15–19]. However, we will restrict ourselves
to a simplified treatment, which proved nevertheless appropriate for many

Fig. 1.4. Example of spectral line shape modifications produced by radiation trans-
fer in a laser-produced plasma.
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practical investigations. More sophisticated developments, about specific top-
ics like radiation polarization and optical coherence, will appear further.
We shall thus make the following assumptions:

(a) As we deal with media, where excited level and ion species population
balances are essentially controlled by electron–ion collisions and not by radia-
tion, radiative transfer calculations can be performed on the radiation inten-
sity rather than on the electromagnetic field amplitude. We may then use the
standard atomic emission and absorption coefficients, known as Einstein’s co-
efficients. Let us mention that, for very large volume of dilute gas, this choice
may be inappropriate, owing to radiation–particle interaction affecting the
line profiles via the partial frequency redistribution process [20–24]. We must
also keep in mind that intensity calculation may be inaccurate at the very
large intensity of laser close to the saturation regime. At large amplification
level, it becomes necessary to calculate the electromagnetic field amplitude
step-by-step, coupling it to particle response. This will be done in Section
6.3 devoted to X-ray laser coherence. Moreover, owing to a strong phase re-
lation between the emitters, a simple intensity calculation is not appropriate
to investigate high-order harmonic propagation (Section 11.2).
(b) Frequency redistribution is assumed to be complete. This means that,
when an atom is excited and then de-excited by successively absorbing and
emitting a photon, there is no relation between the frequencies of the two
processes, within the line-width frequency domain. For such a relation to
exist, the atom should “remember” the frequency involved in the absorption
at the time of the following emission. But perturbations by electron collisions
result in blotting out this memory. Thus, incomplete frequency redistribution
will result from the first process taking place after the photo-absorption event,
either radiative decay or collision with another particle. In the first case, a
redistribution relation will modify the emission line profile compared to the
absorption profile. In the second case, both profiles are identical.
One sees that the role of frequency redistribution is necessarily negligible

in a medium where atomic levels are mainly populated by electron collisions.
This is certainly the case in plasmas where the electronic populations are
in thermal equilibrium, that is to say satisfying Boltzman’s law. When this
plasma state is not completed by black-body radiation equilibrium, it is known
as Local Thermodynamic Equilibrium (LTE plasma).
(c) As our purpose is not to investigate the part of radiation in the emitting
material energy balance, frequency integration will be performed over a small
frequency interval around the line center.

1.2 Transfer Equation, Absorption, and Gain

Let us first consider plan–parallel volume of ionized gas in which a radiation
beam at frequency ν covers the distance l, as schematically represented in
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Fig. 1.5. Diagram illustrating step-by-step radiation transfer calculation in a non-
homogeneous medium.

Figure 1.5a. The elementary problem of radiative transfer calculation consists
in calculating the intensity I1(ν) at the exit of the gas column as a function
of the intensity I0(ν) at the entrance. The differential equation, that accounts
for a very small intensity change over a very short propagation distance, is
built phenomenologically by considering an elementary gas shell of thickness
dz, which changes the incoming intensity I(ν, z) by an amount dI(ν, z) at po-
sition z along the axis, as shown in Figure 1.5b. The value of dz is chosen small
enough to make the density and temperature variations negligible within the
interval dz. Let j(ν, z) and k(ν, z) be respectively the emissivity and absorp-
tion (or opacity) function of the source medium. The variable j(ν, z) dz rep-
resents the positive thin layer contribution to the incoming intensity I(ν, z),
whereas k(ν, z) dz is the radiation part absorbed in the layer. We can thus
write

dI (ν, z)
dz

= j (ν, z)− k (ν, z) I (ν, z) (1.1)

Assuming a homogenous source medium, j and k are constant along the prop-
agation path. Integrating equation (1.1) we then obtain the outgoing intensity
as a function of j, k, and l:

I1 (ν) =
j (ν)
k (ν)

(
1− e−k(ν).l

)
+ I0e

−k(ν)l (1.2)

if k (ν) is positive (absorbing medium). If k (ν) is negative we replace it by
the gain coefficient g (ν) = −k (ν) and we write in a similar way

dI (ν, z)
dz

= j (ν, z) + g (ν, z) I (ν, z) (1.3)

I1 (ν) =
j (ν)
g (ν)

(
eg(ν)l − 1

)
+ I0e

g(ν)l (1.4)

In the case of a so-called “optically thin” medium, k (ν) l [or g (ν) l] is very
small and equation (1.2), as well as equation (1.4) reduce to:

I1 (ν) = j (ν) l + I0 (1.5)
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Transfer equation integration in nonhomogeneous media of various geo-
metrical properties is an important chapter of radiative transfer theory (see
for instance [11]. Here we will only mention that, if j and k are functions of z,
equation (1.2) may be used for intensity numerical integration. Let us write
it in the form

In+1 (ν) =
jn+1 (ν)
kn+1 (ν)

(
1− e−kn+1(ν)d

)
+ Ine

−kn(ν).d (1.6)

where d is the thickness of each of the N thin layers of constant emissivity and
absorption coefficient, n is the layer index number. For a propagation length
l = Nd, the integrated intensity is merely

I (ν) =
N∑
1

In (ν) (1.7)

Equation (1.1) gives us the opportunity to recall two usual definitions. The
first one refers to the ratio

S =
j (ν)
k (ν)

(1.8)

i.e., the “source function” and the second, to the quantity

τ = −k (ν) l (1.9)

which is known as the “optical depth” of the source medium. Substituting S
and τ in transfer equation (1.1) gives

dI

dτ
= I − S (1.10)

In a similar way, for an amplifier, we can write

S =
j (ν)
g (ν)

(1.11)

G = g (ν) l (1.12)

where G is the gain length product, often merely labeled “gain-length.” The
transfer equation is then

dI

dG
= I + S (1.13)

The previous expressions left aside the actual emission or absorption
processes. We will now introduce the specific form of j and k, corresponding
to spectral lines emitted by discrete transitions.
Let us consider a radiative transition of frequency ν between two atomic

levels, 1 and 2, as shown in Figure 1.6. The factors to be taken into consid-
eration in the radiation intensity calculation are the quantum line strength,
s1,2, the level populations, N1 and N2, the levels statistical weights, g1and g2,



Short Survey of XUV Emission Mechanisms and Sources 11

Fig. 1.6. Spontaneous radiative transition between discrete levels: N1 and N2 are
the level population densities; g1and g2 the statistical weights of the levels 1 and 2,
respectively; hν is the photon energy.

and the profile function, Φ (υ). Einstein’s coefficient of spontaneous emission
from level 2 to level 1 is then defined by the relation

A2,1 =
1
g2

8π3ν3

3hc3
s1,2 (1.14)

In the same way, Einstein’s absorption coefficient from level 1 to level 2 reads

B1,2 =
1
g1

π2

3h2
s1,2 (1.15)

As for stimulated emission, we have

B2,1 =
1
g2

π2

3h2
s1,2 (1.16)

In terms of Einstein’s coefficients, the emissivity j(ν), the absorption k (ν),
and the gain coefficient g (ν) are now respectively

j (ν) =
hν

4π
A2,1N2Φ(ν) (1.17)

k (ν) =
hν

c
g1B1,2

(
N1

g1
− N2

g2

)
Φ(ν) (1.18)

g (ν) =
hν

c
g2B2,1

(
N2

g2
− N1

g1

)
Φ(ν) (1.19)

Let us set

ΔN =
N2

g2
− N1

g1
(1.20)

where ΔN represents the number of atoms with inverted level population
densities per volume units. ΔN is called population inversion density. The
gain coefficient given by equation (1.19) may be directly measured in a per-
fectly homogeneous medium only. For amplifying media having density and
temperature gradients 1.19 defines the so-called local gain, that can be ob-
tained by calculation in each point of the plasma. The gain experimentally
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measured is an average over the varying local gain. Moreover, the large in-
tensity achieved in long amplifying media tends to reduce the population
inversion, ΔN . Then the gain coefficient decreases and the laser is said to
saturate. To distinguish the gain coefficient, that does not depend on laser
intensity, from the decreasing gain observed at saturation, the first of them is
usually called small-signal gain.
It is not a patent fact that one and the same profile function Φ (ν) must

be chosen for both emission and absorption processes. In fact this choice is
no more than the direct consequence of the complete photon frequency redis-
tribution assumption, which has been mentioned previously. From equations
(1.17) and (1.18) one immediately obtains the source function for a spectral
line in the form

S =
2hν3

c2
g1N2

g2N1−g1N2
(1.21)

for an absorber and

S =
2hν3

c2
g1N2

g1N2−g2N1
(1.22)

for an amplifier where population inversion occurs between levels N1 and
N2.
It is worthwhile noticing that the source function given by equations (1.21)

or (1.22) depends only on upper and lower level populations but not on oscil-
lator strength and profile function. One can also observe that, if N1 and N2

satisfy Boltzman’s equilibrium relation, viz.

N2

N1
=

g2
g1

e−
hν
kTe (1.23)

where Te is the electron temperature, S reduces to the well-known Plank
function:

S =
2hν3

c2
1

e
hν
kTe − 1

(1.24)

To complete this set of basic properties, let us now assume that the ra-
diation intensity results from the superposition of several contributions due,
for instance, to line wings and to possible continuous recombination spec-
tra. Summing the various contributions provides a source function of the
form:

S =
j1 (ν) + j 2 (ν) + j 3 (ν) + · · ·
k1 (ν) + k1 (ν) + k1 (ν) + · · · (1.25)

Returning to equations (1.2) or (1.4) we see that, except for the case of an
optically thin medium, the contributions of several transitions to the total
intensity are not additive. This fact has to be considered in interpreting ex-
perimental results, that involve continuous background at line wavelengths.
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1.3 Profile Functions

As regards the profile function appearing in relations (1.17), (1.18), (1.19)
let us first remark that, considering the transition probability at frequency ν,
A21(ν), and the total transition probability, A21, we can write

A21 (ν) = A21Φ(ν) (1.26)

which shows that Φ (ν) must obey the normalization condition:∫ +∞

−∞
Φ(ν) dν = 1 (1.27)

In calculations, that do not require the exact line profile, a usual ap-
proximation consists in substituting a rectangular profile of width Δν and
height Φrect = 1/Δν, where Φrect is the mean value of Φ (ν) in an interval[−Δν

2 ,+Δν
2

]
. Then the expression of g(ν) given by equation (1.19) is replaced

by

g =
hν

c
g2B2,1

(
N2

g2
− N1

g1

)
1
Δν

(1.28)

In the general case the profile must be chosen in order to fit the properties
of the emitting medium. For instance, a high temperature results in an in-
crease of the mean particle velocity. Therefore the emission lines are broadened
by random Doppler wavelength shift. Calculation shows that the broadening
due to a Maxwellian distribution of emitter velocity yields a Gaussian line
shape:

ΦD (ν) =
1

ΔνD
√
π
exp

[
−
(
ν − ν0
ΔνD

)2
]

(1.29)

where the Doppler width ΔνD reads (see for instance, [23])

ΔνD = ν0

√
2kTi

mAc2
(1.30)

In this expression Ti is the ion temperature, mA, the atomic mass.
On the other hand, large densities increase the perturbation of atomic

potentials, which induce collisional and Stark broadening. Collisional profiles
are well represented by a Lorentzian curve:

ΦL (ν) =
1
2π

ΔνL

(ΔνL/2)
2 + (ν − ν0)

2 (1.31)

In the frame of the so-called impact approximation, the electronic density, ne,
and the electronic temperature, Te, can be directly introduced in the profile
function by way of the proportionality relation:

ΔνL ∝ n2
eT
−1/2
e (1.32)



14 Coherent Sources of XUV Radiation

Fig. 1.7. Doppler profile [ΦD (ν)] and Lorentz profile [ΦL(ν − ν′)] whose convolution
generates a Voigt profile that fits a larger class of line broadening processes than
each profile separately.

In these expressions ΔνL is the line full-width-at-half-maximum (FWHM),
defined by Φ

(
ν0 ∓ ΔνL

2

)
= 1

2Φ(ν0). A simple calculation shows it is not the
case of ΔνD in expression (1.29). For Doppler profiles indeed we have

ΔνFWHM =
ΔνD

2
√
ln 2

∼= 0.60ΔνD (1.33)

A pure Doppler or Lorenz profile will occur only if one of the broadening
factors, temperature or density, prevails strongly over the other. If neither
of them can be neglected, a more realistic profile may be calculated by the
convolution (see Fig. 1.7):

ΦV (ν′) =
∫ +∞

−∞
ΦD (ν) ΦL (ν − ν′) dν (1.34)

which is currently accepted as a Voigt profile

1.4 Line Narrowing

The previous expressions refer to local line shapes. Now substituting equations
(1.17), (1.18), and (1.19) into equations (1.2) and (1.4) shows that, except for
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an optically thin medium, the line profile is not conserved by integrating
the transfer equation. As a matter of fact light propagation modifies the line
profiles. It is well known, for instance, that the line width is an increasing
function of the length traveled through an absorbing medium. On the contrary,
amplification has a narrowing effect on line widths. This may be easily shown
at the large gain limit.
Let us choose, for instance, a local profile controlled by the particle thermal

motion. Without loss of generality we can set ν0 = 0 in equation (1.29). The
local profile reads then

ΦD (Δν) =
1

ΔνD
√
π
exp

[
−
(

ν

ΔνD

)2
]

(1.35)

We are looking for the relation between ΔνFWHM, and the gain factor—or
gain-length product—gl involved in the source emission according to equation
(1.4). Δν is defined by

I (ΔνFWHM/2) =
1
2
I (0) (1.36)

Combining this relation with equation (1.4) allows us to write

exp

[
g0l exp

[
−
(
Δνl
ΔνD

)2
]]

− 1 = 1
2
[exp g0l − 1] (1.37)

where Δνl is the FWHM after amplification over the distance l. At the limit of
large g0l values one may use the development exp

(−x2
)
= 1− x2 + · · ·+O in

the left-hand side and the fact that eg0l � 1. A short calculation then yields:

Δνl
ΔνD

∼=
√
ln 2
g0l

(1.38)

Replacing ΔνD by its value deduced from relation (1.33) we obtain the nar-
rowing rate at large gain factor:

Δνl ∼= Δνl=0
2 ln 2√
g0l

(1.39)

Figure 1.8 displays curves of line narrowing versus gain, calculated by using the
above approximations or by exact numerical integration [25]. Similar results
are obtained for a Lorentzian profile.
A consequence of the line narrowing is that the total intensity of the spec-

tral line varies as a function of the length l in a more complex way than simply
suggested by the exponential factor of equation (1.4). The instrumental width
being generally larger than the line width Δνl, the quantity returned by laser
experiments is generally close to the total line intensity defined by

IT =
∫ +∞

−∞
I (ν) dν (1.40)
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Fig. 1.8. Line narrowing as a function of the gain factor g0l, for a Doppler local
profile. Continuous line: result of exact numerical integration; dashed line: narrowing
factor approximated at 1/

√
g0l.

By substituting I (ν) given by equation (1.4), with I0 = 0, into the previous
expression, we obtain

IT =
j0
g0

∫ +∞

−∞

(
eg0Φ(ν)l − 1

)
dν (1.41)

In most cases this integral cannot be calculated analytically. The same ap-
proximation as above for the case of large gain–length products leads to the
relation

IT =
√
πΔνD

j0
g0

eg0l√
g0l

(1.42)

which shows that the total intensity increase is smaller than the increase
in the line center. This fact must be taken into account in experimental gain
measurements. A more general approximation, which matches the limits g0l →
0 and g0l → ∞, has been proposed by Lindford et al. [26]. It leads to the
relation

IT =
√
πΔνD

j0
g0

(
eg0l − 1)3/2√
g0l × eg0l

(1.43)

One sees IT to be reduced by the same factor,
√
g0l, as the line width [cf.

equation (1.39)]. Lindford’s relation is in current use in the treatment of gain
experimental data.
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1.5 Atomic Level Population Densities

The functions involved in radiative transfer calculations—viz. emissivity, j (ν),
opacity, k (ν), and gain, g (ν)—presented above in equations (1.17), (1.18),
and (1.19), all include atomic level populations, which should be evaluated. A
specific aspect of coherent XUV emission is to call upon nonequilibrium popu-
lations at the very center of investigations. As a consequence, Boltzman’s’ law
(1.23) cannot be used to reach the actual values of electron level populations,
neither can the corresponding Saha equation (see for instance [27])

neNZ+1

Nz
=
2(g0)Z+1

(g0)Z

(
2πmeKTe

h2

)
exp

(−IZ
KTe

)
(1.44)

—where NZ , (g0)Z (conversely Z + 1) are the density and the ground state
of the ion of charge Z (conversely Z + 1), me is the electron mass and IZ the
ionization energy—be used for ion populations. It is necessary to calculate
each discrete level population by solving an equation system which involves
the contributions of a number of radiative and collisional transitions.
Figure 1.9 shows the simplified scheme of a set of levels, . . . i, j,e popula-

tions must be calculated. The variables i and j denote two successive excited
levels of the set. Z and Z + 1, represent the ground levels of ions of charge
Z and Z + 1, respectively. They are also the ionization limits of ions Z − 1
and Z. An ionizing electron collision with an electron of the i-level followed
by the radiative transition from the j-level toward the vacancy just created

Fig. 1.9. Typical example of processes involved in population rate equations. An
ionizing electron of momentum p1 collides with a multicharged ion in which it creates
a vacancy at level i. The electron goes away with momentum p2 < p1 while the
electron ejected from the level i moves off with momentum p3. The vacancy is filled
by radiative transition from level l. Other nonrepresented processes follow.
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in the i-level is represented as an example. Let Ni be the population of the
i-level at a given instant t, Nj the j-level population, Aji the radiative tran-
sition probability from j to i, 〈σkiv〉 the collisional transition cross-section
from k to i, averaged over the free electrons velocity distribution, respectively
〈σIv〉, the ionization cross-section of the i-level and I(νri), the radiation in-
tensity at frequency νri due to the r → i transition. Owing to the very short
electron thermalization time, the electron velocity distribution can be consid-
ered as Maxwellian when the temperature variation time exceeds ∼1 ps, as
will be the case here. Let ne be the free electron density. Ionizing collisions
will contribute a negative population −neNi〈σIv〉dt to the i-level, whereas
the radiative transitions from the j-level and other upper levels contribute
a positive population +

∑
j>iNjAjidt. Similar notations can be extended to

more processes as photo-recombination, photoexcitation and photoabsorption,
three-body recombination. We finally may write the i -level population rate,
dNi

dt , as

dNi

dt
=
∑
j>i

NjAji − Ni

∑
l<i

Ail + ne

∑
k

Nk 〈σkiv〉

−neNi

∑
m

〈σimv〉+ neNz+1

〈
σphotorecomb.v

〉− neNi 〈σIv〉

+
∑
r<i

4πNrI (νri)Bri

c
− Ni

∑
q>i

4πI (νiq)Biq

c
+ · · · (1.45)

and a similar equation may be written for each level of the set. Moreover, one
can often use the quasi-static approximation that assumes level populations
to vary slowly with respect to atomic relaxation times. It makes then sense to
consider time intervals, dt, small enough for the whole population balance to
obey equations

dN1

dt
= 0

· · · = 0
dNi

dt
= 0

dNj

dt
= 0

· · · = 0 (1.46)

We get a system of linear equations whose solutions are the quasi-steady state
(QSS) populations of the atomic levels.
The transition probabilities involved in the coefficients of this system can

be obtained by using the standard methods of atomic physics calculation.
However, the terms representing radiative processes, in the above equations,
include the intensities of a number of spectral lines, like I (νri)r<i, I (νiq)q>i.
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Each of them satisfies a transfer equation of the form

dI (νlm)
dx

= j (νlm)− k (νlm) I (νlm) (1.47)

As a result, when radiation takes a significant part in level populations, a
second system, formed of differential equations similar to equation (1.47) must
be solved. More exactly, since j (νlm) and k (νlm) are functions of Nl and Nm,
what we have to solve two coupled equation systems. Let us mention that, as
this may be a heavy calculation, the so-called “escape factor” approximation
has been developed to reduce the coupled systems to a single one [28–30]. The
principle of this approximation consists in replacing the Einstein coefficient of
spontaneous emission by a “corrected” coefficient, which includes a roughly
estimated absorption term. To illustrate the method let us consider simply
the radiative transitions from the m to the l level. We can write

dNl

dt
= NmAml − 4π

c
I (νml) (NlBlm +NmBml) (1.48)

By using the relations between Aml, Blm, and Bml derived from equations
(1.14), (1.15), and (1.16) this equation takes the form

dNl

dt
= NmAml

(
1− c2

2hν3

(
1− gm

gl

Nl

Nm

)
I (νlm)

)
(1.49)

and can be written
dNl

dt
= NmAmlGml (1.50)

the escape factor being defined as

Gml =
(
1− c2

2hν3

(
1− gm

gl

Nl

Nm

)
I (νlm)

)
(1.51)

The presence of the unknown quantity I (νlm) as a parameter in this expres-
sion shows that the escape factor value can by no means be reached by “ab
initio” calculations. One has to turn to the macroscopic source characteristics,
as well as to experimental observations, to obtain a relevant estimation of the
escape factor.

1.6 Source Brightness and Number of Photons
per Mode

Let I(ν) be the mean value, over the frequency interval Δν of intensities sup-
plied by integrating the radiation transfer equation (1.1). The quantity I(ν)Δν
is the power radiated per surface unit, within solid angle unit, say a number
of watts/m2/steradian. This quantity may be reached in spectroscopy experi-
ments, Δν being then an experimental band width. It is necessary to know the
quantum efficiency of the detector and the reflection coefficient of the optics.
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As for I(ν), it thus has a dimension of the form Joule/m2/steradian, though
a number of watts per surface unit emitted by a laser is often called the inten-
sity of this laser. Experimentalists, who cannot make use of the restricted-to-
visible-light photometric MKSA units, often characterize the emerging radia-
tion in terms of source brightness B(ν), namely the power, P (ν), radiated per
surface unit, per solid angle unit, per frequency interval unit, or, in MKSA
units, watt/m2/sr/Hz:

B (ν) =
P (ν)watts

ΔSm2ΔΩsrΔνHz
(1.52)

One immediately sees that, from the dimensional point of view, the intensity
I (ν) used in the transfer equations (1.2) and (1.4) and the brightness B (ν)
are identical.
It is worth concluding about the general properties of radiation transfer, by

showing the relationship between brightness and another quantity, the number
of photons per mode, which introduces a pinch of coherent optics into radiation
intensity definitions. At this point, the word “mode” should not be understood
here as referring to a strict field-mode definition, which would require, for
instance, a definite complete set of modes. We only consider the elementary
physical cells within which it makes sense to speak of coherent radiation.
To this end, Figure 1.10 exemplifies three relevant coherence parameters,

δs, δθ, and δt, for Young’s interference experiment in Figure 1.10a, and sim-
ilarly for near-field diffraction by a screen edge crossing the beam in Figure
1.10b. Within the incident quasi-monochromatic beam of wavelength λ, we
consider two paths separated from each other by a small angle δθ, and starting
from two source points separated by a small interval δs. After diffraction, the
paths intersect at point P . The distances traveled from the source to point
P differ by a small interval δL, corresponding to a time interval δt = δL/c.
A fourth parameter, the spectral band-width δν, yields a phase mismatch at
point P between radiations of frequency ν and ν ∓ δν. The values of δs, δθ, δt,
and δν, determine the occurrence of Young’s fringes, in Figure 1.10a, as well as
Fresnel’s fringes, in Figure 1.10b. Experiments show that the space condition

δsδθ�λ (1.53)

and the time condition

δνδt� 1 (1.54)

must be fulfilled for fringes to appear near P .
Let δS � (δs)2 and δΩ � (δθ)2 be respectively the area of the source and

the solid angle of the beam. By squaring equation (1.53), the spatial coherence
condition reads

δSδΩ�λ2 (1.55)

In other words the radiation field is coherent within the limits fixed by val-
ues of δS, δΩ, δt, and δν such that the previous criteria are satisfied. Let us
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a)

b)

Fig. 1.10. Young slit (a) and Fresnel’s diffraction experiment (b).

assume the surface of the real incoherent source to be ΔS � δS and the source
divergence, ΔΩ� δΩ. From equation (1.55), the quantity ΔSΔΩ can be di-
vided in ΔSΔΩ/λ2 elementary spatial cells able to supply spatially coherent
radiation (see [12] p. 150 et seq). In the same way, the emission of total du-
ration Δt� δt and band-width Δν � δν can be divided in ΔtΔν elementary
temporal steps during which radiation remains temporally coherent. In view
of interference experiments making use of incoherent sources, the question
arises of how many photons are available in each of these elementary config-
urations, that we are calling “modes.” From relations (1.54) and (1.55) the
total number of spatio-temporal modes is

Nmodes =
ΔSΔΩ

λ2
ΔνΔt (1.56)

Let us now consider the total energy, E, emitted by the source during the
time interval Δt. The mean number of photons per mode is merely

Nph/mode =
E

hν

λ2

ΔSΔΩΔνΔt
(1.57)
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By comparing the above equation with equation (1.52) we see that

Nph/modes =
c2

hν3
B (ν) (1.58)

Let us remark that this equation can be rewritten in terms of atomic spon-
taneous emission and absorption coefficient since, for a spectral line emitted
between levels 2 and 1, substituting equations (1.14) and (1.15) in equation
(1.58) leads to

Nph/modes =
8π
c

g1
g2

B12

A21
B (ν) (1.59)

These expressions show the narrow relationship existing between the bright-
ness, B (ν), of an incoherent source and the coherent radiation that this source
is capable of supplying an interferometric experiment.
Applied to usual isotropic sources, equation (1.58) shows the number of

photons per mode to be generally less than one. For instance an isotropic
XUV source of 10−6 m2 emissive surface and 1000 W power, within 0.1 nm
bandwidth in the 10 nm wavelength region, yields about 10−3 photons per
mode. However, contemporary synchrotrons, though by no means being co-
herent sources, yield up to 106−7 XUV photons per mode [10]. In this case the
intense, narrowly focused electron beam, as well as the strong emission direc-
tivity along the tangent to the electron orbit raises the radiation brightness to
a very large value. Interference experiments applied to XUV refraction index
measurements have thus been successfully performed by using synchrotron
radiation [31]. Time-resolved interferential investigation of fast physical pro-
cesses need a still larger number of photons per mode, which requires sources
of larger coherence, such as XUV lasers and high harmonics generated from
infrared or visible lasers.



2. XUV Optics

Before presenting an overview of coherent XUV sources, we must remember
the peculiarities that made it difficult, in the past, to extend the visible and
UV optical know-how to XUV wavelengths. As we briefly stated at the very
outset of these introductory chapters, XUV optical properties of condensed
matter are to absorb most of the radiation along less than ∼1μm length and
to offer an extremely poor reflectance, viz. �10−4, at near normal incidence.
Below we will recall the basis of the optical constant theory and its application
to the XUV radiation. Thanks to the many investigations carried out with
the help of synchrotron radiation, the development of multilayered optical
components, which will be described a little further, considerably reduces the
effect of the discouraging characteristics of XUV radiation.

2.1 XUV Optical Constants

The global response of matter to the penetration of an electromagnetic field
is summarized in its complex refractive index. From this index, refraction
and reflection at the interfaces, as well as absorption within the medium, can
be calculated. Many books explain how the refractive index can be deduced
from the scattering of radiation by molecules, atoms, and electrons (see for
instance [32–35]). As regards XUV radiation, a clear presentation of the sub-
ject can be found in Chapters 2 and 3 of [11]. Here we shall just introduce the
prominent features of the XUV optical properties of matter, without detailed
calculation.
The refractive index n of a material is usually defined as the square root

of the dielectric constant, ε, i.e.,

n =
√
ε (2.1)

In the range of XUV frequencies, oscillations of bound electrons in the attrac-
tive field of atomic nuclei provide the main contribution to the dielectric con-
stant of solid and gaseous materials. In hot dense plasmas this part is played
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by free-electron collective oscillations, due to the density-dependent restor-
ing force which follows from electron density disturbances. In both cases the
nuclei are too slow to significantly contribute to the material response. Ac-
cording to the semiclassical model, the equation of motion for bound electrons
of resonance frequency ωk may be written as

m
d2x

dt2
+mγk

dx

dt
+mω2

kx = −eE (2.2)

where E = E0e
−iωt is the oscillating electric field of the propagating electro-

magnetic wave, m is the electron mass, and γk a damping factor. Solving
this equation shows that electrons oscillate with the same frequency as the
incident electric field but with a frequency-dependent amplitude, xk, given by

xk =
e

m

E

ω2 − ω2
k + iγkω

(2.3)

Let gk be the occupation number of the kth atomic shell and nA the atom
density number. The polarization of the medium, P = nAe

∑
k xk, is then:

P = E
e2nA

m

∑
k

gk
ω2 − ω2

k + iγkω
(2.4)

and the dielectric constant, ε = 1− P/Eε0, reads

ε = 1− e2nA

mε0

∑
k

gk
ω2 − ω2

k + iγkω
(2.5)

It may be easily verified that, at XUV frequencies, the second term of equation
(2.5) is much less than unity. Hence the complex refractive index, n =

√
ε,

takes the form

n (ω) = 1− 1
2
e2nA

mε0

∑
k

gk
ω2 − ω2

k + iγkω
(2.6)

Separation of n(ω) into real and imaginary parts (Chap. IX in [33]) leads to
equation

n (ω) = 1− δ + iβ (2.7)

with

δ =
1
2
e2nA

mε0

∑
k

gk
(
ω2 − ω2

k

)
(ω2 − ω2

k)
2 + γ2

kω
2

(2.8)

and

β = −1
2
e2nA

mε0

∑
k

gkγkω

(ω2 − ω2
k)

2 + γ2
kω

2
(2.9)

The behavior of β and δ near resonances is as shown in Figure 2.1 More-
over Figure 2.2 displays the example of silica for photon energy comprised
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Fig. 2.1. Variation of the real and imaginary parts of the refractive index, n =
1− δ − iβ, near a resonance frequence ωk.

between 30 eV and 1000 eV. The jumps near 100 eV and 550 eV correspond
to the 1s resonance of oxygen and to the 2p resonance of silicon, respectively.
Equation (2.6) can also be derived from atomic scattering theory in a

way that gives a deeper understanding of the role of atomic properties in
XUV wave propagation. A detailed presentation of this approach is out of
our scope. However, a highly acknowledged tabulation of atomic scattering
factors has been published by Henke, Gullikson, and Davis for all elements

Fig. 2.2. Variation of the real (δ) and imaginary (β) parts of the refractive index
of silica in a wide XUV energy range (data from Ref. [35]).
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in an extended range of XUV wavelengths [36]. To make these tables easy
to use let us recall that the complex scattering factor of interest for XUV
propagation, f = f1 + if2, can be written as

f =
∑
k

gkω
2

ω2 − ω2
k + iγkω

(2.10)

where the gk’s are now the quantum mechanical oscillator strength, whereas,
in the semiclassical model, they were integers such that

∑
k gk equaled the

total number of bound electrons surrounding the nucleus. Equation (2.6) can
be thus rewritten:

n (ω) = 1− 1
2ω2

e2nA

mε0
(f1 (ω) + if2 (ω)) (2.11)

Substituting the value of the classical electron radius, re = e2/4πmε0c
2, and

λ = 2πc/ω in this expression yields

n (ω) = 1− 1
2π

renAλ
2 (f1 (ω) + if2 (ω)) (2.12)

and we see that the previously defined δ and β real numbers are given by

δ =
1
2π

renAλ
2f1 (ω) (2.13)

and

β =
1
2π

renAλ
2f2 (ω) (2.14)

Let us now briefly consider the case of hot plasmas which, as we already
know, play an important part in XUV radiation sources. Hot plasmas consist
of multicharged ions and free electrons that have been ejected from neutral
atoms by strong thermal agitation. Plasmas are globally neutral though each
particle is submitted to the microfield of neighboring particles. If all atoms
are fully ionized, there are no more bound electrons effecting oscillations near
resonance frequencies. However, any local disturbance of the free electron gas
induces a local change of the mean electron density and the occurrence of a
restoring force which increases with the electron density. The propagation of
this density disturbance results in longitudinal plasma waves of frequency:

ωp =
(
e2ne

mε0

)1/2

(2.15)

or

ωp = 5.65× 104n1/2
e

where ne is in cm−3 unit.
Dispersion of transverse electromagnetic waves occurs according to the

relation

ω2 = ω2
p + k2c2 (2.16)
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where ω is the frequency and −→
k is the wave vector such that |k| = 2π/λ.

The dispersion relation (2.16) has real solutions only for waves of frequency
ω > ωp, which then have the phase velocity

vΦ = ω/k (2.17)

Therefore electromagnetic waves of frequency less than ωp cannot propagate.
Using the familiar refractive index definition, n = c/vΦ, with relations (2.17)
and (2.15) leads to the following expression of plasma refractive index:

n =

(
1− ω2

p

ω2

)1/2

(2.18)

In nonhomogeneous plasmas, equation (2.15) shows ωp to vary as the electron
density square root. When electromagnetic radiation of frequency ω reaches a
plasma density layer such that ωp = ω, the radiation is reflected away, toward
less dense regions. From equation (2.15) one obtains this limiting density

nc =
mε0ω

2

e2
(2.19)

where nc is called the critical density for the radiation of frequency ω, or

nc = 1.1× 1021λ−2 (nc in cm−3 for λ in μm) (2.20)

More generally, the spatial variations of refractive index give rise to light
path curvature. Figure 2.3 illustrates this fact by showing the qualitative

Fig. 2.3. XUV radiation path curvature due to density gradients between target
and vacuum within a cylindrical plasma.
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features of XUV radiation pencils in an elongated plasma produced by a

laser impact onto a solid plane target. Let
−→
Δn be the gradient of the plasma

refractive index and
→
N the unit vector normal to a given trajectory. The light

path curvature radius of the trajectory to this point is given by [34]

1
R
=
→
N ·

−→
Δn

n
(2.21)

If we also assume that
−→
Δn is normal to the trajectory tangent, equation (2.21)

shows that |R|, the absolute value of R, is given by
1

|R| =
1
n

dn

dx
(2.22)

where x is the space coordinate in the
−→
Δn direction. From equations (2.15),

(2.18), and (2.19) one may now give the refractive index the new form:

n =
√
1− ne

nc
(2.23)

Hence, assuming that ne � nc, we readily obtain

1
|R| =

1
2nc

dne

dx
(2.24)

By substituting the classical electron radius re = e2/4πmε0c
2 and λ = 2πc/ω

in equation (2.19), equation (2.24) becomes

1
|R| =

reλ
2

2π
dne

dx
(2.25)

If we call δx the distance along which ne decreases by a factor of 10, so that
δne � 0.9ne, relation (2.25) gives

|R| � 6.98
re

δx

neλ2
(2.26)

or

|R|cm � 2.5× 1023 δx(μm)

ne(cm−3)λ
2
(nm)

(2.27)

If we consider for instance an XUV amplifying plasma with ne = 5× 1020
cm−3, δx = 50 μm, λ = 15 nm, the curvature radius is ∼111 cm, which leads
to a divergence angle of about 9 mrad after a 1 cm long path in plasma.

2.2 Absorption, Reflection, and Refraction
of XUV Radiation

For the sake of simplicity let us consider a plane wave described by relation

E = E0e
−i(ωt−kr) (2.28)
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where ω = 2πν = 2π/T and k = 2π/λ, with ν and λ being, respectively, the
frequency and the wavelength of radiation. For practical applications, let us
recall that wavelength and frequency satisfy the numerical relation

λ (nm)× hν (eV) = 1239.9 (2.29)

In a medium of refractive index n (ω) the phase velocity dispersion of the wave
reads

vφ =
c

n (ω)
=

ω

k
(2.30)

Introducing n (ω) given by equation (2.7) in this equation gives

k =
ω

c
(1− δ + iβ) (2.31)

We can then rewrite equation (2.28) in the form

E = E0e
−(2πβ/λ)re−i[ω(t−r/c)+(2πδ/λ)r] (2.32)

which shows the refraction index imaginary part, β, to introduce wave am-
plitude attenuation, when the real part, δ, introduces a phase shift in wave
propagation. By squaring the field amplitude (2.32) we obtain the intensity
drop

I = I0e
−(4πβ/λ)r (2.33)

which shows that the usual linear absorption coefficient of the medium, μl,may
be deduced from β by the relation

μl =
4πβ
λ

(2.34)

To illustrate the role of this formula, let us go back to Figure 2.2 which
displays the β values of silica. For a photon energy of about 100 eV, viz.
∼12 nm wavelength, we see that β � 10−2. From equation (2.34) radiation
intensity is attenuated by factor 1/e for a covered distance 1/μl � 95 nm,
that is to say about 8 wavelengths.
The general properties of XUV reflection are determined by the fact that

the refractive index of materials, n, is very close to but slightly less than
unity. The small difference between n and 1 makes the reflectance at interfaces
between vacuum and materials very small too.
At the same time, as illustrated by the sketches of Figure 2.4, the fact that

this difference is negative turns the refracted beam upwards, to separation sur-
face, instead of turning it downwards, to the normal to the separation surface,
as usual in visible optics. The consequence is that an XUV beam flowing in
vacuum may undergo total reflection at the vacuum-to-matter interface. In
other words, total reflection is an “external” process in XUV region, whereas
it is an “internal” process elsewhere. However, it requires a large incidence an-
gle onto the surface, as we will see below. This is why XUV experimentation
originated a special kind of optical devices that makes use of grazing incidence
on reflecting surfaces. It is an important fact that the considerable advance
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Fig. 2.4. Refraction at interface between vacuum (n = 1) and material (n > 1 or <
1). For XUV radiation n < 1 implies Φ′ > φ. Thus total reflection occurs from vac-
uum to material, contrary to reflection of visible light.

in the art of making interferential mirrors, including normal incidence mir-
rors, results from progress in the knowledge of XUV optical constants, made
these last two decades. This has indeed changed the prospect for using XUV
radiation in science and technology.
The reflectance for perpendicular and parallel polarizations, given by

Fresnel’s formula, and written here in terms of the glancing angles, θ =
π/2− φ and θ′ = π/2− φ′ (see Fig. 2.5), instead of the incidence and re-
flection angles φ and φ′, are

Rs =
(
sin θ − n sin θ′

sin θ + n sin θ′

)2

(2.35)

and

Rp =
(
n sin θ − sin θ′
n sin θ + sin θ′

)2

(2.36)

with

cos θ = n cos θ′ (2.37)

Fig. 2.5. Glancing incidence angle (θ) and glancing refraction angle (θ′).
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Fig. 2.6. Reflectivity versus glancing incidence angle for various values of β/δ (data
from Ref. [35]).

As usual,Rs denotes the reflectance for an electric field vector perpendicular to
the incidence plane, Rp denoting the same coefficient for fields vector parallel
to the incidence plane.
External total reflection occurs when

θ′ = 0 (2.38)

that is to say, from equations (2.37) and (2.7)

cos θ = 1− δ (2.39)

where we temporarily assumed β = 0, as in a fully transparent medium. For
small δ’s, the glancing angle at which total reflection will start, i.e. the “crit-
ical” angle denoted by θc, will be

θc =
√
2δ (2.40)

Figure 2.6 shows reflectivity versus glancing angle following Parrat’s calcula-
tion [37], for four values of β/δ. The upper dashed curve corresponds to β = 0,
for which total reflection is achieved for all θ’s� θc. One sees that for a lossy
medium, viz. β = 0, reflectance also strongly increases for small θ’s, but does
not completely reach total reflection.
Detailed study of refracted wave propagation for θ < θc in lossy media has

been performed by Attwood [11] (Chapter 3). This study leads to equations
giving the radiation penetration depth, z, into the lossy medium under condi-
tions which would yield total reflection in a transparent medium. In particular

z0 � λ

2
√
2
πδ1/2 (θ � θc) (2.41)
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Table 2.1. Penetration depth Z of 12.4 nm wavelength
radiation in silica and gold for normal, critical, and
strongly subcritical incidence

SiO2 (θc � 10◦) Au (θc � 23◦)

θ z/λ z z/λ z

π/2 8.84 109 nm 2.65 32.9 nm
θc 1.68 20.8 nm 0.92 11.4 nm
�θc 0.13 1.6 nm 0.31 3.8 nm

and

zc � λ

2πβ1/2
(θ = θc) (2.42)

Moreover, the time-averaged power per unit area crossing the interface is found
proportional to the small angle, ϑ′, of the refracted wave with the interface,
which is given by

ϑ′2 =

√
(θ2 − 2δ)2 + 4β2 +

(
θ2 − 2δ)

2
(2.43)

These relations are of importance, not only for a full understanding of XUV
reflection properties, but also for estimating the possible damages which may
be caused to optical interfaces by intense XUV sources.
To illustrate the scale of wave penetration under various conditions,

Table 2.1 allows us to compare the penetration depths obtained for photons
of 100 eV energy (λ = 12.4 nm) in silica (δ = 0.014, β = 0.009) and in gold
(δ = 0.08, β = 0.03) by using equations (2.34) (normal incidence), (2.42) (crit-
ical incidence), and (2.41) (extreme grazing incidence).
This comparison between silica and gold, chosen for the well-separated

positions of their components in the periodic table, as well as for their practical
importance in XUV optics, may be extended to their reflectivities. Figures
2.7 and 2.8 display the spectral reflection curves from 30 eV to 600 eV, for
θ = 5◦ (< θc) in Figure 2.7 and for θ = θc in Figure 2.8. These curves are a
good illustration of the behavior of XUV reflectivity discussed in the previous
paragraph. In particular, in both cases one sees the reflectivity cutoff near
100 eV at the critical angle ∼10◦ for silica and �23◦ for Au.
It is easy to see, from equations (2.36) and (2.35), that grazing incidence

reflection hardly polarizes XUV radiation. As a matter of fact, when θ′ can-
cels, both Rs and Rp tend to unity. Besides, seeing that normal reflection is
extremely weak, it may seem unreal to discuss polarization in this case. Let us
mention that calculation shows Rp/Rs also tend toward unity, when θ → π/2.
One can then ask what about Brewster’s angle? The maximum polarization
degree is reached when Rp = 0, viz. from equation (2.36)

sin θ′ = n sin θ (2.44)
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Fig. 2.7. Reflectivity of silica and gold versus photon energy for the same glancing
angle smaller, in both cases, than the critical angle [35].

Fig. 2.8. Reflectivity of silica and gold versus photon energy for the critical inci-
dence angle of each material [35].
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By combining this relation with equation (2.37) we obtain the new equa-
tion

n2 sin2 θ +
1
n2
cos2 θ = 1 (2.45)

which leads to

sin2 θ =
1

1 + n2
(2.46)

Since the refractive index, n, is close to 1, Brewster’s angle is approximately
given by

sin θB � 1√
2

(2.47)

viz.

θB � 45◦ (2.48)

As shown previously, the 45◦-incidence reflectance at a single interface is much
too small to be useful to build polarizers. But due to the fact that the mag-
nitude of θB does not depend much on the nature of the material, multilayer
mirrors can provide high linear polarization of intense beams reflected near
45◦-incidence.

2.3 Grazing Incidence Optics

For a long time, reflection under grazing incidence had been the only way
to drive radiation propagation in XUV experimental devices. The advent of
interferential multilayer mirrors deeply changed the capability—as well as the
design—of XUV optical components. However, grazing incidence techniques
retain an important part in contemporary experiments, especially as a large
band width can be investigated with one and the same device, whereas mul-
tilayer reflectors are narrow-band systems. In fact both types of components
are used together in many sophisticated arrangements of today.
Grazing incidence reflection onto plane mirrors does not present any pe-

culiarity except that the size of the mirror in the incidence direction has to be
increased by factor ∼1/ sin θ, as compared to normal reflection with identical
cross-section. Near 10 nm wavelengths the glancing angle can be about 5◦,
which leads to a lengthening factor about 10. At shorter wavelengths, with
glancing angles of 1◦ or less, the lengthening factor becomes larger than 50,
which may lead to technical issues. Moreover mirror’s polishing must be of
especially high quality in order to reduce XUV radiation scattering on the
surface ruggedness.
The peculiarity of grazing incidence optics mainly lies in the exceptionally

strong astigmatism of spherical reflectors. This is schematically illustrated in
Figure 2.9, which represents a spherical mirrorM of curvature center C, with
the incident light coming from the source point A, under the glancing angle θ.
As is well known, the beam will not converge toward some well-defined image
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Fig. 2.9. Grazing incidence astigmatism of concave mirror; the reflected beam is
supported by two small straight lines, one of them, S, being generally virtual as
shown in the figure.

point after reflection, but it rests on two “astigmatism focal lines,” S, in the
incidence plane, and T perpendicular to this plane. Let us choose the origin
of the distances at the mirror center, M , and call S (resp. T ) the point of
intersection of the focal line S (resp. T ) and the central reflected ray. The
positive direction being the direction of light, the positions of S and T are
calculated from the next expressions respectively:

1
MS

=
1

MA
+
2 sin θ
R

(2.49)

1
MT

=
1

MA
+

2
R sin θ

(2.50)

where R is the radius of the mirror. The conditions for the focal lines to be
real, namely to lie in the image space, are obviously MS > 0 and MT > 0 .
From equations (2.49) and (2.50) one can see that S is real if

|MA| > R

2 sin θ
(2.51)

and T is real if

|MA| > R sin θ
2

(2.52)

Since θ is a small angle, the first of these two conditions is fulfilled only for
remote sources. Therefore, for grazing incidence experimental arrangements,
one generally gets to use the tangential focal line T to yield radiation concen-
tration into a “focal” spot.
To achieve better focalization, one may replace the spherical mirror by a

toroidal one, so as to adjust MS and MT by using two different curvature
radii in equations (2.49) and (2.50) [38]. One immediately see that the points
S and T will merge when the ratio of radii takes the value sin2 θ. However, it
is clear that this is practicable only if the glancing angle is not too small.
In many applications of XUV optics, it is found convenient that A, the

point source, and its “image” T be symmetrical with respect to the normal
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Fig. 2.10. Rowland circle of concave mirror; C is the curvature center of the mirror.
The diameter of the Rowland circle equals the radius of the mirror.

to the mirror. If we substitute MT = −MA in equation (2.50), we obtain
|MA| = R sin θ. This means that the required symmetry does exist for a set
of points A, which forms a circle of radius R/2, tangent at M to the mirror.
This circle, represented in Figure 2.10, is known as the Rowland circle of the
spherical mirror. Besides, as we all know, the image of a source located at the
curvature center of a mirror (point C in Fig. 2.10) is perfectly stigmatic.
Something of this property holds for all the points of the Rowland cir-

cle, though the less so as the source moves away from the center C. Under
grazing incidence, the Rowland circle remains the location of source points
which minimizes optical aberrations. This property and the practical advan-
tages of a simple geometry explains that the Rowland circle mountings have
been largely used in XUV spectroscopic devices, before holographic diffrac-
tion gratings appeared with their completely new capabilities. A sketch of a
grazing incidence Rowland spectrograph that makes use of a spherical grating
under grazing incidence is shown in Figure 2.11. Spectral lines are focalized
along the Rowland circle, the spectral dispersion being easily calculated from
the familiar grating equation written here under the convenient form

cos θ − cos θ′ = N
λ

a
(2.53)

where N is the interference order, a the period of the grating, and λ the
wavelength.

2.4 Multilayer Mirrors

In visible optics it is usual to use interferences produced within thin layers to
increase reflectance or transmittance at the interface between two media. The
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Fig. 2.11. Principle of grazing incidence Rowland spectrograph for XUV radiation.

first attempts to extend this method to far UV and XUV radiation, mainly in
connection with the development of synchrotron radiation experiments, date
from the seventies [39–42].
The principle of constructive interference achieved by coating a surface

with a thin layer is illustrated in Figure 2.12. The thin layer 1, of thickness d,
deposited on the substrate 2, causes two waves to be reflected from a single
incident wave coming from vacuum 0. As the real part of the refractive index
is very close to 1 for XUV wavelengths, refraction does not appear in the figure

Fig. 2.12. Constructive interference obtained by coating a surface with a thin layer
of thickness d.
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Fig. 2.13. Periodic thin layer structure where weakly and strongly absorbing layers,
of thickness dA and dB respectively, succeed to each other.

at the 0–1 separation. Let us call I and I ′ the incidence points on each side
of the thin layer. The path difference II ′ + I ′I ′′ − IP between the reflected
waves is readily calculated to be 2d sin θ. Moreover, we know that constructive
interferences between the waves appear when the path difference is a multiple
of the wavelength, λ, viz. when:

mλ � 2d sin θ (2.54)

with m = 1, 2, 3, . . . Therefore, at normal incidence and for m = 1, the maxi-
mum reflectance occurs for a layer thickness of d = λ/2.
However, owing to the very small amplitude reflected when θ > θc [see

equation (2.40)], a single thin layer cannot provide a large XUV reflectance in
near normal incidence. To improve the efficiency of constructive interferences,
one turns to periodic thin layer structures, such as shown in Figure 2.13.
At normal incidence, with d � λ/2, the multilayer structure reflects as many
interfering waves as the number of periods allows, thus considerably increasing
the reflectance of the mirror. Each period consists of two films, one of small,
the other of large, absorbing coefficient. Figure 2.13 represents the thin film
stack, dA (respectively, dB) being the thickness of the weakly (respectively,
strongly) absorbing material.
The way in which reflectivity depends on the number of periods is shown in

Figure 2.14, for several values of dB, from Spiller’s data [39]. One sees the ratio
dB/dA to be an important parameter of multilayer efficiency (see also [41]).
The larger the period number, the thinner the absorbing layers need to be.
Otherwise the improvement of reflectivity is counterbalanced by the increase
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Fig. 2.14. Reflectivity as a function of the number of multilayer periods for various
absorbing layer thicknesses (data from Spiller [36]).

Fig. 2.15. Forty-period Si/Mo mirror reflectivity for two values of the period (data
from Ref. [35]). It is worthy to observe that reflectivity is maximum at a wavelength
close to twice the period d.

Fig. 2.16. Multilayer Schwartzschild objective used for XUV microscopy.
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Fig. 2.17. Principle of a Bragg–Fresnel lens that combines the properties of multi-
layer structures with those of diffractive zone-plates.

of absorption. As a matter of fact one can observe in Figure 2.14 that, except
for small period numbers, the lessening of dB yields important reflectance
enhancement. That is why multilayer mirrors are made in such a way that
the area of each absorbing layer is occupied by one node of the standing waves.
The remarkable efficiency obtained with the help of multilayer structures is
illustrated in Figure 2.15, which shows the reflectivity expected from 40-period
Si/Mo mirrors with d = 7.2 nm at λ � 14 nm and d = 10.6 nm at λ � 20 nm
(data from [36]).
Many applications of XUV radiation resort to multilayer mirrors [43].

Filters, polarizers, microscopes, telescopes, XUV laser cavities are typical
developments that were made possible thanks to them. As an example,
Figure 2.16 displays the diagram of a Schwartzschild objective used for XUV
microscopy [44]. Moreover, combination of multilayer mirror properties with
diffractive zone-plate structures brought about further progress in XUV optics
(see, e.g. [45]). As an illustration of this technique, Figure 2.17 schematically
represents the cross-section of a Bragg–Fresnel lens that may be carved in
a multilayer mirror either by masking selected zones of the substrate in the
course of the coating process, or by etching the complementary portions of the
mirror after multilayered deposition. Such three-dimensional optical compo-
nents have proved to supply a large gain of resolution in imaging techniques.



3. Coherent XUV Radiation Beams

Coherence and incoherence are two opposite characterizations of the proper-
ties of propagating radiation. Propagation by itself introduces coherence in
the radiation field since it implies spatio-temporal phase relations,which are
at the very origin of field correlation from a point to another one. On the other
hand, the very large number of independent microscopic emission sources and
the lack of absolutely monochromatic emission cause coherence never to be
complete. Nevertheless complete incoherence would mean field without prop-
agation, which would be a nonsense generally speaking. As a matter of fact, it
can be shown that the light field vanishes if the degree of coherence is assumed
to cancel [46].
The radiation field is thus doomed to be like a sea where strong swash and

regular rollers compete for shaking ships and seamen. However one knows how
to form streams of coherent field into this choppy sea. This can be done simply
by reducing the size of a noncorrelated emitters source surface, but much more
efficiently by correlating emitters by the means of atomic stimulated emission
or by laser collective excitation. Lasers generally comprise a resonant cavity
that considerably increases the beam coherence but, for reasons which will
be presented further, this has not been the case of XUV lasers so far. To
help understanding the high degree of coherence nevertheless achieved with
these lasers, it is worth briefly recalling the principles of radiation coherence.
Furthermore we shall see another way open up to coherent XUV production,
that is the generation of high harmonics of visible laser light (HHG).

3.1 Interferences and Degree of Coherence

The experimental evidence of correlation between fields at points separated
in the space rests in the possibility of observing interferences between these
fields. For instance, the well-known Young’s slits test the coherence at two
points of a beam emitted by an incoherent source. The principle of the
experimental arrangement is recalled in Figure 3.1. The source extends on
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Fig. 3.1. Young’s slit interferences.

a small surface around the point Q0 on the optic axis. Two slits, P1 and
P2, separated by a distance d, are made through a stop perpendicular to the
axis. Let R1be the distance from Q0 to the stop, R2, the distance from the
stop to the imaging screen. Let Q be a point of the light source at a dis-
tance δs from Q0 and let us consider the fringe system on the screen given by
quasimonochromatic light, of mean wavelength λ, emitted from this point. We
assume d � R2 and δx � R2. Calculation shows that, when δs varies from
zero to its actual value, the fringes shift on the screen by [46]

δx � R2

R1
δs (3.1)

If we assume the points of the source to emit independently from each other,
the overlap of the corresponding fields reduces to intensity addition since there
is no established phase relation between them. A uniform distribution of pin-
point sources between Q and Q0 being assumed, the width of the fringes
increases with the source size δs, lowering the contrast of the system con-
sequently as a result. The fringe system remains observable, though with
reduced contrast, as long as δx remains smaller than the fringe separation,
which requires.

δs�λ
R1
2d

(3.2)

This illustrates the general fact, already mentioned in Section 1.6, that par-
tial coherence may be observed in fields coming from incoherent sources. The
reason is that the field phases are involved in amplitude additions only through
the differences they acquire by following different paths between source and
detector. No defined phase can be attributed to the wave trains emitted by the
source, but field propagation, which mixes in each point phase and amplitude
of fields coming from different points, introduces coherence in the resulting
field. As an example, let us consider again the waves, emitted at points Q
and Q0 and their overlap at points P1 and P2 of Figure 3.1. The field cross-
correlation at these points may appear in the form of a fringe pattern on the
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Fig. 3.2. Fluctuations of radiation emitted from Q0 propagate toward P1 and P2.
Fluctuations from the independent source Q also propagate to P1 and P2. Both sets
of fluctuations are finally present in the fields E1 = E11 + E21 and E2 = E12 + E22.
That is why correlations appear between E1 and E2 as it is shown by the production
of interference fringes.

screen. Four paths, represented in Figure 3.2, are to be taken into consid-
eration: r11 and r12 from Q to P1 and P2, r21 and r22 from Q0 to P1 and
P2. Let E11, E21 and E12, E22 be the corresponding fields at P1 and P2 (see
[47], Chapter 4). The fluctuations of the waves emerging from the two non-
correlated source points will reproduce in each of the resulting fields, E1, E2,
at points P1 and P2. Hence, except for a phase factor due to the small path
length differences, r11 − r21 and r12 − r22, we will have:

E1 = E11 + E21 (3.3)

and

E2 = E12 + E22 (3.4)

Therefore, the sums E1 and E2 will give similar wave trains at P1 and P2,
although the constituent wave trains, E11 and E21, on one side, E12 and E22,
on the other, may be of completely different forms. That is why correlations
may appear, as a result of propagation, between the fields E1 and E2.
Young’s slit interferences particularly refer to the spatial coherence of a

radiation field. However we just saw that the role of propagation in field co-
herence prompts us to consider wave trains in the region where beams overlap.
The length associated with a wave train of bandwidth Δν is lc ∼ c/Δν, to
which is associated a correlation time

τ = lc/c (3.5)

Wave trains propagating in the same direction will interfere only if the time
interval between them is shorter than the correlation time τ. The length of
the wave train refers to the second aspect of coherence, namely, the temporal
coherence of the field. Since τ = 1/Δν, the more monochromatic the radiation,
the more coherent the radiation field will be. A completely monochromatic
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Fig. 3.3. Michelson interferometer. If the incoming radiation is temporally coherent
the outgoing beam is uniform on the screen but varies periodically by shifting M2

owing to the phase difference Δφ = 4π(l1 − l2)/λ.

radiation would have an infinite wave train length and would therefore be
temporally monomode.
Temporal coherence is directly displayed by the interference pattern pro-

duced by Michelson’s interferometer (Fig. 3.3). In this experimental arrange-
ment a beam splitter separates the incoming beam into two parts, each of
which is reflected by a normal incidence mirror. One of the mirrors (M2 in
Fig. 3.3) can be shifted along the beam. One observes the result of the super-
position of the two beams after a second pass through the beam splitter. The
path difference, Δl = 2(l1 − l2), between the beams being obviously constant
along the beam diameter, no spatial dephasing occurs to yield fringes. There-
fore, if the screen is perpendicular to the beam axis, the intensity at its sur-
face is uniform, but varies periodically when shifting M2, because of the time
delay Δt = 2Δl/c (and the corresponding phase difference Δφ = 2πcΔt/λ)
introduced between the beams. Alternatively, one can also directly observe
fringes by slightly tilting the screen.
Whatever the more prominent character—spatial or temporal—of coher-

ence, the fringe contrast (or visibility)

K =
Imax − Imin

Imax + Imin
(3.6)

where Imax and Imin are the intensities at fringe top and bottom, K is the
measure of the degree of coherence.
A simple example may illustrate this relation. Let us consider the abstract

case of a harmonic wave arriving at a stop provided with two pinholes P1 and
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Fig. 3.4. Calculation of fringe contrast: (a) simple case of an incoming spherical
harmonic wave, (b) diagram for a general calculation.

P2 (Fig. 3.4a). Let

E1 = E0 exp i [2πνt − φ1] (3.7)
E2 = E0 exp i [2πνt − φ2] (3.8)

be the fields reaching P , from P1 and P2, respectively. The field and the
intensity at P will be

EP = E1 + E2 (3.9)
IP = EPE

∗
P (3.10)

and one readily finds that

IP = 2I0(1 + cos(φ1 − φ2)) (3.11)

where

I0 = E∗0E0 (3.12)

Equation (3.11) shows that Imin = 0 for φ1 − φ2 = (2k + 1)π/2. The contrast,
given by relation (3.6), is then K = 1, which is not surprising since the field
checked at points P1 and P2 is completely coherent by the very fact that it
was assumed to be a harmonic wave.
More generally, let us assume the field, at point P, of vectorial coordinate

r, to be represented by a complex signal E (r, t) , sum of fields coming from
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points of coordinates r1 and r2 (Fig. 3.4b), viz.

E (r, t) = E (r1, t − t1) + E (r2, t − t2) (3.13)

where

t1 = R1/c, t2 = R2/c (3.14)

In equations (3.14), R1 (respectively R2) is the distance between the points
P1 (respectively P2). The instantaneous intensity at P is

I (r, t) = E∗ (r, t)E (r, t) (3.15)

and the time-averaged intensity may be written under the form [47]

〈I (r, t)〉t = 〈I1 (r, t)〉t + 〈I2 (r, t)〉t
+2 [〈I1 (r, t)〉t]1/2 [〈I2 (r, t)〉t]1/2Re [γ (r1, r2, τ)] (3.16)

where

τ = t1 − t2 (3.17)

The function γ (r1, r2, τ), usually known as the complex degree of coherence,
is the normalized form of the mutual coherence function

Γ (r1, r2, t) = 〈E∗ (r1, t)E (r2, t+ τ)〉t (3.18)

namely

γ (r1, r2, τ) =
Γ (r1, r2, τ)

[Γ (r1, r1, 0)]
1/2 [Γ (r2, r2, 0)]

1/2

≡ Γ (r1, r2, τ)

[〈I1 (r1, 0)〉]1/2 [〈I2 (r2, 0)〉]1/2
(3.19)

In spatial coherence calculations, it may be useful to also consider the equal-
time correlation function, or mutual intensity

J (r1, r2)t ≡ Γ (r1, r2, 0) = 〈E∗1 (r1, t)E (r2, t)〉 (3.20)

that represents the correlation of the field oscillations at the points P (r1) and
P (r2) . The complex degree of coherence is then

j (r1, r2)t ≡ γ (r1, r2, 0)t =
J (r1, r2)t

[J (r1, r1)t]
1/2 [J (r2, r2)t]

1/2
(3.21)

There is a close relation between the module of the complex degree of
coherence and the fringe contrast K defined by equation (3.6). It is shown
in [47] (par. 4.3) that, after substituting equations (3.17) and (3.14) in the
expression of γ, this relation reduces to

K = |γ [r1, r2, (R1 − R2)/c]| (3.22)

within a good approximation, when the intensities of the two beams at point P
are equal. Let us notice finally that, if we assume 〈I1 (r, t)〉 = 〈I2 (r, t)〉 = I0,
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equation (3.16) becomes

I (r) = 2I0 (r) (1 + Re [γ (r1, r2, τ)]) (3.23)

where we see the real part of the complex degree of coherence to replace the
term cos (φ1 − φ2) of equation (3.11).
As we mentioned above in connection with Young’s slit experiment, field

coherence such as expressed in the last term of equation (3.16), is a propaga-
tion effect. The theoretical study of correlation propagation leads to the very
important van Cittert–Zernike theorem , which gives the general expression
of coherence distribution, around a given point, of a beam emitted from an
incoherent source. This theorem states that the (equal-time) complex degree
of coherence is equal to the amplitude of the diffraction pattern around this
point, of an aperture of the same size as the light source. This statement im-
plies that R1 � R2 so that the time interval τ defined by equations (3.17) and
(3.14) may be neglected. The equal-time complex degree of coherence

j (r1, r2) ≡ γ (r1, r2, 0) (3.24)

then replaces the complex degree of coherence γ (r1, r2, τ) defined by relation
(3.19) in calculations.
Figure 3.5 shows the main components used in the j (r1, r2) calculation.

Let us consider a couple of source points S1 (r′1)and S2 (r′2), in the source area
(σ). The vectors r′1 and r′2 are vectorial coordinates of S1 and S2. Intensities at
P1 (r1) and P2 (r2) are calculated for each couple S1, S2, via equation (3.16).
All contributions are then summed, giving the total intensities in P1 and P2.
Figure 3.5 displays, for one direction, the pattern of a coherence degree dis-
tribution, j (r1, r2), which might be obtained around P1.
If we consider a uniform circular source of radius a, then j (r1, r2) takes

a simple symmetric form. Let points P1 and P2 be at a large distance r from
the source and symmetrically placed with respect to the normal at the center
of the source area. Let d12 be the distance between P1 and P2. The degree of

Fig. 3.5. This diagram illustrates the coherence of propagation predicted by the van
Cittert–Zernike theorem. j(r1, r2) is the distribution of coherence degree around a
given point P1, of the light beam emitted from the incoherent source, σ.
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coherence then reads [47]

j (r1, r2) =
2J(w)
w

(3.25)

where J1 (w) is the first order Bessel function and w is given by

w =
2π
λ

ad12

r
(3.26)

In the case of an elongated rectangular source, we have

j (r1, r2) =
sinw
w

(3.27)

In both cases it is easy to see that j (r1, r2) decreases by a factor ∼16% when
w goes from 0 to 1. This is the reason why w = 1 has been chosen in order to
fix the spatial coherence length to the conventional value

Lc =
λ

2π
r

a
(3.28)

via equation (3.26). This relation shows the coherence length to grow propor-
tionally to the distance to the source, which is an important characteristic of
spatial coherence. Let us mention that comparing equation (3.28) with the or-
der of magnitude relation (1.55) would correspond to a fringe contrast about
0.60 instead of the 0.84 value used here above.

3.2 Modes of Free Radiation Field

In optics the widely shared notion of mode refers to narrow frequency bands
and peculiar spatial distribution pattern of light, both fixed by the constraints
due to resonant cavity and wave guiding. Modes exist for any vibrational sys-
tem known in physics. However when we are dealing with incoherent or par-
tially coherent sources, not with lasers, in order to produce radiation beams of
large degree of coherence, the notion of mode needs to be somewhat enlarged.
This is illustrated, for instance, by the fact that, in Section 1.6, it made

sense, at least qualitatively, to speak of modes even when the usual space
constraints were absent. This was because we only considered the elementary
conditions necessary to obtain coherence at two separated points of a field
emerging from a globally incoherent source (see for instance Fig. 3.2). One
condition was that the emitting points were all inside an area δS and the
pair of sample points inside another area δA, such that δSδA/R2 �λ2, R
being the distance from the source to δA (see Fig. 3.6). A second condition,
that referred to temporal coherence, was the band width δν and the desired
correlation time δt to be such that δνδt� 1. A field domain defined by δS,
δA/R2 (or δΩ), δν, δt was what we called “mode.”
Now a large set of such modes may fill the space between the source and

the receiving surface. The “grid” formed on this surface by a set of elements
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Fig. 3.6. Definition of spatial modes by the coherence condition δsδA/R2 ≤ λ2.

similar to δA can be arbitrarily translated in directions perpendicular to light
propagation direction. In this sense the modes are not strictly localized in
space. However, the fact that they define coherent field zones is clearly demon-
strated by the fringe patterns that may be observed through pinholes bored
inside each of the coherence area, δA. Let us also mention that the smaller
the number of modes occupied by photons, the larger the global coherence
of the source will be. Moreover the size of the coherent area δA increases
proportionally to R2.
To rigorously establish a coherent-mode representation of fields in the free

space it is necessary to refer to the space–frequency domain rather than the
space–time domain.1 In the space–frequency domain, the averaged radiation
intensity, 〈I (r, t)〉t, used in equations (3.16)–(3.23), is replaced by the spectral
density S (r, ν), which is the field self-correlation function at a point r of the
space–frequency domain.

S (r, ν) may be introduced in the following way. Let us consider the Fourier
transform of the mutual coherence function (3.18):

W (r1, r2, ν) =
∫ ∞
−∞

Γ (r1, r2, τ) e2πiντdτ (3.29)

The left-hand side of this expression, W (r1, r2, ν), is the so-called cross-
spectral density function. Function S (r, ν) has the same relation with the
cross-spectral density function W (r1, r2, ν) as intensity I (r, τ) with the
mutual-coherence function Γ (r1, r2, τ) when r1 and r2 coincide [cf. equation

1 This paragraph is a summary of the detailed presentation to be found in Sections
4.5 and 5.5 of Optical Coherence and Quantum Optics by L. Mandel and E. Wolf,
Cambridge University Press, 1995.
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(3.19)], viz.

S (r, ν) =W (r, ν) (3.30)

The important fact is that S (r, ν) obeys an equation analogous to equation
(3.16), that is

S (r, ν) = S(1) (r, ν) + S(2) (r, ν)

+
[
S(1) (r, ν)

]1/2[
S(2) (r, ν)

]1/2
Re
[
μ (r1, r2, ν) e−2πiν(R1−R2)/c

]
(3.31)

where μ (r1, r2, τ) is the spectral degree of coherence, at frequency ν, defined
by

μ (r1, r2, ν) =
W (r1, r2, ν)

[W (r1, r1, ν)]
1/2 [W (r2, r2, ν)]

1/2

or

μ (r1, r2, ν) =
W (r1, r2, ν)

[S(r1, ν)]
1/2 [S(r2, ν)]

1/2
(3.32)

in the same manner as the complex degree of coherence γ (r1, r2, τ) was defined
by equation (3.19) in the space–time domain. Now it is shown (cf. [47], 4.7.1)
that W (r1, r2, ν) can be expressed in the form

W (r1, r2, ν) =
∑
n

αn (ν)ψ∗n (r1, ν)ψn (r2, ν) (3.33)

where the functions ψn (r, ν) form an orthonormal set of eigenfunctions of the
integral equation∫

D

W (r1, r2, ν)ψn (r1, ν) d3r1 = αn (ν)ψn (r2, ν) (3.34)

Equation (3.33) may be rewritten as

W (r1, r2, ν) =
∑
n

αn (ν)Wn(r1, r2, ν) (3.35)

where

Wn(r1, r2, ν) = ψ∗n (r1, ν)ψn (r2, ν) (3.36)

Further examination shows that, for each n, the cross-spectral density func-
tion, Wn(r1, r2, ν), represents a fully coherent field in the space–frequency
domain. Moreover Wn(r1, r2, ν) satisfies the Fourier transform of the prop-
agation equation of the mutual coherence function Γ (r1, r2, τ) . That is why
Wn(r1, r2, ν) is regarded as a mode of the field. We see that the expansion
(3.35) therefore represents the cross-spectral density function as a superposi-
tion of modes Wn(r1, r2, ν).
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We will now consider a partially coherent plane source, the spectral degree
of coherence of which, μ (r1, r2, ν), depends on r1and r2 only through the
difference δr = r2 − r1, viz.

μ (r1, r2, ν) = g (δr, ν) (3.37)

and similarly a cross-spectral function W (r1, r2, ν)

W (r1, r2, ν) = [S(r1, ν)]
1/2 [S(r2, ν)]

1/2
g (δr, ν) (3.38)

In a one-dimensional source model of Gaussian type, the spatial distribution
of the spectral density S (x, ν) and the spectral degree of coherence g (δx, ν)
are of the form

S (x, ν) = A2 (ν) e−x
2/2σ2s(ν) (3.39)

g (δx, ν) = e−δx
2/2σ2g(ν) (3.40)

The parameter

q (ν) =
σg (ν)
σs (ν)

(3.41)

is considered as the measure of the global degree of spatial coherence of this
type of source.
The expansion (3.35) may be rewritten

W (r1, r2, ν) =
∑
n

βn (ν) Φ∗n (x1, ν) Φn (x2, ν) (3.42)

By substituting the expression of the cross-spectral density (3.42) in
equation (3.34) one obtains the new form of the integral equation∫ +∞

−∞
W (x1, x2, ν)Φn (x1, ν) dx1 = βn (ν) Φn (x2, ν) (3.43)

After calculation the eigenfunctions and the eigenvalues of equation (3.43) are
found to be of the form

Φn (x, υ) =
(
2c
π

)1/4 1

(2nn!)1/2
Hn

[
x (2c)1/2

]
e−cx

2
(3.44)

βn (ν) = A2

(
π

a+ b+ c

)1/2(
b

a+ b+ c

)n

(3.45)

where Hn(x) are the Hermit polynomials, and

a (ν) =
1

4σ2
s (ν)

, b (ν) =
1

2σ2
g (ν)

, c (ν) =
[
a2 (ν) + 2a (ν) b (ν)

]1/2
(3.46)

Figure 3.7 displays examples of the behavior of the ratio βn/β0 for selected val-
ues of the global degree of coherence, q (ν), defined above [cf. Eq. (3.41)]. One
sees the modes of high order strongly increase when the coherence decreases.
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Fig. 3.7. Contribution βn to the field of each separated mode as a function of the
mode number n, for several values of the total degree of coherence q, of a partially
coherent Gaussian beam. For q = 10 the beam is practically monomode.

In other words, the smaller the spatial coherence, the larger the number of
modes necessary to represent the spatial correlations of the field.

3.3 Three Ways of Producing Coherent XUV
Radiation Beams

The development of XUV optics during these last years points to three
different ways of producing coherent XUV beams, suitable for coherent optics
experiment: monochromatized synchrotron radiation, X-ray lasers (XRL),
and generation of high order harmonics from infrared or visible lasers (HHG)
[48, 49].
In the case of synchrotron radiation, there is no phase relation between

the waves born of the electron bunch . Nevertheless, coherence appears as a
result of radiation propagation (cf. Section 3.1) from the synchrotron elec-
trons to the input of the XUV optical device. This effect is more significant
for synchrotron than for many other usual sources because the synchrotron
emission is strongly anisotropic. The temporal and the spatial coherences are
optimized by adjusting the widths of entrance and exit slits respectively until
achieving well-contrasted fringes. Figure 3.8 shows interferograms obtained in
the region of the carbon K-edge, near 44-nm wavelength [48]. In this figure
the change of the interferometric pattern for wavelengths crossing the K-edge
is a direct illustration of the behavior of the index refractive part, δ, which
was shown in Figure 2.1 (Section 2.1).



Coherent XUV Radiation Beams 53

Fig. 3.8. Interferograms obtained in the region of the carbon K-edge, near 44-nm
wavelength, with synchrotron radiation. The change of the interferometric pattern
crossing the K-edge is a direct illustration of the behavior of the index refractive
part, δ (cf. Fig. 2.1) (Ref. [48]).

In X-ray (or XUV) lasers the amplifying medium is a hot, short-pulse,
plasma of cylindrical shape. Here too propagation coherence has a large part
in the production of coherent beams since up to now these lasers latter have
been working without cavity, viz. in the regime of amplification of spontaneous
emission (ASE). ASE means that any spontaneously emitted photon may give
rise to stimulated emission from another excited atom. A rough estimate of the
spatial mode number that can appear in this way in a cylindrical amplifying
plasma can be obtained as follows. Figure 3.9 represents a plasma cylinder of
section ΔS = πD2/4 and length L. Let us consider a small part ΔS′ of the
left end of the plasma column. From relation (1.56) the order of magnitude
of the spatial mode number for photons coming from ΔS′ is given by

N ∼ ΔS′ΔΩ
λ2

(3.47)

Substituting ΔS/L2 = ΔΩ in this relation we obtain

N ∼ ΔS′ΔS

λ2L2
(3.48)

Extending ΔS′ to the whole surface ΔS of the cylinder cross-section, the total
number of spatial modes for a cylindrical plasma of diameter D = 2a is found

Fig. 3.9. Estimation of the spatial mode number in the emission of a cylindrical
amplifying plasma (see text).
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to be approximately

N ∼
(
ΔS

λL

)2

=
(
πa2

λL

)2

(3.49)

Remembering the familiar definition of the Fresnel number

F ≡ 2πa2

λL
(3.50)

we see that

N � F 2

4
(3.51)

From equation (3.49) one may infer that an XUV laser of wavelength
λ = 20 nm, produced from a plasma column of 2 cm length and 20 μm di-
ameter would be spatially monomode. Such conditions might be approached
in the future. A present the amplifying column is nearer 50 μm wide, which
corresponds to about 40 spatial modes. However, in the next part of this book,
we will see that a radial density gradient within the plasma provides a mode
selection that reduces this number. In addition, double-pass of the XUV laser
beam through the plasma, achieved with the help of a “half-cavity” mirror,
as well as the use of two or more successive plasmas also increase the beam
coherence.
As regards XRL temporal coherence let us mention that the laser line

width, Δλ, which results mainly from thermal Doppler broadening at the
temperature of a few 106K [cf. Eqs. (1.29) and (1.30)], is such that

Δλ

λ
� 10−4 (3.52)

By using the temporal coherence condition 1.54 with λ = c/ν, Δν/ν = Δλ/λ,
we readily find that the longitudinal coherence length

lcoh = cΔt (3.53)

is of the order of 104λ, that is more than sufficient for interferometric experi-
ments.
In contrast with the two previous sources of coherent XUV radiation, the

generation of high harmonics, schematically illustrated in Figure 3.10, in-
troduces coherence in the emission mechanism itself because all the atomic
dipoles of the emitting medium are excited by one and the same laser field.

Fig. 3.10. Principle of experimental high harmonic generation.
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That is why spatially monomode emission may be observed. However, the co-
herent addition of the radiation fields of the nonlinear atomic dipoles depends
not only on the complex nonlinear atomic behavior, but also on the macro-
scopic properties of the medium. Further on we will see that the so-called
“phase matching” of the XUV radiation obtained by HHG is strongly depen-
dent on the laser focusing conditions, as well as on the free electron density
of the medium. As for lcoh, it is found in the range 102λ–103λ.
XUV lasers and HHG will be the subjects of the next two parts of this

book. A number of practical applications of coherent XUV radiation, either
already in use, or sometimes in project will be described in the last part.
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Part II. State of the Art and Prospect
of X-Ray Lasers



4. Beginnings

The first order-of-magnitude estimate of an X-ray laser pumping scheme ap-
peared in 1967, in the paper entitled “Some Approaches to Vacuum UV and
X-ray Lasers” by M.A. Dugay and P.M. Rentzepis [1]. The authors examined
the possibility of creating population inversions in the XUV energy range by
photo-ionizing neutral atoms in such a way that the created ions present an
inner shell vacancy. A large number of ions, simultaneously prepared in a time
interval shorter than the vacancy lifetime, would offer the population inver-
sion necessary to generate a laser action. This pumping scheme was illustrated
by order-of-magnitude calculations for a sodium vapor tube and for a solid
copper rod, from which laser emission could be expected at 37.2 nm and 0.154
nm, respectively.
According to this study, pumping such lasers was a “formidable problem.”

Seeing the very short vacancy lifetimes and the energy required from the pump
photons, the characteristics of the primary X-ray source seemed quite unre-
alistic, all the more since optical means for concentrating pumping radiation
on the X-ray amplifier did not exist at all. As a matter of fact the difficulties
inherent to optical pumping of very short wavelength lasers are still not com-
pletely solved today. In conclusion, the authors suggested to use a traveling
wave technique in order to reduce the necessary pumping energy.

4.1 Experiments

The first experimental investigation of a possible XUV laser emission was
reported by Jaeglé et al. in 1971 [2]. At the beginning was the aluminium
spectrum of a laser-produced plasma (see also [3]) showing a strong intensity
anomaly of the neon-like lines. This anomaly affected the group of the 2p54d
1P0

1,
3D0

1,
3 P0

1–2p
6 1S0 lines. As shown in Figure 4.1a, the 3P0

1 line exhibits a
large intensity while the 1P0

1 and
3D0

1 lines vanishes. This result is inconsistent
with the spectrum usually observed, which shows intense 1P03

1 and D0
1 lines at

11.65 nm and 11.69 nm and a very weak 3P1 line at 11.74 nm, in agreement



60 Coherent Sources of XUV Radiation

Fig. 4.1. Intensity anomalies in the neon-like aluminium (2p54d–2p6 lines) for a
laser-produced plasma. (a) Experimentally observed spectrum compared to the tran-
sition probabilities shown in inset. (b) Spectrum simulated for the LTE plasma model
displayed in inset. The splitting of the intense lines is an effect of the reabsorption of
the radiation emitted in the center through the cooler peripheral shell of the plasma.
(c) Spectrum calculated with the same Ni, Ne, Te values as in (b) but with level
populations departing from LTE according to the spatial distributions displayed
in inset. The spectrum calculated in this way is very similar to the experimental
spectrum.

with the calculated transition probabilities represented in inset. This anomaly
occurred in a narrow plasma region, not far away from the target surface. At
larger distances, corresponding to lower densities, the spectrum retrieved the
usual pattern.
The measurement of the spectral absorption of the plasma in the same

wavelength region, with the help of a method previously described by Carillon
et al. [4], showed absorption rates in good agreement with the corresponding
transition probabilities. A possible modification of transition probabilities by
the dense plasma was thus dismissed. Remembering now equations (1.17),
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(1.18), and (1.19) (Section 1.2) one can see that such results clearly raised
the question of the electron population distribution between the three upper
levels 1P0

1,
3D0

1,
3 P0

1.
It was suggested that instead of being in thermal equilibrium with the

neighboring levels, the 3P0
1 level population was strongly enhanced by dielec-

tronic recombination of Al4+ ions with free plasma electrons, more precisely
the processes,

Al4+(2s22p5 2P0) + e− → Al3+(2s2p6np3P0)
Al3+(2s2p6np 3P0) + e− → Al3+(2s22p5n′d3P0) + e−

where 2s2p6np 3P0 is an autoionizing level, were invoked as candidates for
yielding a population inversion between the 2p53d 3P0–2p6 1S0 neon-like levels
[5].
In opposition to this interpretation it has been asserted that the spectral

feature of Figure 4.1a simply resulted from line–radiation reabsorption in a
cold plasma region [6]. No definite radiation-transfer calculation of line intensi-
ties was made in support of this conclusion. However, cooler reabsorbing shells
do indeed exist around the plasma zone directly heated by the driving laser.
These shells are mainly characterized by decreasing density and temperature
as one moves away from the center of the plasma.
A model of such a plasma is shown in inset in Figure 4.1b [7]. Assuming

populations in local thermodynamic equilibrium (LTE), the spectrum radiated
by this plasma can be numerically calculated by using equations (1.6), (1.7)
and the line profile functions described in Section 1.3. Ni, Ne, Te are the ion
density, the electron density, and the electron temperature, respectively. The
radiation is observed in the direction Oz. Figure 4.1b shows the intensities and
the shape of the spectral lines corresponding to the LTE model. It obviously
does not account for the experimental spectrum shown in Figure 4.1a. In
fact it is necessary to resort to non-LTE populations, including a possible
population inversion for the 4d 3P0

1 level, to reproduce the main features of
the experimental spectrum, as shown in Figure 4.1c, where N4 and N2 are
the population densities of the levels n = 4 and n = 2, respectively.
A further attempt to measure gain at 11.74 nm, premature given the very

limited experimental facilities at that time, led to clearly exaggerated gain
values in spite of the care taken in processing the data [8]. Nevertheless a first
stone has been laid on the way to laser–plasma amplifiers that would lead to
the first X-ray lasers. As a matter of fact, a quantitative estimation showed
that, a that time, a powerful mode-locked laser was the only source able to
supply a plasma with the necessary pump energy [9]. At the same time Vino-
gradov and Sobelman [10] published a first review of laser–plasma processes,
such as plasma recombination and charge exchange between charged particles,
which were of interest for the production of population inversions.
Since direct gain measurements were practically out of reach of experimen-

talists, further experimental investigations proceeded to look for population
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Fig. 4.2. Principle of an experimental arrangement for spectral investigations of a
laser-produced plasma.

inversions by inferring the population densities from quantitative spectro-
scopic studies. The principle of the experimental setup used in these experi-
ments is schematically shown in Figure 4.2. The energy necessary to produce
the plasma was supplied by Nd-lasers of 1.06 μm wavelength and ∼1 ns pulse
duration. By using this technique, evidence was obtained of the population in-
version between the levels 2 and 3 of hydrogenic carbon ions. The wavelength
of the corresponding transition is 18.2 nm [11–13]. Time-resolution of the line
intensity measurements [13] allowed the authors to show that the population
inversion occurred 800 ps after the target irradiation and about 550 μm away
from the target. This clearly established the role of plasma recombination in
the production of the population inversion.
Similarly population inversion had been observed between the 4d and 3d

levels of lithium-like aluminium, the corresponding line lying at 15.4 nm [14].
For the first time, parameters like the density number of Al10+-ion, the elec-
tron temperature and the ratio of the inverted populations N4d/N3d, had
been scrutinized at several distances from the target (Fig. 4.3).
The first attempt to investigate possible lasing lines by using an elongated

plasma took place in 1977 [15]. It aimed at increasing the observable gain
thanks to the long plasma size in one direction. In addition the authors ini-
tiated the method which consists in sending two successive laser pulses onto
the target, the first one to generate the plasma, the second, much shorter, to
produce additional heating of the plasma electrons. A Cl6+ line at 5.82 nm,
absent from a single-pulse plasma emission, appeared in the long size direc-
tion, only when the short pulse was used. The pulse separation was of 1.6
ns. Since electron heating was found efficient in enhancing the line intensity,
it is clear that collisional excitation rather than plasma recombination was
relevant to explain the observed spectral anomaly. This double-pulse method
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Fig. 4.3. Experimental study of the 4d to 3d population ratio of lithium-like alu-
minium in a laser-produced plasma; 4d to 3d population inversion is observed up to
600 μm from the target surface; ion density and electronic temperature are displayed
against the distance to target [14].

was to meet a great success many years later and we shall describe it in de-
tail in Sections 7.3 and 7.4 of this book. To this group of pioneering works
belongs the study of population inversion between the levels 3 and 4 of Al11+

ions produced from a target specially designed to accelerate the cooling of the
plasma and so increase the efficiency of its recombination [16].1

The first direct demonstration of the non-linear increase of an XUV
spectral line—namely the 5f-3d line of lithium-like aluminium at 10:56 nm
wavelenth—as a function of the length of a plasma column, was obtained on
year 1981. It showed a gain coefficient g a 1 cm−1 (see Section 8.1.2) [314,
344]. This result opened a long series of progresses on the way of XUV lasers.

4.2 Pumping Mechanisms

The novelty of XUV laser pumping processes consisted, from the earliest ex-
periments, in the fact that population inversions can appear in hot laser-
produced plasmas, used as amplifiers, without the help of external photon
or electron pumping beams. To clarify the conditions of population inversion

1 A paper entitled “Experimental Evidence of an X-Ray Laser” [J.G. Kepros, et al.,
Proc. Natl. Acad. Sci. USA, 69 (1972) 1744] attracted a worldwide attention.
However it has been promptly shown that it was not X-rays that produce the
photographic black spots observed when irradiating a thin layer of gelatine con-
taining CuSo4 in solution [T.A. Boster, Appl. Optics, 12 (1973) 433].
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emergence, theoretical research had to start with the study of the complex
medium consisting of a fast-evolving, dense collection of multicharged ions and
free electrons. This stimulated the development of plasma modeling and the
calculation of radiative and collisional atomic cross-sections to be introduced
in population rate equations (cf. Section 1.2).
As early as 1974, E.Ya. Kononov and K.N. Koshelev [17] performed

level population calculations for a fast expanding aluminium plasma, as is
expected to be a laser-produced plasma. The plasma was supposed to consist
mainly of Li-like (Al10+) and He-like (Al11+) ions at the initial temperature
of 150 eV. The authors show that when the plasma is cooling down rapidly
with an electron temperature Te being reduced by factor 2 in ∼1 ns for
instance, population inversion can be expected between the levels n = 4 and
n = 3 of lithium-like aluminium ions. They emphasized the part of radiative
emission, in addition to the expansion and recombination mechanisms, in
lowering the plasma temperature.
Two years later, for the first time G.J. Pert combines a model of hydrody-

namic plasma expansion with the collisional–radiative calculation of level pop-
ulations in the case of hydrogen-like ions produced from a carbon fiber [18].
This calculation shows several stages to occur in the evolution of the C5+

level populations according to the relative importances of line reabsorption,
radiative cascades, and collisional electron recombination. The gain is calcu-
lated in the axial direction of the fiber. Results are illustrated in Figure 4.4
which shows the gain expected for the Balmer-α line, that is to say due to the
3- to 2-level population inversion. The important feature of the curve displayed
in the figure is the gain peak appearing 250 ps after the beginning of plasma
expansion.

Fig. 4.4. Gain calculated for the Balmer-α line of hydrogenic ions of carbon, at
18.2 nm. The gain peak occurs 250 ps after the beginning of the plasma expansion.
The oscillations which appear during the first 100 ps are an effect due to the initial
conditions of calculation [18].
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Fig. 4.5. Simplified diagram of the 3s–3p population inversion pumping scheme.

During the same period R.C. Elton opened another way to soft X-ray
lasers by investigating the conditions necessary to extend ion lasers, oper-
ating in the visible or near-ultraviolet spectrum, to the vacuum ultraviolet
region [19]. Previously Moltchanov had pointed out a possible extension of the
pk−1(n+ 1)p− npk−1(n+ 1)s population inversion mechanism in ions of npk

ground state, to high Z elements in order to reach the far ultraviolet re-
gion [20]. Elton’s’ analysis also refers to laser transitions between two states
having the same principal quantum number, n = 3. A very simplified diagram
of the pumping scheme considered for these lasers is displayed in Figure 4.5.
The transition rate from the 2p ground state to the upper 3p level is propor-
tional to the electron density, ne. The radiative decay from the 3p to the 2p
level is forbidden (l = 1 → l = 1 transition). The radiative decay from 3s to
2p level is very rapid (resonance line). Such a combination of transition prob-
abilities may induce population inversion between the 3p and the 3s levels,
provided that the electron density and temperature have suitable values. This
is the principle of a collisional pumping method that takes advantage of the
plasma’s free electrons instead of resorting to a beam of external electrons.
Calculations were performed for carbon-like ions from neon up to

molybdenum, with lasing wavelengths ranging from 230 nm to 30 nm. Given
how few atomic data related to highly charged ions were available at that
time, most wavelengths and oscillator strengths had to be extrapolated from
those of lower Z ions. To test the laser efficiency the author chose to calculate
the minimum length Lmin of the plasma fiber, necessary to supply a fixed
value of the gain factor, also named gain–length product, gLmin, where g is
the gain coefficient given by equation (1.19).
Calculations were done, first assuming that both ions and electrons were at

the same temperature, taken as a fixed fraction of the next lower ion (boron-
like) ionization potential, then arbitrarily assuming that Te = 10Ti. The re-
sults displayed in Figure 4.6 refer to an amplified emission I = egLmin , where
the gain factor is taken equal to 5. The upper curve, for Te = Ti, shows that
the length required to achieve this gain is of several tens of centimeters, which
does not seem realistic. However the second curve, corresponding to the case
of strongly enhanced electron temperature, points much more realistic lengths
of a few centimeters. Another result was the calculation of the maximum elec-
tronic density ne, beyond which the collisional mixing between the populations
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Fig. 4.6. Theoretical investigation of collisional pumping efficiency [19]. The test
value of the gain factor, gL, is arbitrarily fixed at 5. The curves 1 and 2 give the
minimum plasma length Lmin, necessary to reach this value, for two electron tem-
peratures. One sees that Lmin, given by the curves 1 and 2, decreases by a factor
∼50, when Te is increased by a factor 10 at constant ion temperature Ti. Curves 3
and 4 represent the maximum electron densities that are consistent with a nonvan-
ishing gain, when the collisional mixing of the level populations is considered. One
sees that the increase of electron temperature allows for the increase of the electron
density.

of the two levels of the lasing transition completely destroys the population
inversion. In the extreme ultraviolet range, i.e. for Z � 25, the predicted upper
density limit is between 1018 and 1019 electrons per cubic centimeter.
It is clear that a steady-state plasma would offer to electron temperature

no chance to exceed the ion temperature by factor of 10. Nevertheless, owing
to the large difference between the thermalization times of ions and electrons,
in short pulsed plasmas as we shall see, electrons are heated much faster than
ions. This leads during a short while to temperature discrepancies sufficient
for achieving an efficient lasing action.
Moreover A.V. Vinogradov [21] demonstrated that neon-like ions were es-

pecially liable to produce large gains by collisional pumping. His calculation
showed that a gain of 10–100 cm−1 could be expected from a neon-like calcium
plasma of 1019–1020 cm−3 density and 100–200 eV temperature, even with-
out a large excess of electron temperature. The advantages of neon-like ions
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have been then sighted in other ions whose the fundamental state is a closed
electronic shell, as in the case of nickel-like ions. Other contributions to this
first stage on the way to XUV-lasers included recombination and collisional
pumping (cf. for instance [22–25]), as well as other schemes like charge ex-
change mechanisms ( [26–28]) or autoioniziation [29].
The conceptual framework, that would lead to the first very bright X-ray

lasers 10 years later, was now set. For many years, linearly focused laser-
produced plasmas became the main matter of research about the pumping
of multicharged ions. Since recombination pumping did not require as much
energy as other schemes, it had been developed early in many laboratories.
Therefore it played an important role in the technical progress of XUV laser
investigations. As for collisional pumping it had to wait for much more power-
ful driving lasers. When such lasers became available in the frame of research
programs on plasma inertial confinement for thermonuclear fusion, collisional
pumping quickly succeeded in providing large gain X-ray lasers [30] and in
producing the first saturated emission of such lasers [31].



5. General Features of X-Ray Lasers

The principle of producing a thin column—or a “fiber”—of dense hot
expanding plasma is presented in Figure 5.1. The beam of a pulsed laser
is linearly focused in vacuum onto a solid target surface with the help of a
cylindrical optical system. Neodymium glass-lasers are currently used at the
wavelength of the first (λ = 1.05μm), the second (λ = 0.53μm), or the third
harmonic (λ = 0.35μm). The XUV laser beam is emitted along the axis of
the plasma fiber, perpendicularly to the axis of the drive (or pump) laser. In
this chapter we will summarize the methods which have been developed to
produce plasma columns as well as to characterize the lasing emission. Details
regarding each pumping scheme, collisional excitation or plasma recombina-
tion, will be presented in further sections. Let us start with the physics of
laser-produced plasmas.

5.1 Survey of Laser-Produced Plasma Physics

5.1.1 Main Parameters Related to Plasma Expansion

The transfer of energy from the laser beam to the plasma takes place mainly
via electron heating due to electron–photon collisions in the ion electric field,
i.e. the inverse bremsstrahlung process (see for instance [32]). In this pro-
cess free electrons oscillations are excited by the laser and converted into
thermal motion by electron–electron collisions. According to [33] the inverse
bremsstrahlung absorption coefficient can be calculated from the following
equation:

κib � 3.4
(ne/nc)

2
Z ln Λ√

1− ne/ncλ2
[μm] (kTe)

3/2
[KeV]

(5.1)

where nc is the critical density previously defined in Section 2.2, λ the wave-
length of the laser, Z the mean ion charge, and lnΛ the Coulomb logarithm for
inverse bremsstrahlung. In the plasma corona, where the plasma frequency is
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Fig. 5.1. Production of a plasma column by cylindrical focusing of a pump-laser
beam onto a solid target surface.

smaller than the laser light frequency, ω, the Coulomb parameter Λ is given by

Λ =
vT

pminω

vT being the thermal velocity of the electrons and pmin the minimum impact
parameter of electron–ion collisions. To calculate the Coulomb logarithm,
Hughes [32] proposed to use the relation lnΛ � 31− ln(n1/2

e(cm−3)T
−1
e(KeV)) (1

KeV corresponds to a temperature of 1.1605× 107 K). Numerical simulations
show that 80–90% of the laser energy is absorbed by inverse bremsstrahlung
[34].
Let us recall that an electromagnetic radiation does not propagate within

the plasma if the frequency becomes equal to or larger than the plasma
frequency. Therefore propagation stops at a cut-off fixed by the critical den-
sity, nc, given by [see Eqs. (2.19) and (2.20)]

nc � 1.1× 1021
λ2
[μm]

[
cm−3

]
One sees that, for Nd-laser radiation (λ � 1.06 μm), nc is about 1021 cm−3.
It follows from the expression of nc and from equations (2.15) and (2.18) that
the plasma refractive index at a point of electron density, ne, takes the value

n =
(
1− ne

nc

)1/2

(5.2)

Figure 5.2 shows the main regions of a laser-produced plasma. The critical
surface in the plasma is the limit of laser propagation. Beyond the critical
surface, plasma heating is only due to electron thermal conduction and pos-
sibly by short wavelength radiations coming from the subcritical region. The
subcritical plasma region is called plasma corona. Plasma corona is the region
where, not far from the critical surface, the temperature is maximum. Popu-
lation inversions giving rise to soft X-ray laser emission occur in the corona.
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Fig. 5.2. Schematic distribution of the plasma regions from the hot corona, heated
by the laser, to the cold solid target material.

As long as the plasma is heated by the laser, electron heating and thermal
electron conduction compensate the losses due to plasma expansion and to ra-
diative losses. The plasma is then approximately isothermal and its expansion
can be described using the self-similarity relations involving the coordinates
x and t in the form of their ratio x/t only [35, 36]. In this case the density
distribution reads

ne = nc exp
(

−x − xc

cst

)
(5.3)

where cs is the velocity of sound

cs =
(
ZkTe

mi

)1/2

(5.4)

The expansion velocity is given by

v = cs +
x − xc

t
(5.5)

Another important parameter is the density gradient scale length

L = ne/

(
∂ne

∂x

)
(5.6)

where ne is the electron density at a given point of the plasma. If the density
profile were linear, L would be the length along which the density decreased
from ne to 0. By substituting equation (5.3) into equation (5.6) L takes the



72 Coherent Sources of XUV Radiation

form

L = cst = (ZkTemi)1/2t (5.7)

This equation shows the gradient steepness to decrease proportionally to the
elapsed time.
As regards the corona temperature during the laser pulse, it can be esti-

mated with the help of equation

Te � 1.1× 10−5 (ZILt ln Λ)
1/3

(
Z + 1
A

)1/6

(5.8)

where Z is the mean ion charge, IL the laser intensity in W/m2, t the time
in ns, and A the atomic number of the material. In this case the model does
not resort to self-similarity. Laser irradiation is assumed to start at t = 0 and
remain constant.
In the conduction zone, which is not heated by the laser light (cf. Fig. 5.2),

numerical simulation fittings lead to the following expressions of temperature,
density, and expansion velocity [36].

Te (x) � Tc

(
x − xa

Δs

)2/5

(5.9)

ne (x) � nc

(
Δs

x − xa

)3/5

(5.10)

v (x) � cs

(
x − xa

Δs

)3/5

(5.11)

where Δs is the length of the conduction zone, given in the same model by

Δs � 0.6cst (5.12)

In these expressions xa is the position of the high density limit of the conduc-
tion zone, viz. the ablation surface position (see Fig. 5.2), Tc is the electron
temperature at the critical surface, and nc the critical density.

5.1.2 Atomic Physics in the Plasma Corona

Within a thermodynamic-equilibrium plasma any microscopic process altering
the energy of atomic electrons is statistically balanced by the inverse process,
a fact known as the “principle of detailed balance.” In this case it is not
necessary to know photon–atom or electron–atom interaction cross-sections
to calculate the level populations which obey well-known statistical laws. In
addition, the electron and ion temperatures are identical. The population
ratio of two excited levels, i and j, of statistical weights gi and gj , separated
by the energy interval Eij (see Fig. 5.3) is given by the familiar Boltzman’s
relation (1.23)

Ni

Nj
=

gi
gj
exp

Eij

kT
(5.13)
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Fig. 5.3. Diagram showing the notations used to represent the excited levels of an
ion of charge Z+.

The ion balance is fixed by the ratio of the ground level populations of ions
of successive charges, given by Saha’s equation

NZ−1,0

NZ,0
=
1
2
gZ−1,0

gZ,0
ne

(
h2

2πmekT

)3/2

exp
Iz
kT

(5.14)

with

ne =
Zmax∑

1

ZNZ (5.15)

Iz is the ionization potential of the Z-ion, ne the electron density, me the
electron mass, T the plasma temperature, and NZ the total density of ions of
charge Z.
Now plasma corona is neither in thermodynamic equilibrium, since part

of the radiation escapes, nor in local thermodynamic equilibrium, which also
satisfies the above relations, since the electron density is not sufficient for col-
lisions to balance the radiative de-excitation of deep inner levels, separated
from each other by large energy gaps. Therefore it is not possible to deduce all
the level populations from equilibrium relations. However the populations of
the high-lying levels are submitted to a strong collisional mixing and can thus
be considered in thermal equilibrium with the free electrons at the tempera-
ture Te, according to equation (5.13). Moreover, the energy gap between each
of these levels and the Z + 1 ion ground level is small and the thermal motion
of the free electrons provides recombination and ionization at a rate which
also makes up equilibrium at this spot. As for the populations of intermedi-
ate levels, they have to be calculated from radiative and collisional atomic
cross-sections. One commonly use the collisional-radiative model (CRM) [37],
illustrated in Figure 5.4, that represents the “thermal band,” consisting of a
large number of high-lying levels, above deeper intermediate levels. For these
last one assumes the difference between ionization and recombination rates to
be negligible compared to excitation or de-excitation by free electron collisions
as well as radiative decay rates. Hence the corresponding set of population rate
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Fig. 5.4. Model of the thermal band: For the higher excited levels, populations are
assumed to be in thermal equilibrium and they obey Boltzman’s statistic. For all
other levels the populations are calculated by solving the rate equations.

equations may be written as

dNi

dt
=
∑
j>i

NjAji + ne

∑
j �=i

Nj < σjiv > −Ni

⎡
⎣∑
j<i

Aij + ne

∑
j �=i

< σijv >

⎤
⎦
(5.16)

where < σjiv > is the cross-section of collisional transitions from level j to
level i, averaged over the Maxwellian electron velocity distribution. Moreover
Saha relation (5.14) may be modified as follows:

NZ−1,0

NZ,0
= δ

1
2
gZ−1,0

gZ,0
ne

(
h2

2πmekT

)3/2

exp
Iz
kT

(5.17)

where δ is an adjustable parameter that can be fixed from the results of
the hydrodynamical code describing the plasma state (see for instance [38].
Equations (5.15), (5.16), and (5.17) form the frame of the time-dependent
radiative collisional model. If population variations can be considered as slow
as compared to the atomic relaxation times, one can replace the dNi/dt’s by
0 in equation (5.16). Then the populations are simply obtained by solving a
system of linear equations which defines the quasi-steady-state (QSS) model.
This summary does not aim at replacing the structured body of compu-

tational simulations involving hydrodynamics and atomic physics that is es-
sential to accurate investigations about lasing in specific conditions. It should
just help the reader to have a general view of the plasma properties involved
in X-ray laser experiments.

5.2 X-Ray Laser Configurations

5.2.1 X-Ray Lasers Pumped by Lasers

As we have already seen (Fig. 5.1), the main components of an X-ray laser are
the target, the pump (or driving) infrared or visible laser, and a cylindrical
focusing optics. For years, lasers dedicated to plasma inertial confinement
research were the only ones able to supply the power required to pump XUV
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Fig. 5.5. X-ray laser exploding foil configuration (Laser NOVA, LLNL, USA).

lasers. They were pulsed Neodymium-glass lasers emitting radiation pulses of
very high energy at 1.6 μm. This wavelength could be doubled or tripled by
nonlinear conversion in crystal.
Their characteristics, such as beam size, number of available beams, pulse

duration, repetition rate, pumping radiation wavelength, although shaped
to the requirements of confinement physics, dictated the general features
of XUV laser configurations. It is a fact, for instance, that the pump laser
has the largest part in the global size of XUV laser setups: its structure fixes
the number and the size of beams to be focused onto the target and therefore
the main characteristics of the focusing optics. Beyond the example of the
simple one-beam configuration of Figure 5.1, Figures 5.5–5.9 will present a
set of typical configurations developed in the vicinity of different large laser

Fig. 5.6. Six beams configuration providing a symmetric irradiation of a carbon-
fiber target (Laser Vulcan, RAL, UK).
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Fig. 5.7. Six beams configuration allowing for fast changes of the focused impact
spot by driven translation of the slab target (LULI, France).

facilities and with various choices of target illumination schemes. The reader
should remember that laser–plasma interaction takes place in vacuum cham-
bers, which will not be represented in the figures.
Figure 5.5 exhibits the exploding foil configuration scheme which has

been used successfully for years at Lawrence Livermore National Laboratory
(USA)[39, 40]. The use of two opposite beams aims to increase the energy
that can be deposited on the target surface. This reduces the random illumi-
nation nonuniformities which can affect each beam separately and produces
plasma density smoother than by using one-side illumination. Considering
the transverse size of the Nova laser beams (Φ� 70 cm), an opposite beam
configuration also results in a relatively compact target–laser interaction area.
Two irradiation geometries are possible, either opposite beams irradiating

the same target area, as shown in Figure 5.5, or slightly deflecting one beam
in the horizontal plane in order to increase the plasma fiber length. Opposite
beams configuration obviously requires the use of a thin foil target, which
will be burnt-through by the laser impact during the hot plasma formation.
The plasma length can vary from ∼1 mm to ∼20 mm. The thickness of the
thin target layer is of the order of 100 nm. The pump-laser pulse-length is
∼450 ps with a minimum time interval between successive shots of 1 hr. The

Fig. 5.8. Axial configuration with magnetic confinement of a carbon plasma
(Princeton University).
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Fig. 5.9. In the configuration represented in the figure, a delayed shorter (beam 2)
pulse heats the plasma produced by a longer pulse (beam 1); phase variation across
the beam 2 generates a traveling wave which provides transient pumping.

typical incident intensity at 0.53μm wavelength is about 5× 1013W/cm2
.

This system allowed the first demonstration of high XUV gain at 20.63 nm
and 20.96 nm in Se neon-like ions [40]. A similar configuration has been used
at Centre d’Etudes de Limeil-Valenton (France) with the laser Phebus [41].
Figure 5.6 displays the quite different target illumination scheme devel-

oped at Rutherford Appleton Laboratory (G.B.). The Vulcan laser of R.A.L
includes six beams of ∼10 cm diameter, each of them delivering up to ∼250 J
per pulse. The pulse length can vary from 50 ps to more than 1 ns. The fo-
cusing scheme makes use of the astigmatism of tilted mirrors. Each beam is
primarily focused near the diffraction limit with an aspheric lens. Then each
beam is reflected by a tilted mirror, which focuses it along a perfectly straight
line in the incidence plane [42]. Lenses and mirrors are disposed in such a way
that the six focal lines are superposed. The line focus length can be modified
by changing the mirror tilt angle. One sees that this system is suitable for sym-
metrical irradiation of thin fibers of lasing material. With small modifications
it can also be used with slab targets.
At L.U.L.I. (France) the Nd-glass laser uses six beams of 9 cm diameter.

For 600 ps pulses the total output is about 500 J per pulse. As shown in Fig-
ure 5.7, six beams are focused onto one and the same side of a slab target [43].
The beams enter the target chamber with 18◦ angular separation. Focusing
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is obtained thanks to a combination of spherical and cylindrical lenses. This
configuration keeps the target back room free, which allows for the implemen-
tation of a system able to quickly position a fresh portion of a slab target
between successive laser shots.
The configuration of Figure 5.8 is an exception to the common use of

transverse focusing of Nd-glass lasers. A CO2 laser beam (λ = 10.6 μm) is
here axially focused onto a solid or gaseous target by a 2.84 m focal length
NaCl lens [44]. A solenoidal magnet surrounds the target chamber in order
to confine the plasma with a magnetic field up to 90 kG. This arrangement
has been specifically designed to investigate laser emissions following the fast
recombination of rapidly cooling plasmas.
One of the most recent developments of XUV laser pumping techniques is

presented in Figure 5.9 [45]. This configuration includes two beams with the
same tilted focusing mirrors as those of Figure 5.6. However the role of the
beams is now different. Only one beam, on the right of Figure 5.6, is used
to produce the plasma with a long pulse of 280 ps duration. The left beam
carries a short 1.3 ps pulse, which serves to heat the plasma very rapidly.
As the heating pulse is much shorter than the radiation propagation along
the plasma fiber (∼30 ps), the heating efficiency is strongly optimized when a
phase difference is introduced, across the beam, creating a traveling wave with
a velocity nearly that of light. Production of population inversion and XUV
beam transit may therefore be synchronized for the benefit of amplification
in each point of the plasma. The physics involved in this transient collisional–
excitation pumping scheme (TCE), which considerably reduces the necessary
pump energy, shall be presented in Section 7.4.

5.2.2 Multiple Target Systems

Two factors limit the maximum length of targets. One is the fact that
the plasma density gradient, which is perpendicular to target surface
(see Fig. 5.2), generates a refraction index gradient in the same direction.
Hence the XUV laser beam is bent toward vacuum and is finally carried away
from the amplifying zone. In the case of slab targets, according to the various
shot parameters, this results in a propagation length limited to 1–2 cm. The
second limiting factor is the fact that any lengthening of the target increase
implies an equivalent increase of pump energy, in order to keep the heating
intensity constant along the plasma line.
For nanosecond pulses the minimum energy necessary to achieve collisional

pumping is of the order of 500 J/cm and goes up to several kJ/cm for high
Z elements. Considering the potential of Nd-glass lasers, this means that the
target length should generally remain below ∼2 cm. This limit may be short
to reach the saturation of XUV laser emission. To overcome these limits one
designs configurations that combine several targets.
Figure 5.10 displays the diagram of the refraction-compensating double

target system [46, 47]. It aims to couple the plasma output of the first plasma
into the second plasma. The distances d and d′ and possibly a small angle θ
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Fig. 5.10. Refraction-compensating double target system.

between the targets must be carefully adjusted in order to optimize plasma
coupling. Furthermore owing to the time of XUV beam propagation from
target 1 to target 2, the laser beam 2 must be delayed by a few tens of
picoseconds with respect to the laser beam 1.
Instead of using two successive targets one can achieve two successive

passes on one and the same targets by reflecting the XUV laser radiation with
a multilayer mirror, as shown in Figure 5.11 [48]. The distance between the end
of the target to the mirror must be less than∼10mm in order that the reflected
beam reach the plasma before the amplification duration is terminated. This
system works only in the case of “long” pumping pulses, let us say �0.5 ns,
for which it considerably increase gain length and spatial coherence of XUV
emission, without increase of pump energy (see Sections 7.2.2 and 7.3.2).
A further development consists in making an oscillator–amplifier system

by coupling either two single targets [49] or two double targets as shown
in Figure 5.12 [50, 51]. The radiation of the oscillator is transferred to the
amplifier by a concave mirror which conjugates the exit of the oscillator with
the entrance of the amplifier. The fringe pattern of wires crossing the beam at
the exit of the system shows the fringe visibility to be largely enhanced when
the amplifier is brought into use.

Fig. 5.11. Half-cavity configuration.
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Fig. 5.12. Coupling of two double-targets.

Refraction may also be offset by using a curved target as shown in
Figure 5.13. Considering for instance an exponential electron-density profile
from target to vacuum, the plasma may then behave as a wave guide for the
XUV laser beam. As a matter of fact, experiments show that a concave target
increases the intensity and reduces the divergence of the beam [52].

5.2.3 Optics for the Production of Line Focused Plasmas

The simplest technique to obtain a line focus consists in using a cylindrical lens
with either a spherical lens, or a second cylindrical lens, as shown in Figure
5.14. In this figure, only the horizontal focal line is represented for each system.
However, one could also use the nonrepresented vertical focal line situated at
a somewhat larger distance from the lenses. In the case displayed in Figure
5.14a, the focal line length may be varied by changing the cylindrical lens. For
a pair of cylindrical lenses (Fig. 5.14b), the length may be varied by changing
the distance between the lenses. When their distance has been modified, the
lenses must be refocused. The intensity at any point of the line focus is the
integral of the intensity along a vertical chord of the circular beam cross-
section. Therefore a weak point of these systems is that the focused intensity
varies, from one side to the other one, as does the corresponding chord length

Laser Beam

Bent target

XUV laser

Fig. 5.13. Concave target used to maintain the amplified beam in the high-gain
region of the plasma.
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Fig. 5.14. Lens combinations used to produce linear plasmas.

across the beam. Hence the irradiation has a maximum at the center of the
line and drops to zero at the ends. Furthermore the transverse nonuniformities
of the beam are reproduced along the line.
Line focus lighting uniformity may be largely improved by using segmented

optical elements such as shown in Figures 5.15 and 5.17. The segmented wedge
array (Fig. 5.15) consists of a cylindrical lens and an array of wedges each of
which displaces the beam so that the resulting set of line foci come to be
superimposed to each other [53]. This results in averaging the unequal contri-
butions of each wedge and, to some extent, the local beam nonuniformities.
The line focus length l, obviously equals the wedge width. Thus it is nec-

essary to change the wedge array when one wants to change l. For a beam
of diameter D, the maximum number of segments is N = D/l. Figure 5.16
displays calculated intensities assuming a uniform circular beam and vari-
ous numbers of wedges. One sees that 10 wedges ensure an almost constant
irradiation along a line focus of length 1.
In the lens array system the optical wedges are replaced by identical cylin-

drical lenses [54]. Figure 5.17 (from Ref. [55]) shows the diverging cylindrical
lenses that stretch the point focus of the spherical lens along a linear segment.
As above, the resulting line foci merge into one another thus forming the line
focus of the system. For a spherical lens of given focal length, the parame-
ter that fixes the length of the line focus is now the cylindrical lens optical
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Fig. 5.15. Combination of cylindrical lens and wedge array used to produce linear
plasmas. The length of the line focus l, equals the wedge width. For N wedges a line
focus of length l is obtained with a beam of diameter D = Nl.

aperture A. Let w and Fcyl be the width and the focal length of the lenses.
The relevant parameter then reads A = w/Fcyl and the length of the line fo-
cus is l ∼ AFsph, i.e. l ∼ w × Fsph/Fcyl, where Fsph is the spherical lens focal
length. Therefore the line focus length does not depend on the beam diameter
and it can be changed by simply choosing another spherical lens. Moreover
the number of cylindrical lenses has no theoretical upper limit.

Fig. 5.16. Intensity along the line focus for several values of the number of wedges
(the intensity of the incident beam is constant within the limits of the beam diam-
eter D). One sees that an excellent uniformity could be obtained using wedges of
width D/10.
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Fig. 5.17. Combination of cylindrical lens array and spherical lens. The spherical
lens makes the line foci coming from each cylindrical lens to merge into one another
and to form the line focus of the system.

5.2.4 Capillary-Discharge XUV Laser

The fast-discharge excitation of hot plasmas produced in capillary, proposed
and demonstrated by J.J. Rocca, represents to this day the only exception to
the configurations based on driving lasers. An example of the calculated prop-
erties of a plasma produced in capillary is displayed in Figure 5.18 (Ref. [56a].
The circuit characteristics are a capacity of 0.15 nf charged to 700 kV, with
an inductance of 0.1 nF. The discharge is assumed to be produced in vac-
uum, in polyethylene capillaries 2 cm in length and 100 μm in diameter. The
hydrogenic carbon plasma is produced by atoms extracted from the capillary
wall and then heated by the discharge current. The power pulse duration is
of 12 ns. Calculation predicts that, when the current pulse decreases, the fast
cooling of the plasmas generates population inversions between the levels of
the C5+-ions, similarly to what occurs during the adiabatic expansion of laser
produced plasmas (cf. Section 4.2). Figure 5.18 shows the resulting peak of
gain to appear about 12 ns after the outset of the discharge.
It is important to observe that electron heating is somewhat faster than

ion heating during the pulse increase. These circumstances favor the popu-
lation of highly excited ion levels.These populations, larger than equilibrium
values, nearly reach population inversions. However, the characteristics of the
discharge shown in Figure 5.18 do not quite suffice this goal. That is why
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Fig. 5.18. Calculation of capillary discharge parameters, which shows gain to be
produced by the C5+ ions extracted from the capillary wall. The gain peak occurs
12 ns after discharge outset, i.e. during the plasma cooling (Ref. [56a]).

vacuum discharge is replaced by gas discharge with the result that the plasma
can be separated from the capillary wall (Ref. [56b]). The pinch effect due to
the self-generated magnetic field increases the electron density and reduces
the heat losses due to electron conduction towards the wall. The discharge
is stabilized by gas pre-ionization. These techniques prove very efficiently to
pump neon-like argon, whose main XUV lasing line is at a wavelength of
46.9 nm [57].
The principle of the fast-discharge arrangement is illustrated by Fig-

ure 5.19 [58]. The typical size of the plastic capillary used for large gain
production is 12 cm in length and 4 mm diameter. The amplitude of the cur-
rent pulses is a few kA. The XUV laser emission duration is of several ns. The
energy per XUV pulse is one order of magnitude less than with using ns-laser
pumped XUV lasers but the repetition rate is 2–3 orders of magnitude larger.
Moreover the XUV beam emitted by this laser proves to exhibit a very large
coherence. However, the present limit of capillary discharge lasers lies in the
difficulty to extend them to new wavelengths. Details on the achievements
realized with these lasers are presented in Section 7.5.

5.2.5 XUV Laser Cavity Issues

From the beginning, designing laser cavities has been considered as a difficult
challenge [59–61]. Before the advent of multilayer mirrors, the only reflection
techniques were grazing incidence mirrors and Bragg reflection. A number of
successive reflections were then necessary to close the radiation path, espe-
cially when using grazing incidence mirrors. This would lead to large radiation
losses and propagation times larger than plasma amplification duration.
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Fig. 5.19. Principle of fast capillary discharge arrangement (from Ref. [56b]).

Multilayer mirrors brought about a very important progress in XUV op-
tics by restoring near normal incidence reflection in optical components (see
for instance [62]). The fact that the reflection coefficient of multilayers (15–
70% according to the wavelength) remains much weaker than usual visible
coefficients is much less of a problem than grazing incidence inadequacy.
The efficiency of multilayer mirrors in XUV laser techniques is illustrated

by the early result shown in Figure 5.20 [63]. The 10.57-nm line of Li-like
alumnium has been found amplified with a gain coefficient ∼0.8 cm−1 in a
20-mm long plasma fiber. The bottom curve in Figure 5.20 shows the exper-
imental line profile at the exit of the plasma fiber. As for the top curve, it
shows the numerically simulated intensity enhancement of the line after re-
flection on a mirror of 15% reflection coefficient and a second pass through the
plasma, as shown in Figure 5.21. Notwithstanding the relatively small reflec-
tion coefficient, one sees that the multilayer mirror increases the line intensity
by a factor ∼1.8.
An elementary calculation of this type of effect can be made from equation

(1.4), which is now rewritten as follows:

I = S
(
egl − 1)+ I0e

gl (5.18)

where l is the plasma length and g the gain coefficient. Let Isingle and Idouble
be respectively the single- or double-pass intensity, and R the reflection co-
efficient of the mirror. The intensity of the radiation reaching the mirror is
obviously

Isingle = S
(
egl − 1)
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Fig. 5.20. Bottom curve, 10.5-nm wavelength line of Li-like aluminium, amplified
in a 20-mm long plasma with gain coefficient of 0.8 cm−1. Upper curve, numerical
simulation of the line intensity enhancement after reflection on a mirror of 15%
reflection coefficient and a second pass through the plasma (see Fig. 5.21).

Hence the external intensity I0 (see Fig. 5.21) of equation (5.18) reads

I0 = R.S
(
egl − 1)

and the total emerging intensity

Idouble = S
(
egl − 1) (1 +Regl

)
(5.19)

For R� 0.05 and gl� 5 this expression may be written in the form

Idouble � Se(2gl+lnR) (5.20)

Fig. 5.21. Amplification by double pass in the plasma fiber. I single points the single
pass intensity. R is the mirror reflection coefficient. Reflection on the mirror returns
the intensity RIsingle to the plasma. Idouble is the intensity which results from the
second pass.
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which allows us to define the effective gain × length product

(gl)eff � 2gl + lnR (5.21)

Even for small signal gain (gl � 3) and a weak reflection coefficient (R �
0.05) the increase in intensity, Idouble/Isingle = 1 + Regl, is about factor of
2, which is easily measurable. Thus a multilayer mirror may be used as a
simple tool for diagnosing small plasma laser emission. For large gain (gl� 8)
intensity increases by more than 100 and the laser emission rapidly comes to
saturation [48, 64]. We shall see in Section 6.3 that the spatial coherence of the
radiation is also strongly enhanced. That is why the double-pass arrangement
provided by one multilayer mirror is often referred to by the name of “half-
cavity.” Let us mention that half-cavity works in capillary discharge lasers as
well [65].
The above treatment does not account for all experimental details. We

assumed, for instance, the gain coefficient to be the same for the forward and
the return propagation of the X-ray laser beam through the plasma. Since
the plasma is pulsed, the gain coefficient generally varies during the light
propagation. Let gf and gr respectively label the “forward” and the “return”
gain coefficients. For plasma lasing durations shorter than ∼60 ps, the round
trip propagation generally takes to much time for the plasma to retain any
amplifying efficiency (gr → 0). Moreover, owing to beam divergence, as well
as to a possible curvature of the mirror, R should be replaced by an effective
reflection coefficient,

Reff = RCg (5.22)

where Cg is the geometric coupling efficiency depending on the curvature
radius, the source size and the mirror-to-plasma distance. Equation (5.21)
then becomes

(gl)eff � (gf + gr) l + lnReff (5.23)

Finally, in the nearly saturated regime, the simple intensity calculation of the
mirror reflection coefficient is no longer relevant and it is necessary to resort
to the amplitude of the radiation field.
Let us mention that in practical applications, given the short plasma lasing

duration, the half-cavity mirror must be set at distance less than ∼1 cm from
the plasma. At such a short distance the laser–plasma interaction damages
the mirror, either by ion projection or by intense radiation scattering. A shield
with a small aperture, placed between plasma and mirror, limits the damaged
area to a narrow spot of the order of 1 mm2. Mechanical devices are used to
move the mirror in order to set a clean surface in position after each laser
shot.
The only physical impediment to the implementation of complete cavities

remains the wrong ratio between multiple radiation passes and laser emission
durations. In the case of nanosecond pumping pulses and 1-cm long plasma
fibers, for instance, one has to compare the time necessary to one pass through



88 Coherent Sources of XUV Radiation

the cavity, t ∼ 33 ps, to the 50–100 ps plasma lasing duration. Those condi-
tions roughly correspond to the requirement of the double-pass technique,
but not to a complete cavity as it has been confirmed by comparing double-
and triple-pass intensities of neon-like selenium lasing lines [66]. Using shorter
pumping pulses gives shorter lasing duration, the gain coefficient being pos-
sibly enhanced. One could, for instance, consider a 2-mm long plasma fiber
with a gain coefficient of about 20 cm−1, and a 3-mm long cavity in which
the one-pass duration is 9 ps. Then, providing that plasma lasing action lasts
∼40 ps, an efficient quadruple-pass amplification could be achieved.

5.3 Diagnostics of X-Ray Laser Media

Information about plasma parameters such as ion and electron temperatures,
electronic density, ionization balance are of first importance to understand
and to exploit the mechanisms that are able to drive population inversions. In
principle most of this information can be deduced from plasma radiation, espe-
cially from X-rays and XUV radiation. K-shell and L-shell spectra of elements,
analyzed by using the QSS model, are generally well adapted to the require-
ments of temperature and density diagnostics. In addition line broadening by
Stark and Doppler effects is also information source on density and tempera-
ture. In amplifier plasmas, parameter values vary as a function of space and
time. Therefore X-ray imaging and X-ray spectroscopy are the specific tools
of laser plasma diagnostics. In the next paragraphs we shall illustrate this fact
by examples that are mostly typical of situations encountered in collisionally
pumped lasers.

5.3.1 Plasma Imaging

A simple means of obtaining X-ray images of extended sources is the well-
known pinhole camera equipped with filters which are selected according to
the radiation band of interest. One can choose to look at line or continuous
radiation, or both, according to the desired diagnostic. For instance, the tem-
perature generally varies along the line focus owing to the nonuniformities of
the light distribution in the pump–laser beam and to the characteristics of
focusing optics. Comparing plasma images in several radiation bands of the
continuous spectrum provides information about electron temperature.
The elongated shape of the amplifier plasma requires the pinhole technique

to be adapted in order that magnification be much larger in transverse direc-
tion than along the longitudinal axis. This is done by replacing the pinhole by
two crossed slits as shown in Figure 5.22 [67]. An example of intensity distri-
bution measured along a 1-cm line of copper plasma with the help of such a
double-slit camera is displayed in Figure 5.23 [68]. The plasma line was pro-
duced by a cylindrical lens array focusing a 100 ps–1.5 J laser beam onto the
target (see Section 5.2.3). The strong modulation observed at both ends are
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Fig. 5.22. Principle of a crossed-slits pinhole camera for elongated plasma imaging.

attributed to Fresnel diffraction by the edges of each of the cylindrical lenses.
The transverse measurement showed a less than 50-μm wide plasma.
A number of devices, that combines pinhole and crystal spectrometry, can

be proposed to produce monochromatic plasma images. Johann geometry,
based on Bragg’s reflection of a cylindrical bent crystal, becomes suitable for
monochromatic X-ray imaging when a pinhole is placed on the Rowland circle
and a 2D-detector near the crystal, as shown in Figure 5.24 [69].
Figure 5.25 exhibits an example of plasma electron-density determination

performed by using this technique [70]. Two monochromatic, 2D spatially re-
solved images of an aluminium line-focused plasma have been recorded on the
same laser shot with two different spectrometers. The detection windows are
0.774–0.779 nm and 0.778–0.783 nm respectively, what corresponds to the Heα

Fig. 5.23. Intensity distribution along a copper plasma fiber measured with the
double slit camera. The laser intensity is 3.1012 W/cm2, the pulse duration, 100 ps.
The thickness of the beryllium filter is 14 μm.
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Fig. 5.24. Bent crystal lighted from a pinhole placed on the Rowland circle to
obtain monochromatic X-ray images of a plasma fiber.

Fig. 5.25. (a) Traces obtained at two wavelengths for the same laser shot, from
images of the plasma fiber provided by two spectrometers arranged as shown in
Fig. 5.24. (b) Distribution of the (normalized) electron density deduced from the
data supplied by the curves of Fig. 5.24a.
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Fig. 5.26. Imaging spectrometer according to Ref. [71]. The wavelength of the
monochromatic image can be changed by moving the crystal.

resonance line (1s2–1s2p1P1), on one hand, and to the Heα intercombination
line (1s2–1s2p3P1), on the other hand. From these data one infers the map of
the resonance-to-intercombination line-intensity ratio at each point along the
plasma axis. The map is interpreted in terms of plasma electron density—and
corresponding plasma ionization—with the help of a QSS–CRM code [cf. Eqs.
(5.15)–(5.17)] that calculates the excited level populations from rate equa-
tions. The bottom curve in Figure 5.2 shows a time-integrated, 1D distribution
curve of the electron density, normalized to the critical density nc (Eq. 2.19).
The critical density is about 1021 cm−3 for the Nd-glass laser radiation used
to produce the plasma in this experiment. The observed nonuniformity of the
density is admittedly correlated to local laser intensity fluctuations, a greater
density corresponding to a higher intensity.
Instead of pinhole-formed images, one can obtain monochromatic focused

images by using a spherical bent crystal as analyzer. Figure 5.26 displays
the scheme of an experimental setup that uses a spherically bent quartz of
888.8 mm curvature radius, in the (1, 0, 0) reflection with 2d = 0.85096 nm
[71]. The image of an aluminium line-focused plasma, placed at 1450 mm
from the target, is projected onto the photocathode of a streak camera in
order to achieve spectral, spatial, and temporal resolution on one and the
same laser shot. Choosing the 0.77566 nm wavelength of the Heα resonance
line of aluminium fixes the value of the Bragg angle at 65.716◦. It is necessary
to move the crystal as shown on the figure to change the wavelength. Figure
5.27 illustrates the results one can achieve by this technique. It shows the
temporal history of the Al Heα resonance emission from a 20 mm long line-
focus plasma produced by a ∼50 J, 600 ps laser pulse. The corresponding
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Fig. 5.27. Temporal history and spatial distribution of the Heα-line of aluminium
emitted from a plasma fiber of 20-mm in length obtained thanks to the spectrom-
eter setup represented in Fig. 5.26. The dashed vertical lines points the instants
corresponding to each one of the spatial curves.

spatial profiles at two different times are also displayed at the bottom of the
figure.

5.3.2 Temperature and Density Diagnostics

Electron densities are commonly measured by standard interferometry tech-
niques which exploit the relation between plasma refraction index and elec-
tronic density [see Eq. (5.2)]. The upper-limit of the density which can be
observed by this method is fixed by the propagation cut-off at the critical
density nc, which is of the order of 1021 free electrons per cubic centimeter
when using visible light. Beyond this limit UV and XUV radiation should be
used. One can also employ the noncoherent radiation method that consists
in measuring the fringes created by Moiré deflectometry using two almost
parallel Ronchi rulings [72, 73].
X-ray spectroscopy is one of the most efficient tools of ionization balance,

temperature, and density diagnostic. An obvious feature of relations between
experiments and calculation models is the fact that computed spectra are as
necessary to interpret the observed spectral line intensities in terms of plasma
parameters as experimental spectral data are essential to check and validate
the calculation models. Thereby plasma diagnostics make use continually of
well-characterized experiments to test and improve the models, on one hand,
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Fig. 5.28. Measured and computed emission profile of Ge as a function of the
distance to the target. The observation axis is parallel to the plasma fiber at a
variable distance d, from the target, as shown in the inset. This experiment aims to
improve the line opacity model used to estimate the ion balance in the plasma.

and of validated models to obtain quantitative plasma parameter values from
spectroscopic experimental data, on the other hand.
Let us start with the example of experiments designed to test the atomic

physics coupled to a hydrodynamic code, known as EHYBRID [74]. The idea is
to introduce in the code, the resonant emissions of neon-like and fluor-like ions
of germanium, whose balance plays an important role in collisionally pumped
lasers. This can be done by investigating the role of the resonant line opacities
[75]. The germanium spectrum of a plasma fiber is thus observed between 0.7
nm and 1.05 nm using a curved KAP crystal spectrometer. The detector
is a CCD camera protected from visible light by a 25 μm thick Be filter.
A pinhole camera monitors the spatial variations of the integrated resonant
emission versus the distance from the target. Comparison of experimental and
theoretical spectra shows the relative intensities of the lines to be very sensitive
to the opacity model introduced in the QSS calculation (cf. Section 5.2.1)
performed by EHYBRID. Finally, as shown Figure 5.28, one can obtain a good
agreement between observed and computed germanium transverse emission
profile as a function of the distance to the target.
Here is now an example of the inverse process. The goal is to measure elec-

tronic density and temperature of a 2.2-cm long selenium X-ray laser plasma
as a function of time, during the nanosecond pulse of the driving laser [76]. To
begin with, a QSS collisional–radiative model is built to calculate the inten-
sities and the line ratios of the neon-like resonance lines and of their dielec-
tronic satellites. A simplified scheme of the model, which includes more than
200 levels, is shown in Figure 5.29. Collisional rates are calculated assuming
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Fig. 5.29. Simplified diagram of a 200-level model used to calculate the intensities
of the selenium Ne-like resonance lines and their satellites.

a Maxwellian distribution of free electrons. Collisional ionization, three-body
recombination and radiative recombination are taken into account. Opacities
are treated with the escape-probability approximation.
The experimental arrangement includes a concave crystal spectrometer

equipped with a streak-camera which records time-resolved spectra. Only a
few mm portion of the plasma column can be seen from the spectrograph.
An example of results, shown in Figure 5.30, exhibits the spectrum emitted
550 ps after the X-ray emission outset. The diagnostic is then completed for

Fig. 5.30. Example of a time-resolved spectrum of the selenium Ne-like ions, ex-
perimentally observed in the wavelength region of the resonance lines, 550 ps after
the laser pulse outset.
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Fig. 5.31. Electron density and temperatures estimated as a function of time from
the line ratios measured in the experimental spectra. Circles and squares point the
ratios obtained involving or not the line pedestals.

a pair of ne and Te by minimizing the differences between experimental and
calculated line ratios. The results are displayed in Figure 5.31. The lines being
superimposed on a wide pedestal (see Figure 5.30), the zero level is successively
chosen at the zero of X-ray intensity (circles) and at the intensity where the
line emerge from the pedestal (squares). The distance between circles and
squares represents the uncertainty of the values obtained with the help of the
model.
Temperature profiles can also be measured by analyzing the K-shell emis-

sion spectra produced by a low-Z tracer material put in an XUV laser target
of high Z. For the experiment reported on this subject in paper Ref. [77]. the
target of the exploding foil X-ray laser (see Fig. 5.5) was an yttrium foil with
a thin carbon overcoat and a plastic substrate. An Al strip provided the tracer
material (Fig. 5.32).
The aluminium spectrum was recorded with a streaked flat field spectrome-

ter, viz. a grazing incidence spectrograph provided with a variable-step grating
especially calculated to form the XUV image spectrum on a flat surface, like
the photocathode of a streak camera. The XUV laser gain was simultaneously
measured with a second grazing incidence spectrometer. Figure 5.33 shows
the example of temperature versus time for two shots for which the pump
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Fig. 5.32. Yttrium exploding foil target.

intensities on target were 1.1× 1014 Wcm−2 and 1.3× 1014 Wcm−2, respec-
tively. The upper curve is the result of a theoretical simulation performed
with the bidimensional hydrodynamical code LASNEX. An advantage of us-
ing tracers such as aluminium is that the same experimental and theoretical
analysis material can be used, with some caution, for a wide set of lasing
elements, let us say from iron to zirconium in the case of Ne-like lasers.
Another way of investigating the plasma state is to turn to X-ray ab-

sorption spectroscopy. The technique of “point projection absorption spec-

Fig. 5.33. Electron temperature as a function of time. Short dashed line: temper-
atures obtained with 1.1× 1014 W/cm2 focused energy. Continuous line: tempera-
tures obtained with 1.3× 1014 W/cm2 focused energy. Long dashed line: tempera-
tures calculated using the numerical code LASNEX. The vertical thin lines are the
error bars.
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Fig. 5.34. Experimental arrangement providing spectrally, spatially and temporally
resolved data on the plasma soft X-ray absorption.

troscopy,” whose principle is displayed in Figure 5.34 [78], provides spatially
and temporally resolved spectroscopic information. A point source (∼30-μm
diameter spot) is produced by focusing the radiation of two 80-ps beams of the
Vulcan laser (Rutherford Appleton Laboratory) onto uranium-coated copper
wire. The probe radiation emitted from this point travels on both sides of a
thin foil (or wire) target. The absorbed spectrum may therefore be compared
to the source spectrum, once a plasma has been produced by laser impact
on the target. The beams are configurated so that the expanding plasma can
be backlighted up to times as long as 1.5 ns after the initial pulse. One ob-
tains a set of single time frames which provide space-resolved data on the
time-dependent plasma state.
Besides it has been shown that the absorption spectrum of unresolved

2p–3d lines of complex atoms of medium-Z materials can be used for diagnos-
ing temperatures [79]. Calculation of the absorption spectra makes use of a
statistical simulation of individual lines in the framework of the unresolved,
spin–orbit–split transition array formalism [80]. This atomic calculation is
used as postprocessor to a hydrodynamical code. The absorption spectra can
be then predicted as a function of space, time, and temperature.
A very different approach of electron temperature determination consists

in observing the Thomson scattering, by the plasma, of a laser-beam probe,
more precisely its scattering by plasma acoustic waves (see for instance [32].
When a probe radiation of wavelength λ is scattered by acoustic waves of
frequency ωia, the scattered spectrum exhibits, on each side of the central
wavelength, λ, two Gaussian peaks separated by Δλ, such that ωia = Δλ cs.
Now, as we have previously seen, the sound speed, cs, depends directly on the
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Fig. 5.35. Determination of the plasma electron temperature using the Thomson
scattering of a probe beam by the plasma acoustic waves. Additional interferometric
measurements give data on the electronic density.

electron temperature Te [Eq. (5.4)]. The diagram of the experimental setup
for measuring the Thomson scattering spectrum is shown in Figure 5.35 [81].
The line focus is imaged by an X-ray pinhole camera and the ionization condi-
tions may be observed with an X-ray spectrometer. In addition interferometric
measurements of the plasma give information on the electron density spatial
distribution. A theoretical fit of experimental data involving parameters like
temperatures, drift velocities of electrons and ions, and electron density leads
to estimate Te with about 15% accuracy.



6. Propagation of XUV Laser Beams

With the exception of using half-cavities, the only bounds to XUV laser beam
propagation are those set by the gain coefficient distribution and the refraction
effects within the amplifying plasma. There is no mode selection by means of
the optical cavity as in most lasers. Therefore once population inversion is
achieved, brightness and coherence of the laser are mostly dependent on the
conditions of propagation in the plasma.
Being produced from solid targets, and expanding freely in vacuum, XUV

laser plasmas always exhibit strong density gradients, especially in the direc-
tion perpendicular to laser axis. Refraction through the free electron density
gradient causes ray curvature of amplified radiation [cf. Eq. (2.21)–(2.24)]. At
a glance it looks like a pure mischief since it increases the beam divergence
and, in the case of slab targets, it deflects the beam away from the geomet-
ric X-ray laser axis (cf. Fig. 2.3). It is a fact that, for steep gradients causing
large curvature, most of the radiation can emerge from the amplifying channel
before the plasma end, which reduces, or even completely prevents, laser ac-
tion (the reader may find a review of works on angular divergence and spatial
coherence of X-ray laser radiation in Ref. [82]).
However after more thorough investigations, the contribution of refraction

to laser coherence through the selection of modes will prove more significant.
This is illustrated in Figure 6.1 by the result from a pioneering XUV laser
coherence investigation by R.A. London [83,84]. Calculation of the transverse
coherence length Lc by a modal method (see Section 6.3) was performed for
two XUV laser plasma transverse profiles. One, where gain coefficient and elec-
tronic density are spatially constant in the plasma, is represented by dashed
lines in the left frame of Figure 6.1, and is obviously not a refractive profile.
The second, represented by a solid line, assumes the electronic density and the
gain coefficient to vary as sech2(x/a), where x/a is the transverse coordinate
normalized to the FWHM a of the plasma profile. This profile clearly models
a refractive plasma. The right frame of the figure shows the complex degree
of spatial coherence γ at the plasma end [cf. Eq. (3.19)]. One immediately
sees that the coherence length is found to be much larger in the case of the
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Fig. 6.1. Effect of the plasma profile on the coherence of amplified beam. Gain
and electronic density are supposed to have the same spatial profiles, of width
a (FWHM). Two types of profiles are represented in (a); the corresponding de-
grees of coherence are plotted in (b). One sees the bell-shaped profile (continuous
line) to considerably increase the coherence with respect to the flat profile (dashed
line).

refractive than the nonrefractive plasma profile. This result strongly supports
the assumption that refraction reduces the number of modes. In fact, as we
will see, the XUV laser beam propagation is under the control of three pa-
rameters that represent the effect of refraction, of gain, and of mode–number
geometrical limit.
Considering this very important influence of refraction effects on X-ray

laser quality, experimental methods have been developed to investigate the an-
gular distribution of laser intensity. To this end one generally chooses flat-field
grating spectrometers, the principle of which is shown in Figure 6.2. Unlike the
standard Rowland circle system (cf. Section 2.3), the variable groove-spacing
holographic grating implemented in the new system focuses the spectrum on
a plane surface. Figure 6.3 gives an example of time-resolved angular distri-
bution investigation of the XUV beam by coupling a streak-camera to the
flat-field spectrometer output [85].

Fig. 6.2. Principle of a setup using a flat field grating. XUV radiation is focused
on a flat surface unlike spherical concave gratings which focus along their Rowland
circle.
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Fig. 6.3. Diagram of an experimental arrangement used to obtain the time-resolved
angular distribution of X-ray laser emission (Ref. [85]).

6.1 Beam Refraction

Experimental verification of beam refraction is straightforward in the case
of single slab target lasers shown in Figure 6.4. The deflection angle, θ, can
be as large as ∼15 mrad and the divergence, φ, is generally between 3 and
6 mrad. Direct measurement of θ and φ can readily be obtained by placing
XUV-sensitive CCD detectors at 1–2 m distance from the target. From travel
through symmetrically produced plasmas, like exploding foil (cf. Fig. 5.5)
or tin fiber configurations (cf. Fig. 5.6), one does not expect deflection but
divergence only.
As for the trajectories through double target systems or in half-cavities (cf.

Fig. 5.11) they have a more complex behavior. This is illustrated in Figure
6.5 for the case of double target [86]. Trajectories here strongly depend on the

θ

Pump laser

Target

φx

z

Plasma

X-UV laser

Fig. 6.4. XUV laser beam deflection and divergences due to refraction within the
plasma.
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Fig. 6.5. Characteristic features of optical trajectories in a double target configu-
ration.

adjustment of the two targets relatively to each other. The same holds for the
adjustment of the mirror near the end of the target in the double-pass system.
Models have thus been developed in order not only to understand the physics
of propagation but also to optimize the various laser configurations.
In X-ray trajectory computation codes, the plasma variables may be de-

fined on a rectangular grid. As regards the refractive index either it is assumed
constant within the cells [87], the total path being calculated as the sum of all
the linear segments forming the trajectory, or it is the index gradient which
is assumed constant in each cell and the total path is then a sequence of
parabolic arcs between the cell faces [88, 89]. However the analytical calcula-
tion of trajectories has the advantage of giving a general view of propagation
physics, so it will be our starting point.
The general equation of ray propagation in a medium of continuously

varying refraction index n reads [90,91]

d

ds

(
n
dr
ds

)
= ∇n (6.1)

where r is the vector position and ds is the differential path length. Let us
consider an amplifier plasma elongated in the OZ-direction with the target in
the Y Z-plane (Fig. 6.6). If we assume a uniform density along the line focus
axis, equation (6.1) becomes

d

ds

(
n (x, y)

dr
ds

)
= ∇n (x, y) (6.2)

Moreover, since the typical length of the refraction index gradient is usually
much shorter in the expansion direction, OX, than in the transverse direction,
OY, one can adopt a planar geometry in which the ray equation reduces
to

d

ds

(
n (x)

dr
ds

)
=

dn(x)
dx

(6.3)
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Fig. 6.6. The figure shows a trajectory in the XZ plane (thick dashed line). The
profile of electron density is assumed to be parabolic and to vanish at x = Lx.With
this assumption, the trajectory equation may be obtained by analytical calculation
(see text).

Then, by introducing a parabolic electron density profile, viz.

ne (x) = n0

[
1−

(
x

Lx

)2
]

(6.4)

where n0 is the electron density along the plasma axis and 2Lx the transverse
plasma dimension, in the refraction index equation (5.2) one can obtain an
analytical expression that describe the XUV trajectories.

nc being the critical density given by equation (2.20), let us define

φr =
(
n0

nc

)1/2

, Lr =
Lx

φr

Let P be a point of the trajectory, of coordinates x, z. From Ref. [91] the
trajectory equation takes the form

x = A exp
(

z

Lr

)
+B exp

(
− z

Lr

)
(6.5)

where

A =
[
1
2

(
xb
Lx
+

ϕb

ϕr

)
exp

(−zb
Lr

)]
Lr

and

B =
[
1
2

(
xb

Lx
− ϕb

ϕr

)
exp

(
zb
Lr

)]
Lr

xb, ϕb, and zb are boundaries conditions applied at the exit coordinates of
the rays, viz. at the plasma bottom end in Fig. 6.6. Calculation shows that
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significant bending of trajectories appears for a length Lz such that Lz > Lr,
for what reason Lr is called “refraction length.” Taking into account the
above definitions of Lr and φr, this condition can be written as a relation
between longitudinal and transverse plasma dimensions

Lz >

(
nc

n0

)1/2

Lx (6.6)

Referring to equation (2.19) one can see that, for XUV radiation, the critical
electron density lies usually in the interval

1023 cm−3 �nc � 1024 cm−3 (6.7)

It follows that, for n0 = 5× 1020 cm−3, the magnitude of (nc/n0)
1/2 is be-

tween ∼15 and ∼45. For plasma width of 100 μm, the refraction length Lr

will thus have values between 1.5 mm and 4.5 mm.
For both families of trajectories shown in Figure 6.7 the plasma length has

been chosen such that Lz = 3Lr. Seeing the definition of the boundary condi-
tions, each family is defined by a fixed value of the exit angle ϕb. This figure
therefore illustrates the parametric behavior of typical trajectories rather than
realistic maps of the radiation flux. However, according to the “light inverse
return principle,” the graphics may also be read from left to right. One sees
that rays emitted near the central axis of the plasma and propagating at small
angle with respect to this axis does not tend to leave the central plasma region
quickly. This results in a high intensity region, limited by the dotted curves,

Fig. 6.7. Each trajectory family represented in the figure corresponds to a constant
exit angle φb (Ref. [91]). If the curves are read in the opposite direction (from left
to right) φb is to be interpreted as the entrance angle. The dotted curves limit high
intensity regions resulting from the smaller deflection of the rays travelling near the
central axis.
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surrounding the plasma central axis in Figure 6.7. Moreover, on the left of
the figure, these limits do suggest that the beam divergence grows owing to
refraction during radiation transfer.
To calculate the angle-dependent emergent flux one has to integrate radi-

ation transfer equations (Section 1.2). Introducing the refraction index n (s)
in equation (1.1), it becomes

n (s)2
d

ds

(
I

n (s)2

)
= j − kI

By substituting the gain coefficient g for −k, the transfer equation reads

n (s)2
d

ds

(
I

n (s)2

)
= j + gI (6.8)

and replacing j/g by the source function S [see Eq. (1.8)] leads to

d

dG

(
I

n (s)2

)
=

S + I

n (s)2
(6.9)

where dG = gds is an infinitesimal variation of the gain–length factor

G =
∫ zb

z0

g(s)ds (6.10)

along the ray. S/n(s)2 is assumed to remain constant since both S and n (s)2

vary slowly with respect to G and I. Then, the solution of equation (6.9) can
be written

I (G) = S
(
eG − 1) (6.11)

For a parabolic gain profile, using the ray path given by equation (6.5),
one finds (cf. [90])

G = g0 (zb − z0) (1− 2AB) (6.12)

−A2

2

[
exp

(
2
zb
Lr

)
− exp

(
2
z0
Lr

)]

−B2

2

[
exp

(
−2 zb

Lr

)
− exp

(
−2 z0

Lr

)]

where the dependance of G on xb and φb is enclosed in A and B. The variable
g0 is the maximum gain at x = 0.
For a given plasma column length, each ray depends on the two parameters

xb and φb. The emergent flux in direction φb at distance D from the plasma
is given by

F (φb) =
2Ly

D

∫
I (xb, φb) cosφbdxb (6.13)
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Fig. 6.8. Angular distribution of X-ray laser flux, calculated as a function of the
plasma fiber length Lz, Lr is the refraction length, φb the exit angle.

Figure 6.8 shows calculated angular laser-beam pattern for three plasma
lengths. The fluxes are normalized by the value of

F0 = 4
LxLy

D2
S

To bring the three curves together, the F/F0 scale has been increased by factor
102 for Lz/Lr = 2 and 105 for Lz/Lr = 3. The central part of the on-axis peak
is due to the rays flying near axis, where the gain is high and refraction slight.
The smaller off-axis peak seen at φb = φr for large plasma lengths is due to
the rays that emerge from the sides of the plasma, at xb ∼ Lx.
One thus sees that an analytical treatment of plasma refraction reveals

general features of the XUV laser beam propagation but it needs approxi-
mations such as the introduction of parabolic, or squared, electron density
profiles and of gain coefficients in the ray equation. The variety of target ar-
rangements, that we observed in XUV laser configurations, in irradiation by
single or multiple pulses, by pulse and prepulse, requires calculation tools able
to treat realistic density and gain distributions for each specific experimental
XUV laser. So hydrodynamics computational code will process laser–matter
interaction and compute the time–space dependance of plasma mean ion-
ization, ion temperature, electron temperature, and free electron density. A
detailed atomic physics code will use the relevant data coming from this first
calculation stage to calculate the ionization balance and population inversions.
The results are then addressed to a propagation ray-tracing code which simu-
lates experiments. This rather complex computational organization is clearly
summarized in Figure 6.9 [92].
Figure 6.10 shows a 3D-trajectory S, the calculation of which requires the

3D ray equations to be integrated [93]. The refraction index has the form

n(x, y) =
(
1− ne(x, y)

nc

)1/2

≈ 1
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Fig. 6.9. Diagram of the X-ray gain computation organization.

As in the above analytical treatment, trajectories are calculated backwards
starting from the emerging point (x, y) and direction (θx, θy). Since θ is small,
the path length s ≈ z. The ray equations take the simplified form

d

dz
(x, y) = (θx, θy)

d

dz
(θx, θy) =

(
∂n(x, y)

∂x
,
∂n(x, y)

∂y

)
(6.14)

The next calculation steps, which give the gain–length factor G and the
emergent flux I, use the same equations as before [Eqs. (6.10) and (6.11)] but
do not make ad hoc assumption about electron density profile. It is obtained
from a numerical simulation using a 2D hydrodynamics code. Since the radi-
ation transit time in long plasmas is of the order of 100 ps or more, whereas
large temperature and density variations can occur in much shorter time, the
finite speed of X-ray propagation is included in the gain–length calculation.
The name given to this radiation transport code is CASER.
Figure 6.11 displays a set of trajectories (projected onto the xOz plan)

of rays emerging at a specific time (−40 ps before the peak of the driving
laser pulse) and at one spatial point (x = 0, y = 450 μm, z = 0). The transfer
equation is solved for a number of frequencies ν, within the line profile. The

Fig. 6.10. Sketch of 3D-trajectory in the amplifying plasma.
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Fig. 6.11. Projection of 3D-trajectories calculated for an exploding foil target on
the xOz plane. Calculation includes the finite speed of X-ray propagation. in the
plasma (Ref. [93]). Rays propagate from the right- to the left-hand side as indicated
by the arrow.

initial conditions are those of the exploding-foil XUV laser configuration (cf.
Fig. 5.5, Section 5.2.1) with a 750-Å selenium layer on 1500-Å formvar irra-
diated from both sides in the OX direction with a 4-cm long line focus (see
for instance [30]). The separation surface between the lasing material and the
formvar support is defined to be X = 400 μm. The pump laser pulse duration
is ∼500 ps. The figure shows all the trajectories selected for their significant
contribution to the integrated flux

F =
∫

I ((x, y, ϑx, ϑy, ν, t) dxdydϑxdϑydνdt (6.15)

with the exception of values ϑy greater than 4 mrad which are omitted for
clarity. One can see that the bulk of the gain comes from rays emerging from
the right-hand side of the figure with a small positive ϑx. Another noticeable
feature is that, within the ∼130 ps time interval considered in the calculation,
no ray could be selected emitted from points close to the central plasma axis.
Comparison of experimental and CASER-calculated results relative to ra-

diation angular distribution shows the calculated divergence to be ∼13 mrad
compared to ∼10 mrad from experimental measurements. Moreover the cal-
culated deflection from the OZ axis is found to be rather small, viz. ∼5 mrad,
as expected from the symmetric irradiation used in the exploding foil con-
figuration. In this configuration a flat density plateau is expected to occur
near the exploded foil, at the beginning of the plasma expansion. However the
symmetry is not perfect as one of the laser beams has to cross the formvar
support before reaching the lasing material foil. Thus calculation predicts a
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Fig. 6.12. Ray trajectory and corresponding gain coefficient curve in a Ne-like
plasma fiber produced from an one-side irradiated Ge-slab target.

few mrad deflection. In fact experimental measurements return a significantly
larger ∼10 mrad value.
The same computational code has been used [94], with a view to compare

refraction in exploding foil arrangement and in one-side irradiated slab-target
configurations (cf. Fig. 5.1, Section 5.2.1). Since there cannot be any density
plateau in the second case, one expects a stronger deflection from the plasma
column axis. Calculations are performed for the 23.6 nm wavelength lasing
line of Ne-like germanium ions emitted from a thick target. A sample X-ray
trajectory is shown in Figure 6.12 with the corresponding gain coefficient
curve. One can see that the maximum refraction (turning point in Fig. 6.12)
occurs in the zone of maximum gain. Figure 6.13 shows measured (black line)
and calculated (circles) angular distributions to be in close agreement for the
beam divergence. However a discrepancy between calculated and measured
deflection appears since the simulated distribution curve has been shifted

Fig. 6.13. Measured (curve) and calculated (circles) angular distribution of the
amplified radiation of a plasma fiber, similar to that of Figure 6.12 Divergences are
in good agreement. However the calculated curve has been shifted by 5 mrad to
the measured. This shows that calculation did not account accurately for the total
deflection of the beam.



110 Coherent Sources of XUV Radiation

Fig. 6.14. Calculated transverse electron density profile and corresponding gain
for a plasma fiber produced by exploding foil technique. The figure shows the rapid
change of the profiles with time, whose origin had been placed at the peack of the
laser pulse (Ref. [95]).

along the angular axis by ∼5 mrad toward the axis to obtain the fit to the
experimental results. This shows that some inaccuracy of plasma parameters
persists in numerical simulations.
The complexity and the rapidity of the processes controlling the local

gain and local trajectory bending makes it difficult to deduce the amplifier
plasma properties from elementary models only. This may be noticed in the
curves of Figure 6.14 which show the calculated variations of electron density
and gain coefficient in the central zone of a silver plasma produced by the
exploding foil technique [95]. The central part of the curves can be seen to
change very quickly. It shows anything looking like the sometimes expected
density plateau. The same holds for the gain curves, whose initial sharp peak
then develops a two-lobe pattern ∼20 ps after the top of the laser peak.
Moreover there is no simple relation between these profiles and the resulting
intensity distributions displayed in Figure 6.15, where one sees a large lobe
arising at 8 ps before laser peak, at an angle of ∼15 mrad from the axis
on the formvar foil side. As a matter of fact, experimental investigation of
the 9.9 nm and 100 nm Ne-like silver lasing lines showed the radiation time-
integrated angular distribution to be shifted toward the formvar side by 6–7
mrad [96]. For similar reasons, although the joint parts of refraction and gain
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Fig. 6.15. Transverse intensity distributions calculated at the same times as in
Figure 6.14.

in intensity angular distribution are clearly established, achieving an XUV
laser following the gain-guided beam model (see for instance [97]) would need
a control of plasma parameters which is beyond the present capabilities of
laser plasma production. However very important progress in propagation
control in collisionally pumped lasers was made with the discovery of the
density gradients being strongly relaxed when a small prepulse was shot at
the target before the main pumping pulse [98]. This technique will be described
in Section 7.3.

6.2 From Small-Signal Gain to Saturation

Lasers without cavity are commonly called amplified spontaneous emission
(ASE) lasers. The physics of this class of lasers is summarized in equations
(1.4), (1.19), and (1.20) that show photons spontaneously emitted near one
amplifier end to be amplified before reaching the opposite end. Those equa-
tions, merely adapted by introducing a z-dependence of the gain coefficient g,
were successfully used in the refraction theory of the above section.
As long as spontaneous emission outweighs stimulated emission, the beam

itself has no significant action on the decay rate of the upper level. Then
the increase of the laser output does not affect the value of g. Therefore,
in the previous examples of refracted–amplified radiation paths, the quasi-
steady-state populations of upper and lower levels of the lasing transition
were obtained by solving the relevant system of population equations at every
moment of the plasma life (1.46), (1.45). This describes the principle of the so-
called small-signal gain laser operation, characterized by the radiation output
growing exponentially on length, according to equation (1.4).
When the gain–length factor, gl, increases more and more, the stimu-

lated emission rate becomes sufficient to significantly lower the upper level
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Fig. 6.16. Illustration of saturation occuring first near the ends of the plasma
column.

population. Consequently population inversion and gain coefficient are also
found to decrease. The laser is then said to approach saturated operation
which implies gain limits. Saturation first occurs near the ends of the plasma
column, where gl is the largest, as shown in Figure 6.16.
We have seen in Section 3.3 that, for ASE amplifiers, a close relation exists

between plasma length and number of spatial modes. From the order of mag-
nitude equation (3.49), it is obvious that achieving large coherence requires
the use of plasmas as long as possible or, in other words, lasers operating at
saturation. Therefore it is worth carefully studying the transition from ASE
to saturated laser. The reader may resort to a number of publications, for
instance [99–103], that may help him to perfect his knowledge of the subject.
Figure 6.17 displays an atomic level diagram reduced for simplicity to the

two laser levels, 2 and 1, of statistical weights g1 and g2. In what follows we
shall use many definitions given in Section 1. As compared with the processes
included in population equation (1.45), this diagram does neglect ionizing
transitions. Let us recall that terms of the form ne〈σijv〉 represent the rates of
collisional transitions in a plasma of electron density ne. Since the upper-level
population density, N2, is assumed to be larger than the population N1 of the
lower level, the diagram obviously includes the stimulated emission between

Fig. 6.17. This diagram shows the transition probabilites which are used to calcu-
late the X-ray laser intensity saturation for the emission from level 2 to level 1. IT is
the total intensity integrated over the laser line width. R1 and R2 gather the decay
rates of levels 1 and 2, respectively, to the nonrepresented levels. Other notations
are usual.
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levels 2 and 1. The collisional and radiative decay rates of levels 1 and 2 to all
other nonrepresented levels are gathered under labels R1 and R2 respectively.
Let Φ(ν) be the optically thin profile function of the laser line, with ν = 0 at
the line center (cf. Section 1.3.), normalized so that

∫ +∞
−∞ Φ(ν) dν = 1, and IT

the total intensity

IT =
∫ +∞

−∞
I (ν) Φ (ν) dν (6.16)

We assume levels 1 and 2 to be populated at total constant rates

dN1

dt
≡ Γ1 = cst

dN2

dt
≡ Γ2 = cst

Those transition rates, depending on beam intensity, are stimulated emission,
B21IT, and photoabsorption, B12IT. Then, the system of rate equations (1.45)
reads

Γ1 = −N1 (R1 + ne < σ12v > +B12IT)
+N2 (A21 + ne < σ21v > +B21IT)

Γ2 = N1 (ne < σ12v > +B12IT)
−N2 (R2 +A21 + ne < σ21v > +B21IT) (6.17)

where the 〈σv〉 factors are the collision cross-sections averaged over the
Maxwellian electron distribution. By extracting N1 and N2 the population
inversion is found to be given by the relation

N2

g2
− N1

g1
=

A

B + CIT
(6.18)

where

A = Γ2R1/g2 − Γ1R2/g1 + (Γ1 + Γ2) (ne 〈σ12v〉 /g2 − (A21 + ne 〈σ21v〉) /g1)
B = R1R2 +R1 (A21 + ne 〈σ21v〉) +R2ne 〈σ12v〉
C = R2B12 +R1B21

From equation (6.18) we can see that, when the intensity increases from
0 to IT, the population inversion ΔN decreases from A/B to A/ (B + CIT) .
Thus the initial population inversion is reduced by factor of 2 once the inten-
sity reaches a value

Is = B/C (6.19)

It is usual to call Is, given by [101],

Is =
R1R2 +R1 (A21 + ne 〈σ21v〉) +R2ne 〈σ12v〉

R2B12 +R1B21
(6.20)
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the saturation intensity of the laser. Let us mention that, for the Ne-like and
Ni-like ion collisionally excited lasers, experiments and calculations show that
the saturation intensity, Is, occurs generally when the gain–length product,
gl, is about 16. On substituting equation (6.18) in equation (1.28) the gain
coefficient reads

g =
hν

c
g2B21

A

B + CIT

1
Δν

(6.21)

where Δν is the line width. Substituting Is to B/C in the second member of
this equation we obtain the gain coefficient, gs, for the saturated laser

gs =
hν

c
g2B21

A/B

1 + IT/Is

1
Δν

The ratio of gain near saturation to small-signal gain (I � 0, ν = 0 ) is given
by

gs
g
=

1
1 + IT/Is

(6.22)

It is usual to substitute the stimulated emission cross-section

σsti ≡ g

ΔN
=

hν

c

1
Δν

B21 =
1
8π

1
Δν

λ2A21 (6.23)

where ΔN is the population inversion density g2

(
N2
g2

− N1
g1

)
in equation

(6.20). Then Is reads

Is =
hν

c

1
σstiτr

(6.24)

where

τr =
1
g1

g2R2+g1R1

R1R2 +R1 (A21 + ne 〈σ21v〉) +R2ne 〈σ12v〉 (6.25)

is called recovery time of the population inversion.
With regard to the performance of a particular laser scheme, the small-

signal gain coefficient, g, and the saturation intensity, Is, are crucial factors
since the saturation intensity is the limit of the available output power while
a large gain–length product value is the condition for achieving beam of small
Fresnel number. However previous equations show a conflicting dependence of
stimulated emission cross-section on saturation intensity and gain [102]. Large
Is implies recovery time τr short, which in turn implies Δν large owing to the
large collisional broadening in this case. But Δν large implies g small [cf. for
instance Eq. (6.21)]. The necessary compromise between gain and saturation
intensity will introduce significant differences between the laser characteristics
for high- or low- plasma density operation.
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It has been rightly observed that in the basic differential equation [cf.
Eq. (1.3)]

dI

dz
= j + gI

not only the gain g but also the emissivity j are affected by the depletion of
the upper level of the lasing transition [cf. Eq. (1.17)] [101]. The reduction
ratio of j is found to be

js
j
=
1 + IT/I

′
s

1 + IT/Is
(6.26)

where

I ′s =
R1R2 +R1 (A21 + ne 〈σ21v〉) +R2ne 〈σ12v〉

R2B12 + (g2N0
1 /g1N

0
2 )R1B21

N0
1 and N0

2 are the small-signal gain populations, i.e. populations nondepleted
by saturation. We notice that the condition N2/g2 > N1/g1, i.e. population
inversion, implies the other condition

I ′s > Is

Moreover for very large N2 (or very small N1) we have

I ′s/Is � 1 +
g1R1

g2R2
(6.27)

Thus for lasers in which the total depopulation rate to other levels is much
larger for the lower than for the higher laser level, which is an understandable
condition of efficient lasing, we can assume

I ′s � Is (6.28)

Then equation (6.26) reduces to

js
j

� gs
g
=

1
1 + IT/Is

(6.29)

Besides, the general radiative transfer equation (1.3), modified by saturation,
may be written

dI (ν)
dz

= js (ν) + gs (ν) I (ν) (6.30)

Let us consider for simplicity the case of rectangular profiles of constant width
for g and j and I.We can replace gs(ν), js(ν) by the values of gs and js averaged
over the linewidth and similarly I(ν) by I = IT/Δν. By using equation (6.29)
we obtain the transfer equation

dI

dz
=

j + gI

1 + I/Is
(6.31)
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that holds for the total output of unidirectional amplifier. Integrating this
leads to

I + (Is − S) ln
(
1 +

I

S

)
= gIsz (6.32)

where S = j/g is the usual small-signal source function previously introduced
by equations (1.11) and (1.22). Let us set

In =
I

Is
, s =

S

Is
(6.33)

where In is the intensity normalized by its saturation value and s the satura-
tion parameter. Equation (6.32) now reads

In + (1− s) ln
(
1 +

In
s

)
= gz (6.34)

Figure 6.18 shows plots of In versus the gain–length factor gz for four
values of the saturation parameter. Save for the case of no gain (s = 1) the

Fig. 6.18. Intensity In, as a function of the gain–length factor gz, for various values
of the saturation parameter. In is the intensity normalized by the saturation value.



Propagation of XUV Laser Beams 117

increase of intensity is strongly nonlinear before saturation (In ≤ 1). For

S

Is
� I

Is
� 1

Equation (6.32) reduces to

ln
(
1 +

I

S

)
� gz

whose solution leads to the familiar exponential increase rule I = S (egz − 1).
Let us mention that, in order to find a simple relation between the gain–length
Gs achievable at saturation and the main parameters of the laser emission, one
may assume that, until I reaches Is, most of I comes from the exponentially
growing beam, viz. Is � SeGs . Then using equation (6.24) for Is one obtains

Gs � ln
(
1
2

λ4

cΔλ

N2

gτR

)
(6.35)

where g is the small-signal gain. λ, Δλ, and g are generally known from ex-
periments; the upper level population N2 and the recovery time τr are to be
estimated by calculation. Above saturation, due to the slow variation of the
second term in the first member of equation (6.32), the curves progressively
approximates straight lines. For XUV lasers, this behavior has been experi-
mentally observed for the first time in 1991, with germanium [104, 105] and
selenium [106] Ne-like lasers.
In the case of bidirectional propagation (see Fig. 6.16), the equations of

forward and backward intensities, integrated over the line width, take the
form

dI+
dz

=
j + gI+

1 + I/Is
(6.36)

dI−
dz

=
j + gI−
1 + I/Is

I = I+ + I− (6.37)

where j and g are emissivity and gain coefficient at line center, in the small-
signal gain region. This system has analytical solutions that show a general be-
havior similar to that of the unidirectional amplifier, except for some changes
in laser output before saturation [100,101].
Another issue of the saturation problem concerns the line profiles. Let

us first consider the case of homogeneous narrowing (or broadening) where
the shape of the emission line profile is not affected by the beam, as it is
the case of the Lorentzian profiles of discrete spontaneously emitted lines or
of electron-collision broadened lines. In Section 1.4 we showed, without any
consideration of saturation, that the width of an homogeneous Gaussian is
reduced by factor of

√
gl by propagating in an amplifier of length l. This can

be simply understood as an effect of the gain being larger at line center than
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in the wings. We show below that similar narrowing occurs for various line
profiles, up to saturation.
As above, Φ (ν) is the normalized emission line profile (cf. Eqs. (1.17) and

(1.19)). Following this, we define the line center ratio F (ν) by the relation
F (ν) = Φ (ν) /Φ(0) such that F (0) = 1. Let

G (ν) =
∫

g (ν) dz (6.38)

be the integrated gain–length factor of the amplifier. G (0) being the gain–
length at the line center, we can write

G (ν) = G (0)F (ν)

We now write the transfer equation in the form of equation (1.13), viz.

dI (ν)
dG (ν)

= S + I (ν) (6.39)

where S is the line source function. We have shown in Section 1.3 that, for an
isolated line, the emission and gain (or absorption) profiles are identical, from
which it results that the source function S = j (ν) /g (ν) does not depend on
ν. Then the intensity (1.4) at the exit of the amplifier reads

I (ν) = S
(
eG(ν) − 1

)
(6.40)

Therefore the line center ratio of the amplified line profile f (ν) may be written
as

f (ν) =
eG(0)F (ν) − 1
eG(0) − 1

For large gain–length factors the line emission concentrates near the line center
and the profile function F (ν) may be replaced by the development

F (ν) = 1− F2ν
2 + F4ν

4 − F6ν
6 + · · · (6.41)

which implies a symmetric profile. For sufficiently large gain–lengths, the form
of the line may be represented by

f (ν) ≈ e−G(0)F2ν
2

(6.42)

that is to say a Gaussian profile with half-width

Δν = [G (0)F2]
−1/2 (6.43)

which shows that the linewidth decreases as G (0)−1/2 even at saturation. This
behavior is illustrated by the dashed curves of Figure 6.19 for the Lorentzian
(a) and Gaussian (b) homogeneous profiles. Examples of exact line-widths
calculations performed by G.J. Pert [101] for various values of the saturation
parameter s, defined by equation (6.33), are plotted as continuous lines in the
same figure.
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Fig. 6.19. Laser line half-width, as a function of the gain–length factor gz for a set
of values of the saturation parameter s (see Fig. 6.18); (a) homogeneous Lorentzian
profile, (b) homogeneous Gaussian profile (data from Ref. [101]).

The physics underlying the building of inhomogeneous profiles is much
more complex. The assumption of complete frequency-redistribution (cf. Sec-
tion 1.1), used for the radiation transfer calculations presented so far, cannot
be directly extended. Let us imagine a low-density, high-temperature plasma.
Each particle emits a homogeneous spectral line, which is shifted by Doppler
effect. The summation of the individual components due to a collection of
emitters with a thermal (Maxwellian) velocity distribution generates a Gaus-
sian local profile (cf. Section 1.3). At low density, the homogeneous compo-
nents remain mutually independent in the sense that an individual velocity
change affects a single emitter only and a one-to-one relation exists between
velocities before and after the event. The global Gaussian profile is then said
to be inhomogeneous. In this case one cannot use equation (6.16) nor the
ensuing equations that contain the total intensity IT. In this case calculation
predicts that line rebroadening should occur beyond saturation.
However, at larger density, the width of the single homogeneous compo-

nents is collisionally increased, possibly up to or beyond the width of the global
profile. Hence the random collisional shift combines with the velocity-change
shift and the deterministic relation between initial and final velocity disap-
pears. This strong collisional frequency-redistribution process is the condition
for the global profile to homogenize. Many Gaussian profiles encountered in
laser pumped X-ray lasers are of this kind. The fact is that no rebroaden-
ing has been found for the 20.6-nm lasing line of the Ne-like selenium X-ray
laser though measurements were performed with an extremely high-resolution
spectrometer [107].
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6.3 Coherence Building

Unlike gain saturation, coherence is a radiation phase property which requires
amplitude rather than intensity of the field [83, 107–121]. Therefore the start-
ing point here is the Maxwell wave equation

∇2E − 1
c2

∂2E

∂t2
=
4π
c2

∂2P

∂t2
− ω2

p

c2
E (6.44)

where ∇2E is the Laplacian of the electric field, E. The right-hand side of
this equation contains two contributions, respectively due to stimulated and
to spontaneous emission. The first term is proportional to the population
inversion density and to the field amplitude E. The second term, that includes
the electron plasma frequency ωp [cf. Eq. (2.15)] represents the interaction of
the field with the plasma free electrons. It introduces the refraction of the
beam in the wave equation.
It stands to reason that, as long as we consider monochromatic waves,

the temporal coherence is assumed to be complete. For XUV lasers with no
longitudinal mode selection by means of a cavity, the question of temporal
coherence amounts that one of the intrinsic laser linewidth Δν, namely the
small-signal linewidth. The coherence time is then tc ∼ 1/Δν. The longitudinal
coherence length defined as lc = ctc = λ2/Δλ is of the order of 104λ . Using
the fact that the coherence time is actually 104 orders of magnitude larger
than the wave period and that the beam is nearly parallel (see geometry in Fig.
6.20), we may, in equation (6.44), replace E, by the slowly varying paraxial
envelope Ě (r) with

E (r, t) = Re
[
Ě+ (r) ei(ωt−kz) + Ě− (r) e−i(ωt+kz)

]
where Ě+, Ě− are waves propagating in opposite directions and ω = 2πν.
Then Ěy satisfies the paraxial wave equation (see, e.g. [115])[

2i
∂

∂z
+
1
k

∂2

∂x2
− h (x) + ig (x)

]
Ěy(x, z) = −4πPsp(x, z) (6.45)

Fig. 6.20. Diagram of the geometry used to investigate the building of the coher-
ence.
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Fig. 6.21. Definition of the local time variable t.

where

k = 2π/λ
h (x) = ω2

p/kc
2

and the gain g (x) is proportional to population inversion, Psp (x, z) is the
source term due to atomic spontaneous polarization. As shown in Figure 6.20,
the transverse gradients are parallel to Ox axis.
Several methods have been developed to obtain analytical or numerical

solutions of the paraxial equation with a view to calculate the equal time
correlation function of the electric field [cf. equation (3.20)]

J(x1, x2, 0) = 〈Ě∗(x1, t)Ě(x2, t)〉
which, by changing the time variable to a local time variable (see Fig. 6.21),
i.e. t → t − z/c, may be written as

J(x1, x2)z = 〈E∗(x1, z)E(x2, z)〉 (6.46)

whereas the complex degree of coherence reads

j(x1, x2)z =
J(x1, x2)z

[I(x1, z)]1/2[I(x2, z)]1/2
(6.47)

where I labels the intensities at points of coordinates x1, z and x2, z. The
solution of the paraxial equation for Ěy(t), (6.45) can be then expressed in
terms the Green’s function (see, e.g. [115]) as

Ě(x, z) =
∫ ∫

G(x, z;x0, z0)Psp(x0, z0)dx0dz0

with the initial condition

G (x, z0;x0, z0) = δ (x − x0)

and where G(x, z;x0, z0) must satisfy equation (6.45) without the source term
−4πPsp(x, z). For practical calculations one assumes that electron density and
gain are constant along the amplifier axis.
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Fig. 6.22. Transverse coherence length as a function of Fresnel number for two
values of the gain–length factor G; a is the half-width of the laser beam; η is the
density (or refraction) parameter.

Examples of results are shown in Figures 6.22 and 6.23 [115]. Figure
6.22 displays the variation of the spatial coherence length xc, normalized
to the characteristic laser half-width a, as a function of Fresnel number,
F = 2πa2/λL, gain–length factor, G, and the density (or refraction) parame-
ter η which may be written as

η = 5.65× 10−20
ne0{cm−3}λ{nm}

g0{cm−1}
(6.48)

where ne0 , g0 are the maximum electronic density and the peak gain both
situated at x = 0. Calculations are performed for parabolic profiles of den-
sity and gain. The curves of Figure 6.22 represent the transverse coherence
length near the amplifier exit versus the density parameter, according to the

Fig. 6.23. Transverse coherence length as a function of the density (or refraction)
parameter for a gain–length factor G = 15 and for two values of the Fresnel number.
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Fig. 6.24. Degree of coherence versus the distance to beam axis for three values of
the Fresnel number.

scaling relation
xc

a
≈ 0.30

(
η3FG

)−1/4
exp (ηG/F )1/2

This relation is found to hold when the normalized length, L/a, of the amplifier
exceeds a lower limit about ∼102 for a 10-nm wavelength for instance. In this
equation the coherence length, xc, is defined according to the conventional
criterion that requires the degree of coherence to be greater than 0.84 between
two points separated by the length xc [cf. Eqs. (3.26)–(3.28)]. The reader
should remember that the Fresnel number F characterizes the X-ray laser
geometry and that the refraction parameter η introduces the defocusing effect
of refraction in calculations.
Figure 6.23 shows the relation between the coherence length and the Fres-

nel number which is fixed by the geometry of the amplifying medium and the
laser wavelength. These curves very clearly illustrate the part of refraction,
together with gain–length factor and Fresnel number, in the building of XUV
lasers coherence. As for Figure 6.24, it displays the variation of the degree of
coherence j (x, 0)L at the exit end of the laser versus the (normalized) dis-
tance x to the central axis, for various Fresnel numbers. Briefly stated, these
calculations show that the defocusing refraction causes exponential growth of
the coherence length with the amplifier length.
Another approach of coherence building consists in looking for a modal

type solution of equation (6.45) [110–112]. We mentioned in Section 3.2. that
this should be done in the space–frequency domain rather than in the usual
space–time domain. However, although it fails to produce a complete set of
orthogonal functions as the base of the field description, the more familiar
and easier to understand space–time description is generally used. Therefore
one looks for solutions of equation (6.45) that could be written as

Ěω(x; z) =
∑
n

cn (z)un (x) (6.49)
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Carrying equation (6.49) into equation (6.45) leads to a transverse mode equa-
tion {

∂2

∂x2
− Fef [ηh (x)− ig (x)]

}
un (x) = −Ěnun (x) (6.50)

and a longitudinal transfer equation∑
n

[
un (x)

∂cn(z)
∂z

− i

2
Ěncn (z)un (x)

]
= −iPsp (6.51)

where Ěn is the field eigenvalue. x and z are dimensionless variables obtained
by the rescaling to x → x/a, z → zka2. In the same way Psp → Psp/2π (ka)

2.
As above, a is the amplifier transverse scale length. Moreover h → h/h0, g →
g/g0 are normalized transverse profiles, Fef = kg0a

2 is an effective Fresnel
number, η = h0/g0 is the density (or refraction) parameter defined by equation
(6.48). The electric-field correlation function writes〈

Ěω (r1) Ě∗ω (r2)
〉
=
∑
n,m

〈cn (z) c∗m (z)〉un (x1)u∗m (x2) (6.52)

We do not intend to go now into the rather complex procedure that, for
unbounded geometry, leads from the solutions of equations (6.50) and (6.51)
to results of physical significance. We just mention that the mode spectrum is
found to include both discrete (or bound) and continuous (or free) modes. This
is illustrated by Figure 6.25 which shows the discrete and continuous spectra of
field eigenvalues in the complex E plane for the special case of square density
and gain profiles [112b]. However individual modes are mathematical entities

Fig. 6.25. Spectrum of discrete (or bound) and continuous (or free) modes of the
X-ray laser field obtained in the case of square profiles of plasma density and gain
(from Ref. [112b]).
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Fig. 6.26. Coherence length versus Fresnel number for two values of gain factor, in
the case of sech2(x) profiles. Continuous lines represent the results of the modal anal-
ysis. For comparison, dashed lines show the results of the Green function analysis.

which are not directly connected to the field intensity distribution. Instead
the relevant electric intensity, I (x, z)), at each point should be obtained by
summing the contributions of all modes at this point. Failing to do so gives
rise to unphysical features such as “excess noise” (see e.g. [111]) and strong
resonances between continuous and discrete modes, at large distances from
the central axis of the gain region.
As an example of coherence parameter study by modal analysis is given

by Figure 6.26 which shows coherence length as a function of Fresnel number,
for two values of the gain–length factor, for a sech2 (x) profile. The reader
will remember that sech(x) = 1/ cosh (x) = 2/ (ex + e−x). For comparison the
results supplied by the Green function method for the same profile are also
plotted in the figure. Results are within factor of 2 for gain factor of 15, though
the agreement is somewhat less for smaller gain–length.
More important than numerical accuracy of the calculated parameters is

the contribution that the coherence building theory makes to the general un-
derstanding of the role of the various experimental parameters in XUV laser
operation. As a last example, let us again consider the effect of beam refrac-
tion on laser performances. We have seen above that refractive defocusing,
combined with large gain–length factors, strongly increases beam coherence
(cf. Fig. 6.23). However it is clear that, at the same time, refractive defocusing
reduces the laser output by bending a good part of the rays out of the ampli-
fying zone. The important quantity is the coherent power that can be defined
as the power passing through a coherence area Ac (note that for an axially
symmetric propagation, Ac is of the order of πx2

c/4). Therefore one should
compare the coherent power obtained for different values of the refraction
parameter η.
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Fig. 6.27. Coherent power versus Fresnel number for two values of the refraction pa-
rameter η. Refractive defocusing reduces the coherent power although it was shown
increasing the coherence length in Figure 6.23.

Figure 6.27 gives an example of such a comparison performed in the case
of a Ni-like plasma of Ta [111]. One sees that, for a given amplifier geometry
(viz. a fixed Fresnel number), refraction increase (from η = 10 to η = 50 in
the figure) may strongly reduce the coherent power. Therefore refraction op-
timization in amplifying plasmas is a key problem for XUV lasers. We shall
see in Section 7.3 how preforming the plasma, by irradiating the target with a
low intensity prepulse a few nanosecond before the pump pulse, greatly helps
to solve this problem.
However interesting and useful the analytical methods involve some limita-

tions in the description of the amplification process. For instance they do not
include gain saturation. Neither could detailed quantum atomic properties of
the emitters be introduced in the description. Moreover plasma properties are
assumed to be constant in time, as well as along the plasma column, and stan-
dard mathematical functions account only roughly for the transverse profiles.
More refined models are required to reproduce the time-dependent building of
coherence with an accurate description of refraction and saturation. It is pos-
sible to build such advanced models by combining the Maxwell wave equation
and the Bloch equations which set the time-dependence of the atomic system
density matrix [116–120].
For these models the electric field, E, is calculated as above by using the

Maxwell equation. The other stages of calculation involve (a) the determina-
tion of the polarization vector, P (x, y; z; t) included in equation (6.44), by
using the density operator, ρ, of the quantum system; (b) the calculation of
the time-dependent populations, ρi, by means of the Bloch equation including
the perturbed Hamiltonian, H; the unperturbed atomic potential is labeled
HA. Thus, in addition to the electric wave equation (6.45), the basic equations



Propagation of XUV Laser Beams 127

used in Maxwell–Bloch models are the equation which gives the polarization
vector P from the atomic electric dipole d

P = Tr (ρ, d) (6.53)

and the Bloch equation

ih
∂ρ

∂t
= [H, ρ] (6.54)

where

H = HA − d.E (6.55)

Equations (6.44) (or 6.45), (6.53), and (6.54) form a coupled system to be
generally solved with the help of numerical codes.
This system describes the space–time-dependent interaction between

atoms and laser field. Hence solutions will naturally account for the occur-
rence of gain saturation and therefore for the saturation effects on the co-
herence of the amplified radiation (see [119] and [120]). A hydrodynamical
code provides free electron and ion density distribution data. Furthermore
population rate equations are implemented in order to account for sponta-
neous radiative decay, collisional transitions, ionization, and recombination.
The Maxwell–Bloch analysis is incorporated into the rate equations so that
population coupling, due for instance to a common lower level of two lasing
transitions, are involved in the description of the process. Furthermore the
atomic level degeneracy may be taken into account in deriving the Maxwell–
Bloch equations [120]. This enables a much more detailed investigation of
saturation, which may be of interest when studying problems such as XUV
laser polarization.
The efficiency of Maxwell–Bloch models is illustrated by Figures 6.28, 6.29,

and 6.30, relative to the 21.2 nm lasing line of a zinc Ne-like plasma [121].
In this example, the model is applied to the propagation through a double-
pass system, which involves a half-cavity whose principle is recalled in Figure
6.28. The plasma length is L = 2 cm. The distance from the mirror to the
left plasma exit is 9 mm, which corresponds to a round-trip transit time of
54 ps. A small shift of the mirror in the Ox direction changes the collimation
angle. This angle cancels out when the mirror is centered on the OZ axis.
Calculations have been made for a 7 mrad angle, close to the experimental
value that offsets the XUV beam refraction in the plasma.

Fig. 6.28. Bidirectional propagation in half-cavity.
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Fig. 6.29. Diagram showing the principle of mapping the mutual intensity
J(x1, x2) = E(x1)× E∗(x2), along the Ox axis.
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Fig. 6.30. Coherence building in double-pass system (Ref. [121]). L is the distance
along the propagation axis in the plasma fiber; x1 and x2 are the transverse distances
defined in Figure 6.30. Above: XUV intensity distribution in the 2-cm long, 100-μm
wide plasma fiber; (a) t = 50 ps, (b) t = 200 ps, (c) t = 300 ps. Below: corresponding
maps of the mutual intensity J (x1, x2), in the observation plane. Note that the
intensity scale increases by 4 orders of magnitude from 50 ps to 200 ps. The intense
spot near the right upper corner, in frame (c), reveals the high level of coherence
which is reached at this moment. The shift of the highly coherent zone away from
beam center (x1 = x2 = 0) is due to refraction.
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The mutual intensity, J (x1, x2) = Ě (x1)× Ě∗ (x2), is calculated in every
point of the observation plane, 50 cm far away from the exit end of the plasma,
as shown in Figure 6.29. The upper part of the figure shows the XUV intensity
distribution in the 2-cm in length, 100-μm in width plasma fiber at times 50
ps (a), 200 ps (b), and 300 ps (c). The Jx1, x2 maps corresponding to the
same times are plotted in the lower part of the figure. Let us notice that the
intensity scale is increased by 4 orders of magnitude from 50 ps to 200 ps.
The high coherence that appears at 300 ps is shown by the very brigthing
spot near the right upper corner in frame (c). The shift away from the beam
center of this strongly coherent zone results from refraction.

6.4 Coherence Measurements

6.4.1 Coherence Characterization

Temporal coherence determination needs accurate measurements of line
widths but the spectral resolution of usual XUV spectrometers is generally
not sufficient for this task, mainly due to the rather low spatial resolution
of electronic detectors. It is necessary to call for very large devices, able to
enhance the spectral dispersion so that line width becomes significantly larger
than the detector pixel size. The line widths, Δλ, found for the lasing lines
of selenium and germanium X-ray lasers are of the order of 10−4λ, which
is consistent with the assumption that the profiles are dominated by ther-
mal Doppler broadening [122, 123]. From equation (3.53), the longitudinal
coherence length is thus about 104λ, viz. about 100–500 μm for this type of
lasers.
Spatial coherence is observed by means of interferograms or of Fresnel

diffraction patterns produced in an observation plane at a given distance from
the end of the plasma. The transverse coherence length is deduced from the
size of the interferogram region where the fringe contrast is higher than a
threshold value, often fixed at 0.84 (cf. Section 3.1). If measurements are per-
formed with a view of using the XUV laser for practical applications only, this
result is generally adequate. However, if the point is to improve the knowledge
of coherence building in the lasing plasma, it is necessary to include coherence
propagation in the treatment of the experimental results. An elementary char-
acterization of the source can be obtained by using the van Cittert–Zernike
theorem (cf. Section 3.1) which, under the assumption of complete incoher-
ence of the source, defines a relation between the source intensity distribution
and the degree of coherence observed in a remote plane. The simplest expres-
sion of this theorem is the coherence area Ac, at distance z from a circular
uniform quasi-monochromatic incoherent source of radius a, viz. [124]

Ac =
λ2z2

πa2
(6.56)
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Fig. 6.31. Spatial coherence measurement with a Young’s slits arrangement.

as we have previously seen [Eq. (3.28)]. One generally deduces the “equiva-
lent” radius a from the measured diameter of Ac. More advanced coherence
investigations have to resort to models including some state of coherence of the
source, like the Gaussian–Schell models for instance, in which both intensity
and coherence obey a Gaussian distribution [125].

6.4.2 Interferometric Methods

6.4.2.1 Young’s Slits

Figure 6.31 recalls the principle of Young’s slits method. The measurement
consists in determining the separating distance between the two slits that
achieves a fair fringe contrast, e.g. ∼0.84. This cannot be achieved with a
single laser shot using and a simple pair of fixed slits.
Therefore many variants of Young’s slit system have been thought out

in order to improve its capability of providing more information from single
shots. It is for instance possible to apply the technique of coded apertures
to the diffracting structure in order to carry out an uniformly redundant slit
array [126]. In this type of structure each separating distance between pairs
of slits occurs a constant number of times, which is expected to optimize
the signal-to-noise ratio relatively to random slit separation. This has been
realized for one of the first experiments aiming at measuring XUV laser coher-
ence [127, 128]. To illustrate the results of this method, Figure 6.32 displays
the intensity distribution obtained, beyond the slit array, from the selenium
laser radiation (λ � 20.6 nm and 21 nm), on a screen set perpendicularly
to the beam. The array consists of 27 slits. The observed distribution (lower
curve) is compared with the curve calculated under the assumption of full
coherence (upper curve). It is obvious that the laser exhibits partial coher-
ence. Numerical calculation of the cross-correlation function, which uses the
theory of partially coherent diffraction by apertures [129], affords quantitative
estimation of coherence from such diffraction patterns.
Figure 6.33 now shows an example of dispersive slit array, which carries

out several simultaneous measurements in a single shot [130,131]. Dispersion
is generated by sets of transverse bars of periodicity 2.5μm or 4μm in order to
separate the diffracted fringe patterns of each slit pair on the detection plane.
This design is used to make coherence measurements, with a single laser shot,
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Fig. 6.32. Below, fringe pattern obtained from the selenium X-ray laser (λ �
20.6 nm and 21 nm) with a slit array which includes 27 slits (from Ref. [128]).
Above: fringe pattern calculated assuming a full coherent signal.

across the angular distribution of the output from a mirror-coupled injector–
amplifier system.
If the laser used in the experiment has sufficiently high pulse energy, pin-

holes can be used instead of slits to form the diffracting mask (see for in-
stance [123]). A good example is given in Figure 6.34 which displays interfer-
ograms obtained with two pinholes separated by 200 μm and positioned at
a distance of 40 cm from the laser exit [132]. The laser that produces these
interferograms, at the wavelength of 46.9 nm, is the capillary-discharge argon
laser described briefly in Section 5.2.4 and with details in Section 7.5. The
fringe visibility is of 0.05 for the 18-cm long capillary, 0.33 for the 27-cm long
plasma and increases up to 0.8 for the 36-cm long capillary. These results

Fig. 6.33. Slit array providing vertical dispersion of the fringe patterns of slit pairs
in order to separate them when coherence measurements are performed with a single
X-ray laser shot.
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Fig. 6.34. Interference patterns produced by diffraction of the capillary-discharge
laser beam (λ = 46.9 μm) through two pinholes separated by distance of 200 μm
(Ref. [131]). The increase of the laser length L results in the enhancement of the
spatial coherence. This observation clearly illustrates the reduction of the mode
number by refractive defocusing.

illustrate remarkably well the part played by the refractive defocusing, which
increases with the amplifier length, in the coherence of the soft X-ray laser.

6.4.2.2 Wave Front Division Interferometer

Let us recall that there are two different ways of dividing a radiation beam
into two beams. One can use an interferential separating multilayer system,
which shares the field amplitude into two separated beams, at each point of
the incident beam section. This is the principle of Michelson interferometers
for instance.
The second method consists in splitting the radiation wave-front by using

a double mirror system. This is illustrated in Figure 6.35 which shows the
principle of the so-called Fresnel bi-mirror interferometer that consists of two
silica mirror arranged as a “ridged roof” with an angle between the mirrors of
π–ε, where ε is of a few milliradians. Each mirror reflects half of the beam, so
that the two half-beams cross and overlap along their propagation path [133].
With this arrangement the coherence of the X-ray laser beam is revealed
by the vertical fringes that appear in the beam overlapping zone [134]. The
coherence length at a given distance from the laser exit is inferred from the
width of the fringe pattern observed at this distance with the interferometer.
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ε

Fig. 6.35. Fresnel bi-mirror interferometer. The bi-mirror separates the incoming
beam into two beams which then recombine generating interference fringes.

6.4.3 Diffractometry

Figure 6.36 displays the well-known near-field diffraction pattern produced by
a screen edge illuminated by a coherent source (Fresnel diffraction). While the
fringe visibility (3.6) is constant over all the field in the case of full coherence,
it decreases with the distance to the geometrical shadow in the case where
illumination is spatially coherent. To define the coherence length Lc, we use
the principle of the equivalent incoherent source that gives the same diffrac-
tion pattern as the real partially coherent source and we express the fringe
visibility as if the fringe system was produced by Young slits. It is convenient
to represent the remote source by a Gaussian angular intensity distribution,

Fig. 6.36. Fresnel diffraction pattern produced by a screen edge illuminated by a
coherent source.
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Fig. 6.37. Diagram illustrating the production of Fresnel diffraction from a Gaus-
sian radiation source.

as shown in Figure 6.37 [135]. Let

I (θ) = A exp
(

− θ2

Θ2
m

ln 2
)

(6.57)

be the angular intensity distribution, where Θm is the Gaussian angular half-
width at half-intensity. From the van Cittert–Zernike theorem (cf. Section
3.1), the visibility of the Young-slits fringes for this source is found to be

K = exp
(

−π2Θ2
mΔx2

ln 2 λ2

)
(6.58)

where Δx is the separating distance of the slits and λ is the wavelength. The
coherence length is then defined as

Lc = Δx(K=well chosen value) (6.59)

For the standard value, K = 0.88, corresponding to Gaussian sources, one
obtains

Lc � 0.1
λ

Θm

Fig. 6.38. Experimental arrangement with circular aperture and cross wires for the
measurement of X-ray laser spatial coherence.
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Fig. 6.39. Near field image of Fresnel fringes produced by cross wires and by a
circular aperture edge obtained with the experimental arrangement shown in Figure
6.38. Diffraction patterns due to small debris likely projected from the lasant to the
mirror surface are also visible.

and for a value of K agreeing with most experimental requirements, e.g. K =
0.5

Lc � 0.22
λ

Θm

The value of the adjustable parameter Θm is obtained by fitting the calculated
fringe pattern to the experimentally observed screen-edge pattern.
This method of characterizing the coherence of XUV sources has been

used is several experiments [51, 136, 137]. The example of Figure 6.38 shows
the diagram of an experimental setup, in which the Fresnel diffraction pattern
of a circular aperture and crosswires, positioned at about 50 cm from the laser
exit, is recorded by a CCD camera [136]. The diameter of the wires is sufficient
to neglect the interaction between the two sides. Thus wires give the same
fringe system as the aperture edge. Figure 6.39 shows Fresnel fringes, which
are visible along each of the edges. From this image the coherence length, at
0.88 -visibility, was estimated at ∼77 μm near the border of the beam, while
it was ∼20 μm at the center.



7. Saturated XUV Lasers

At present all lasers, that achieve very large brightness XUV at saturated
emission, are collisionally pumped lasers. Their principle, Section 4.2, rests in
the production by the plasma free electrons of population inversions between
multicharged ion excited levels. This requires plasma densities generally a
little larger than 1020 particles per cubic centimeter and temperatures of a
few hundreds eV. Let us recall that the temperature associated to 1 eV is
approximately 1.16× 104 K.
It is clear that only powerful energy sources, such as shortly pulsed infrared

lasers, can produce—or “pump” as they say—plasmas capable of laser action.
Pump lasers are neodymium-doped glass lasers whose fundamental radiation
wavelength is close to 1.06 μm. The second harmonic, at 0.53 μm, is also
frequently used. A shorter wavelength means deeper penetration through the
plasma and population inversions produced at higher density, but a greater
refraction effect on the propagation of the amplified XUV radiation.
The ion species currently used as emitters belong to the neon-like and

the nickel-like series and, to a lesser extent, to the palladium-like series. The
ground levels of these ions are respectively 2p6, 3d10 and 4d10, i.e. they consist
of many electron closed shells. The presence of complete outer shells makes
the populations of these ion species relatively stable in the plasma. Moreover
the collisional-excitation rate of the ground levels is larger than for other
species. If density and temperature are sufficient, ion–electron collisions yield
large excitation rates from the ground level to higher states. Moreover some
of the excited states cannot decay radiatively back to the ground state. This
is the case for the 2p53p Ne-like states, the 3d94d Ni-like states and the 4d95d
Pd-like states, since the associated decay transitions do not allow level parity
change. However the radiative decay from these states is allowed toward the
2p53s, 3d94p and 4d95p levels respectively, while these levels empty very
quickly to the ground level.
This is the basis for the appearance of population inversions leading to

laser lines between the 3p and 3s levels (Ne-like ions), the 4d and 4p levels
(Ni-like ions), and the 5d and 5p levels (Pd-like ion), however appropriate
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Fig. 7.1. Simplified Grotrian diagram of Ne-like and Ni-like ions. The main laser
lines only are represented.

are atomic rates and plasma parameters. The main radiative and collisional
transitions of interest for this pumping scheme are displayed in Figure 7.1,
which shows the simplified Grotrian diagrams of neon-like and nickel-like ion.
The diagrams also point out the contribution of higher levels, respectively 3d
and 4f, to the upper-level populations of the lasing transitions. Only the lines,
that are expected to show large gain, are represented.
The magnitude of the laser-line wavelengths can be seen in Figure 7.2 for

both ion series . The stars point out elements for which saturated lasers have
effectively been demonstrated and are used, for several of them, as sources for
laser applications. A systematic estimate of Ne-like ion wavelengths from S6+

to Xe44+ can be found in [138]. Experimental evidence of Ne-like or Ni-like

Fig. 7.2. Main XUV laser line wavelengths versus the atomic number of the lasant.
Stars points laser lines which have been studied in great detail.
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plasma lasing has also been given for a few elements heavier than those shown
in the figure (see for instance, [139,140]).

7.1 Gain Predictions for the Collisional-Excitation
Pumping Scheme

The first difficulty in modeling the collisional-excitation lasing scheme is the
complex level structure of the highly ionized neon-like and nickel-like ions.
Accurate modeling requires a large number of levels to be included in steady-
states equations. Extensive calculations of atomic data are necessary in or-
der to have reliable values of energies, radiative transitions probability, and
collisional rates. Data can be found for a wide range of atomic numbers in
Refs. [141–150], for instance, for neon-like ions and in Refs. [151–154] for
nickel-like ions.
Level populations are calculated by solving a QSS equation system of type

(1.45), (1.46). In Ref. [142] the QSS system consists of 27 coupled equations
that include radiative and collisional-excitation and de-excitation, viz.

N0<i≤27

⎡
⎣∑
h<i

Aih + ne

⎛
⎝∑

j>i

〈σjiv〉+
∑
h<i

〈σihv〉
⎞
⎠
⎤
⎦

=
∑
j>i

NjAji + ne

⎛
⎝∑

j>i

Nj 〈σjiv〉+
∑
h<i

Nh 〈σihv〉
⎞
⎠ (7.1)

where ne is the electron density. It is worth mentioning that, for Ne-like ions,
the optimum value of electron density in a neon-like XUV laser may be esti-
mated by the scaling relation (see Ref. [60], p. 107)

(ne)opt = 4× 1015 (Z − 9)3.75 cm−3 (7.2)

where Z is the atomic number of the lasing element.
The averaged collisional-excitation cross-sections 〈σv〉 are calculated as

a function of the electron temperature, which is defined as a fraction of
the ionization potential of each neon-like ion. The maximum abundance of
neon-like ions is expected to occur for an electron temperature near 1/2 the
ionization potential. The system is solved for a group of electronic densities,
ne. The solutions are represented in the form of reduced fractional popula-
tions N ′i =

1
gi

Ni

NI
, where NI is the total density of neon-like ions. Figure 7.3

shows the example of results obtained for the laser upper levels of neon-like
iron and germanium. Spectroscopic notations are the same as in Figure 7.1.
The populations are presented as functions of electron density at temperature
equal to 1/2 the ionization potential.
It is patent that, for both elements, the population inversion between levels

3p 1S0 and 3s (1P1,
3P1) is much larger than those between levels 3p 3P2

and 3s 3P1or between levels 3p 1D2 and 3p 1P1. This is a constant fact in
the neon-like series, which is due to the strong collisional coupling between
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Fig. 7.3. Level populations of Ne-like and Ni-like ions referred to the density num-
ber of these ions as a function of the electron density (data from Ref. [142]). The
corresponding lasing lines are represented in Figure 7.1. This diagram shows popu-
lations inversions to decrease at larger electron density owing to collisional mixing
between levels.

the ground state 2 s22p6, J = 0, and the 2 s22p1/22p43/2 3p1/2, J = 0 state.
Therefore the gain calculated for the 2p53p 1S0 → 2p53s 1P1 line, shortly
called the J = 0 to 1 or J = 0−1 line, is systematically larger than that for
the two other lines, i.e. the J = 2–1 lines pointed to in Figure 7.1. The gain
calculated for the J = 0–1 line is plotted in Figure 7.4 as a function of the

Fig. 7.4. Gain coefficient of the Ne-like J = 0−1 line calculated as a function of
the atomic number for three electron densities. The electron temperature is defined
one-half the ionization potential (data from Ref. [142]).
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target element atomic number for three electron densities. Predicted gains for
the J = 2–1 lines may be found in Ref. [148] which, in addition, discusses the
role of dielectronic recombination from fluor-like ions in population inversions.
It is also shown [155] that including the 3d levels in the QSS system (Figure
7.1) is an important factor of calculation accuracy improvement. Moreover
the J = 0–1 gain depends mainly on the 2p6–2p53p monopole transition rate,
while the feed of the J = 2−1 gain involves a larger contribution of 2p6–2p53d
collisional and radiative excitations followed by 3d–3p cascades.
Simple scaling laws can be established for gain coefficients, as a function

of the plasma electron density, and the laser wavelength [156]. Let Zi be the
lasing ion charge. Given the definition (1.28) of gain coefficient, results of
hydrodynamical simulations lead to scaling relation

g ∝ neλ

Zi

for lines dominated by Doppler profile. Moreover, one considers λ ∝ Z−1
i and

λ ∝ Z−2
i scalings for the J = 0−1 and J = 2–1 lines, respectively. Scale rela-

tions can thus be written as

g ∝ neλ
2 for J = 0−1 lines (7.3)

g ∝ neλ
3/2 for J = 0−2 lines

Both relations show that lasing at shorter wavelength requires higher den-
sity plasma to keep the same gain, especially for the J = 0−1 lines. Therefore
the plasma refraction effects on X-ray laser operation should be expected to
increase at short wavelengths.
Concerning the Ni-like ions, gain calculations have been done for elements

of high atomic numbers, like Eu, Ta, W, in order to specify the characteristics
a soft X-ray laser at wavelengths near the carbon K-edge, i.e. the upper limit of
the “water window,” which offers many possibilities of biological applications
[157–159]. Moreover atomic data and population inversion kinetics have been
calculated extensively for elements whose atomic numbers range from 36 to
92 [153]. The 3d–4d transition energy, required to pump Ni-like X-ray laser
(see Fig. 7.1), and the value of the electronic temperature Te, which maximizes
the Ni-like ion abundance, obtained from a collisional radiative equilibrium
model, are represented in Figure 7.5.
A crucial point of collisionally pumped laser physics lies in the relation

between the intensity of driving lasers and the wavelengths of lasing lines.
Scaling laws involving plasma parameters, target material and pump–laser
characteristics have been derived from self-similar plasma models from which
analytical solutions of hydrodynamical equations can be obtained [160,161]. It
shows the plasma temperature, Te, to vary approximately as I

1/3
pump in the case

of Ne-like ions. Moreover optimal gain calculations, reported in [148] give the
temperatures at which one expects the maximum gain to occur for the lasing
lines of a set of elements between Z = 20 (calcium) and Z = 56 (barium). One
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Fig. 7.5. Electron density and electron temperature providing optimal 4d–3d pop-
ulation inversion in Ni-like ions versus the atomic number of the lasant (data from
Ref. [153]).

can infer from these data that the pump intensity necessary to produce a laser
line of wavelength λ varies according to the magnitude order relation

Ipump ∝ λ−γ (7.4)

where γ may be estimated at

γ � 4

Therefore, with the simplest of pumping dynamics, namely a single pump–
laser pulse focused onto the lasing material, any progress toward shorter laser
wavelengths will require a huge increase of pump intensity. For instance, re-
ducing the wavelength from 20 nm, a value commonly achieved for years, to
4 nm, viz. a wavelength lying in the “water-window,” would call for an increase
of pump intensity by a factor larger than 3000. On the other hand, lasers in
the 50-nm wavelength range could work with small inexpensive pulsed lasers,
supplying only a few Joules in nanosecond pulses.
A way to reduce the amount of pump energy, especially when lasing at

short wavelengths, consists in separating the electron heating process from
the plasma production. Figure 7.6 shows that the energy necessary to ex-
cite the lasing upper level of Ge-like ions is 1.4 times larger than the Na-like
to Ne-like ion ionization energy. Therefore when the electron temperature is
optimum with respect to neon-like abundance, it is too low to provide an op-
timum excitation rate. Moreover the temperature maximum, which coincides
in time with the maximum of the pulse [cf. relation (5.8)], occurs later than
the maximum of neon-like density, which decreases through plasma expansion
after a rapid initial rise due to the high target density (see for instance [88]).
These characteristics are illustrated in Figure 7.7a where the Ne-like abun-

dance curve originates from experiments [162]. It is obvious that a single
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Fig. 7.6. This diagram shows, in the case of Ne-like germanium, the energies in-
volved in the production of 2p53p–2p53s population inversion. The J = 0 to J−1
lasing transition emits photons of ∼63 eV. The ionization energy required to pro-
duce Ne-like from Na-like ions is ∼880 eV while the excitation energy of the 2p53p
level is ∼1250 eV.

nanosecond pulse cannot lead to optimum pumping conditions since part of
the energy is lost keeping the plasma hot, while the number of potential emit-
ters is vanishing. However, as shown in Figure 7.7b this loss may be prevented
by using two pulses: a nanosecond one, of relatively low intensity, is optimized
to produce Ne-like (or Ni-like) ions and it is followed by an intense short pulse,
allotted to electron heating only. Pumping efficiency is optimized thanks to
an adjustable delay between the two pulses. The reliability of this so-called
transient pumping method has been experimentally demonstrated for the first

Fig. 7.7. Temporal characteristics of pumping by single long pulse (a) compared
to pumping by short pulse following long pulse (b). Short dashed line: intensity I
of the pump laser; long dashed line: electron temperature (∝ I1/3); continuous line:
Ne-like ion abundance. Grey areas represent the regions where pumping is effective.
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time by P.V. Nickles et al. [163,164]. Then the development of ultrashort pulse
lasers led to use traveling waves to deposit the energy of pump pulse along
the line focus (see Section 7.4).
We shall also see that an additional pulse of low intensity, preceding the

main pulse, both having the same duration, proves to be essential to the
emission of some of the intense laser lines. The role of this prepulse is to
improve laser propagation by smoothing the plasma density gradients, which
results in a laser gain–length factor increase.
Below we present the characteristics of typical examples of collisionally

pumped XUV lasers which will be sorted according to their pumping dynam-
ics.

7.2 Single Pump-Pulse of Nanosecond Duration

7.2.1 Ne-Like Selenium Laser

Considered as the most promising element, selenium (Z = 34) has been chosen
as the emitter material for the soft X-ray laser that used collisional-excitation
pumping for the first time [39]. For this element, three laser lines were ex-
pected at wavelengths of 18.24 nm (J = 0−1), 20.63 nm (J = 2−1), and
20.96 nm (J = 2−1). Experiments were performed at the Novet laser-target
irradiation facility (LLNL, USA) using the principle of exploding-foil tar-
get described in Section 5.2.1. Two frequency-doubled arms of the NOVA
laser (λ = 0.532 μm) were used to produce the lasing selenium plasma. The
experimental arrangement is schematically shown in Figure 7.8 [40]. XUV
spectrometers and detectors are positioned on the two axial directions and

Fig. 7.8. Exploding foil Ne-like selenium laser, 1 and 2 are on axis spectrometers.
Laser lines are measured with spectrometers 1 and 2 and spectrometer 3 verifies
that these lines are missing off axis.
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Fig. 7.9. Nonlinear increase of the J = 2 to J = 1 lines of Ne-like selenium demon-
strating a 5–6 cm−1 gain coefficient for both lines (Ref. [40]).

at 77◦ off-axis. The off-axis spectrometer contributes to laser action identifi-
cation as laser lines are visible on axis only, not in any other direction.
The target is composed of a 75-nm layer of Se deposited on one side of a

150-nm thick Formvar substrate. The selenium foil is illuminated by the second
harmonic of the driving laser light, at wavelength of 0.532 μm. The two line
foci, obtained with the help of combinations of ∼80-cm diameter cylindrical
and spherical lenses, are 1.12 cm× 200 μm dimensioned. The nominal pulse
duration is of 450 ps. The typical incident intensity is of 5× 1013 W/cm2,
which requires more than 1 KJ energy per pulse and per beam at the fun-
damental wavelength of the laser. Ion temperature in the hot plasma is of
∼400 eV. The XUV laser power output is estimated at 1 MW with duration
of 200 ps. The beam divergence is about 8 mrad [165]. The gain coefficient g
is obtained by fitting the simplified Lindford form of the growth curve (1.42)

IT ∝ l−1/2egl (7.5)

where g is the adjustable parameter, on the total line intensity IT, measured
as a function of the plasma-line length l. The results for the J = 2−1 lines
appear in Figure 7.9, for two test values of g. The curves clearly show the
nonlinear intensity increase of both lines with the plasma length.
Calculated and observed gains are displayed in Table 7.1 for the three

selenium laser lines predicted by calculation. For the 2–1 lines the observed
gain agrees with theoretical predictions. The surprise obviously comes from

Table 7.1. Predicted and observed gain for the main lasing
lines of neon-like selenium

Transition λ(nm) Predicted gain Observed gain

J = 2 to 1 20.96 ∼4 cm−1 5.5 cm−1

J = 2 to 1 20.63 ∼4 cm−1 5.5 cm−1

J = 0 to 1 18.24 ∼10 cm−1 <1 cm−1
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the J = 0−1 line exhibiting no gain at all, while calculation allotted to this
line the largest gain coefficient. This disagreement, which recurred for all
similar lasers using other lasant material, became the source of theoretical
investigations based on more sophisticated physics, especially with regard to
atomic physics, than at the time of first calculations. However no conclusive
explanation of the observed discrepancy could be found in this way. Then the
discrepancy has been found less pronounced when slab targets rather than
exploding foils were used to produce the plasma [166]. Experimental occasions
finally showed that a small pulse sent before main pulse fully restores the large
gain predicted for the 0–1 line (see Section 7.3).
Selenium laser made possible the first measurements of ASE–laser line

profiles in the XUV wavelength region [106]. Therefore it was now possible to
compare the observed behavior of the line profile when gain–length increases,
with the theoretical predictions performed for homogeneous and nonhomoge-
neous profiles.
The continuous curve in Figure 7.10 represents the calculated line width

(Full Width at Half Maximum) for homogeneous profiles as a function of target
length. The gain coefficient is assumed to be ∼6 cm−1. The figure shows a fast
line narrowing for small gain–lengths (gl� 12) and then a nearly constant
line width at large gain–lengths. Contrasting with this result, calculations for
nonhomogeneous profiles predicted a line rebroadening for large gain–lengths,
i.e. gl� 12 in the present case (cf. Section 6.3).
Experimental measurements have been performed using an experimental

arrangement which includes high-resolution XUV spectrometers and a streak
camera with a narrow (35 μm) slit. Convolution of both instrumental func-
tions leads to a total resolution power (λ/Δλ) of 14,000 and 17,000 for the
two different spectrometers used in this experiments. In Figure 7.10 triangles
represent the raw data and black circles the reduced (deconvolved) data. The
fact that they do not reveal any line rebroadening shows that the profile is
dominated by homogeneous contribution. By extrapolating them to l = 0, one
can infer an intrinsic line-width of 50∓ 10 mÅ, from the reduced data.

Fig. 7.10. Width of the soft X-ray laser line versus plasma length; triangles: ex-
perimental raw data; black circles: deconvolved data; continuous line: calculated
widths.



Saturated XUV Lasers 147

7.2.2 Ne-Like Ge Laser (Saturation, Coherence,
Polarization)

7.2.2.1 First Experimental Observations

From selenium (Z = 34) to germanium (Z = 32) the lasing line wavelengths
increase by about 10%. Therefore, from relation (7.4), the pump energy is
expected to be lessened by factor ∼0.95 � 0.6 and a larger number of laser
facilities may contribute to gain coefficient, angular distribution and other
X-ray laser characteristics determination.
First measurements using a thick slab target of germanium, instead of

an exploding foil, and the fundamental 1.06-μm wavelength of a 350–480 J
Nd–glass laser, showed gain for five Ge22+ 3p–3s lines [167, 168]. The pulse
duration was of 2 ns. A combination of cylindrical–spherical lenses produced
a line focus of 200 μm in width and 18 mm in length. The target irradiance
was about 6× 1012 W/cm2

.
Two previously observed J = 2−1 lines in Ge (λ = 23.22 nm and λ =

23.63 nm) and a new J = 2−1 line (λ = 28.78 nm) showed gain about
4 cm−1. The corresponding transitions can be seen in the Grotrian diagram in
Figure 7.11. A new laser line, corresponding to a J = 0–1 transition, appeared
at λ = 19.61 nm with gain of 3.1 cm−1. It is worth noticing that this value
was well below theoretical prediction. Another laser line, identified as due to
transition between two core-excited levels (2s2p63s−2s2p63d), was observed
at 19.90 nm with gain coefficient of 2.5 cm−1 [169]. At nearly the same time,
a work performed in conditions very similar to those used for selenium with
the exploding foil technique, obtained gain for three J = 2−1 lines but failed
to observe gain for the J = 0−1 one [170].
Given the large difference between the slopes of the density gradient pro-

duced by thin foil two-side illumination and 0.53–μm wavelength pump, on
the one hand, and by single side illumination of a plane thick target and
1.06–μm wavelength pump, on the other hand, these results confirmed that
refraction as a part in the gain obtained for each line. Though the method
able to control such effects was not still known, the germanium laser, with
the two J = 2−1 lines at 23.22 and 23.63 nm, quickly became an important
tool of XUV laser physics, especially to improve the beam characterization, to
study new target designs and to investigate laser saturation, coherence, and
polarization of the beam.

7.2.2.2 Calculations

Extensive calculations about the germanium plasma laser have been carried
out by P.B. Holden et al. [88] and D. Benredjem et al. [171]. As an example
the averaged plasma charge Z, calculated in a large domain of electron
density and temperature, is shown in Figure 7.12 [88]. Furthermore, the
gain coefficients for the 19.6 nm, 19.9 nm, 23.2 nm, and 23.6 nm in the
same domain of parameters were obtained with the help of steady-state
calculations including 124 excited levels and the dielectronic recombination
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Fig. 7.11. Grotrian diagram of Ne-like ions of germanium.

from the lowest excited levels of F-like ions. This is illustrated in Figure
7.13, which shows the predicted gains for the 19.6 nm and 23.2 nm lines.
It is worth noting that Figure 7.11 shows Ge22+ neon-like ions to dominate
plasma at temperature below 500 eV while, according to the results of Figure
7.12, large gains require temperatures above 700 eV. This clearly confirms
that one cannot achieve optimum ionization and temperature conditions for
gain within the plasma dynamics produced by a single pump pulse.
In connection with the line width problem (cf. Section 7.2.1), it is found

that the broadening by electron collision is such that the ratio between the
Lorenz homogeneous component and the Doppler inhomogeneous component
is approximately

√
800/Ti, where Ti is the ion temperature in eV. More re-

cently the frequency redistribution produced by electron collisions has been
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Fig. 7.12. Plasma averaged charge as a function of electron density and temperature
(Ref. [88]).

introduced in the calculation of the radiative transfer for the laser line. It has
been found to have a small effect on XUV laser emission intensity [171,172].

7.2.2.3 Experimental Beam Characterization

Unsaturated emission. Figure 7.14 shows laser lines of germanium at 19.6 nm,
23.2 nm and 23.6 nm recorded for two lengths of the plasma line, with a flat

Fig. 7.13. Gain coefficient of two laser lines of Ne-like germanium calculated as a
function of electron density and temperature (Ref. [88]).
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Fig. 7.14. Experimental spectra of Ne-like germanium for two lengths of the plasma
fiber. The measured gain coefficient is 3.8 cm−1 for the 23.6-nm line.

field grating of resolving power λ/δλ � 350−500 [173]. The laser configuration
used in this experiment is similar to the one represented in Figure 5.6 (Section
5.2.1) but reduced to three laser beams only. The lengths of the three line
foci are 1.2 cm. They are in-line positioned to increase plasma length up to
3.2 cm. The incident intensity is 2.5× 1013 W/cm2 with a line-focus of width
∼200 μm. The pulse duration is of 0.5 ns at FWHM. The spectra correspond
to plasma lengths of 1.2 and 3.2 cm, respectively. The emergence of laser
lines when the plasma becomes long is patent. From the output measurement
with increasing length, one finds gain coefficients of 3.8 cm−1 at 23.6 nm and
2.7 cm−1 at 23.2 nm. Therefore the maximum gain–length is about 12.
The angular distribution of the X-ray laser beam is deduced from the line

intensity variation in the horizontal plane, perpendicularly to the target, as
schematically shown in Figure 7.15. Ψ, the angle between the target plane

Fig. 7.15. Deflection Ψ, and horizontal divergence Φ, of soft X-ray laser.
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Fig. 7.16. Divergence of the soft X-ray laser beam versus plasma length.

and the measured beam axis, is a global measure of the deflection due to
refraction through the plasma. The value of Ψ is found to be 7∓ 2 mrad. Φ,
the horizontal half-width of the angular distribution defined by the FWHM of
the far field intensity pattern, is the divergence of the soft X-ray laser. Figure
7.16 shows the divergence Φ to decrease from ∼20 mrad to ∼5 mrad when
the target length increases from 1.2 cm to 3.2 cm.
A streak camera with a CsI photocathode, coupled to spectrometer, gives

information about the time–evolution of the gain. The time resolution is typ-
ically 50 ps. Figure 7.17 shows the XUV laser emission to last as long as the
incident laser pulse itself in the present experiment.

Fig. 7.17. Temporal variation of laser intensity. Top: intensity variation of the
23.6- and 19.6-nm lines with time; bottom: intensity variation of the pump beam
with time.
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Table 7.2. Time-integrated gain coefficients of
Ne-like germanium lines obtained with 1 ns
pump pulse (Ref. [175]); GL is the gain–length
factor

λ(nm) L(cm) G(cm−1) GL

19.6 4.0 2.67 10.7
23.2 4.0 3.66 14.6
23.6 4.0 3.66 14.6
24.7 3.4 2.57 8.7
28.6v 3.4 3.52 12.0

Similar results have been obtained with the system of double target cou-
pling (see Fig. 5.10, Section 5.2.2) with which one can minimize refraction
effects without increasing plasma length [174, 175]. From the work described
in [175], measurement of gain for five lines, with a pump–laser irradiance of
1.2× 1013 W/cm2

, gives the results presented in Table 7.2.

Saturated emission. Increase of the amplifier plasma length to achieve laser
saturation is limited by the pump power available in each experiment. More-
over counterbalancing refraction over long radiation flights requires complex
target configurations. However, half-cavities increase the effective gain–length
[see Eq. (5.21)] with the same energy as for a single-pass of laser radiation.
Furthermore, with a proper adjustment of the mirror, the trajectories of the
direct and the reflected beam intermingle so that refraction as nearly the same
effect on the two passes.
This technique, applied to the 23.6-nm wavelength line of germanium,

has given the first unequivocal demonstration of the saturation of an XUV
laser [31, 48]. The experimental arrangement, shown in Figure 7.18 is based
on the double-plasma configuration. In addition, it uses the half-cavity mirror
that will implement the double-pass through double plasma. The distance
from targets to mirror must be shorter than a maximum dmax, which is of
the order of c × τXRL/2, where τXRL is the amplified XUV emission duration.
For the results presented below d was ∼2 cm and the curvature radius of the
concave mirror was 13 cm. A shield protects the mirror from ion impacts and

Fig. 7.18. Double-target and half-cavity system used to demonstrate germanium
laser saturation at the wavelength of 23.6 nm.
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target debris, except on a ∼1−mm2 surface that is used to reflect the beam.
This surface is changed after each shot. Target lengths are 22 mm and 14 mm.
The reflectivity of the mirror measured at 23.6 nm is ∼28%. However the

radiation that initiates the second pass does not involve all the reflected ra-
diation but only the portion that will reach the narrow amplifying zone of
the plasma. This portion varies with the divergence of the beam, the curva-
ture radius of the mirror, and the size of the amplifying zone. In practice it
can be evaluated from the intensity increase obtained by adding the mirror
with a plasma length short enough to maintain the laser in the unsaturated
regime. In the present case, the typical increase was of a factor 30 for the
22-mm long plasma. The effective feedback from the mirror was then about
2%. Furthermore, the small-signal gain is measured to be 3.8 cm−1. Thus, for
plasma lengths l� 15 mm, the effective gain–length (5.21) was given by

gleff � 7.6× lcm − 3.9
Figure 7.19 shows the exponential increase of the time-integrated intensity
for effective values of gl less than ∼14. Then the saturated emission behavior
starts and it is observed for values of gleff up to ∼22. The maximum source
brightness is estimated at ∼1.3× 1014 W/cm2

/sterad in 0.01% band width.

Coherence. The coherence of the 23.6-nm laser emission has been investigated
using the injector–amplifier system described in Section 5.2.2 (see Fig. 5.12)
[51]. Reference wires of 150-μm diameter were placed in the X-ray mirror
alignment. Coherence was estimated from the fringe visibility in the far field
pattern (Fraunhofer diffraction) of wires. As an example, Figure 7.20 displays

Fig. 7.19. Exponential intensity growing and saturation behavior for gain–length
factors �15.



154 Coherent Sources of XUV Radiation

Fig. 7.20. X-ray laser intensity distribution obtained in the shadow of a 180-μm
diameter cross-wire (Ref. [51]).

the intensity distribution observed in the geometrical shadow of one of the
wires. Coherence changes with laser saturation were observed by first using
the injector only, then the injector plus one or two amplifiers. Fringe visibil-
ity was measured for several shots and various amplifier combination. The
results are presented in Figure 7.21 which exhibits three groups of data, i.e.
without amplifier and with one or two amplifiers. Different symbols are used
for near-field and far-field data. One can see that fringe visibility increases
when the laser tends to saturation. Moreover, as a consequence of coherence
propagation, the visibility is larger in the far-field than in the near field. It
is also observed that the visibility varies along the wires, indicating that the
coherence is not constant on all parts of the beam.

Polarization. A typical X-ray laser pulse consists of several thousand of wave
trains, each with a definite polarization state. These polarization states are

Fig. 7.21. Fringe visibility measured in the near field and in the far field without
amplifier (emission of the injector only) and with one or two amplifiers. Coherence
increases with the number of amplifiers, viz. when the soft X-ray laser tends to
saturation.
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mutually uncorrelated so long as laser is unsaturated and degree of coherence
continues weak. In this case the laser output will appear unpolarized. However
several plasma processes can generate polarization of the laser line radiation.
It is known for instance that the anisotropy of the free electron velocity distri-
bution can lead to anisotropic excitation processes, which results in polarized
emission lines [176–178]. Another example is a group of radiative transitions
sharing a common level, where radiation field does not lead systematically to
random populations between all the quantum states involved in each excited
level [179,180].
An important issue concerns the way in which amplification could modify

the polarization state of an initially polarized beam. In other words, if we
polarize an ASE beam before injecting it in the amplifier, will this beam suffer
a change of its polarization state due to amplification? One could imagine that
collisions experienced by the emitting ions of the amplifier change their dipole
moment orientations randomly, which would pull down the initial degree of
polarization. In other respects magnetic fields, which appear spontaneously
in the plasma, could produce Faraday’s rotation of the X-ray beam electric
vector, thereby modifying the polarization state.
Moreover one has to consider the contribution of the unpolarized ASE

amplifier radiation to the total output. The principle of the injection of a po-
larized beam into an amplifier plasma is illustrated in Figure 7.22 which shows
a polarizer placed between injector and amplifier. Owing to beam divergence
and polarizer geometrical properties, the input into the injector is reduced by
a coupling factor C as compared to the injector output. Due to the injector
beam divergence and to the narrow amplifying fiber, the coupling factor C is
a small number. Furthermore, for XUV radiation, polarizers are mirrors used
under Brewster angle. Let R be the reflection coefficient of the mirror. The
injector intensity reaching the amplifier is finally reduced by a factor RC.
Let gili be the gain–length of the injector, gala, the gain–length of the

amplifier, Si = ji/gi and Sa = ja/ga, their respective source functions. The gls
are assumed to be �3 in order that exp(gl) � 1. From the radiative transfer
equations of Section 1.2 one readily obtains the expression of the injector–
amplifier system output which reads

I(ν)out � Sae
gala +RCSie

(gili+gala)

Fig. 7.22. Principle of the polarized XUV beam amplification by an amplifier
plasma. C is the injector–amplifier coupling coefficient. R is the reflection coeffi-
cient of the not-represented mirror used as polarizer at Brewster’s incidence angle.
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where I (ν)out is the intensity at frequency ν. The total intensity may be
obtained by using the simplified form of the Lindford approximation (1.42),
from which we have

Iout
T � √

πΔν

[
Sa

egala√
gala

+RCSi
e(gili+gala)

√
gili + gala

]
(7.6)

where the line is assumed to have an homogeneous Doppler profile. When the
injector radiation is polarized, the first term of this equation is the unpolarized
component of the total output. Let us notice that the sources functions Sa and
Si, which depend on the population ratio of the upper and lower levels of the
laser, will generally have similar values. The degree of polarization, defined as

Dp =
Ip

Ip + Iu
(7.7)

where Ip and Iu are the intensities of the polarized and the unpolarized waves,
will thus be determined by the respective magnitudes of the two exponential
terms of equation (7.6).
Therefore, it is worth experimentally investigating the polarization state

of the ASE emission of XUV lasers. A propitious circumstance to develop
polarization studies is the fact that Brewster’s angle at these wavelengths is
near 45◦. Thus multilayer mirrors used at 45◦ angle of incidence are generally
good polarizers. Compared to normal incidence mirrors, only a few pairs of
layers are necessary to reach high reflection coefficients. However it is necessary
to minimize the surface roughness in order to reduce p-reflectivity and so to
achieve the highest possible extinction ratio between s and p components. The
polarizers used by B. Rus et al., in Ref. [135] using the radiation of the Ne-
like germanium laser, were coated onto silica substrates with an rms surface
roughness of less than 0.1 nm. Three pairs of Mo:Si layers were produced
by ion-beam sputtering. A reflectance of ∼24% was achieved for s-polarized
light (electric vector parallel to the polarizer surface). Calculation of the s- to
p-reflectance ratio suggested the p-reflectance to be of ∼3.25%.
The experimental polarization arrangement is shown with its analyzers in

Figure 7.23. The injector is made of two successive germanium targets, each of
them of 22 mm in length. Two polarizers, called analyzer 1 and analyzer 2, are
used as analyzers for the p- and s-polarization directions, respectively. Figure
7.23a shows the injector and the concave mirror which focuses the XUV laser
beam to a point located beyond injector, near the location designed for the
amplifier. The normal to the concave mirror is at a small angle to the beam,
so that the mirror works as focusing optics but not as double-pass system,
i.e. not as half-cavity. A spatial fiducial, consisting of three crossed 150-μm
diameter wires is positioned in the beam. Gain coefficients were found to be
3.5 cm−1 for the injector and 3 cm−1 for the amplifier.
The first part of the experiment aimed to control that the time-integrated

radiation of the injector at 23.6-nm was not polarized. The amplifier was thus
removed away from the beam path. The results showed the footprint images
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Fig. 7.23. (a) Arrangement used to control the absence of polarization in the injec-
tor emission. (b) Arrangement used to produce a s-polarized beam and to measure
a possible change of polarization in the amplifier plasma.

of the injector output in each of the crossed polarizers arms to have similar
signal strength, which confirmed the absence of polarization of the injector
beam within the experimental accuracy estimated at ∼5%.
During the second part of the experiment the injector radiation was polar-

ized by a near 45◦ incidence polarizing mirror as shown in Figure 7.23b. The
14 mm in length amplifier was positioned on the beam axis, its entrance end
being at short distance from the focus of the injected beam. Amplifier was
shot ≈7.55 ns after injector in order to synchronize the injected beam with
the phase of the amplifier gain.
Recording the footprint shown in Figure 7.24a analyzer 1 was removed

from the beam path so that only the s-polarized component of the whole
beam contributes to the image which shows the high quality of the beam
profile. On the other hand, a typical result with both analyzers in position
is shown in Figure 7.24b. To show the whole beam in a single image, the



158 Coherent Sources of XUV Radiation

Fig. 7.24. (a) Footprint of the s-polarized beam after passage through the amplifier.
(b) Comparaison of s- and p-polarized signals after passage through the amplifier
showing that almost all the intensity is carried by the s-polarized signal.

two footprints produced by a single shot have been reassembled with the
help of the spatial fiducial. The top and the bottom half-parts of the image
correspond to the s- and to the p-polarization, respectively. On the right-
hand part of the figure, densitometer traces show that there is virtually no
p-polarized signal. Quantitative analysis of image intensities, averaged over
all shots, gives Dp � 0.98, which is essentially the value of the polarization
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Fig. 7.25. Diagram of the linearly polarized transitions between the 2J + 1 quan-
tum states of J = 0, 1, 2 levels.

degree of the injected beam. The experiment thus shows that amplification
by plasma did not depolarize the initially polarized beam.
For the gain–lengths achieved in this experiment and an RC factor of

∼7× 10−4, which accounts for the effective transmission of the X-ray optical
elements, the first term in the right member of equation (7.6) is three orders
of magnitude smaller than the second term. Therefore, the ASE emission of
the amplifier cannot significantly modify the beam polarization. Moreover a
careful examination of polarization effect due to plasma self-generated mag-
netic fields through Faraday’s rotation, leads to the conclusion that this effect
is negligible (see [135]).
A more complex effect may result from the distribution of a given atomic

level population, let say 2p53p J = 2, between the 2J + 1 magnetic quantum
states that constitute this level. Figure 7.25 shows the diagram of transitions
that induce linear polarization of the J = 0−1 and J = 2−1 Ne-like emission
lines. In most cases, magnetic states are degenerate and respond as a whole to
excitation by radiation field. However, magnetics fields can appear in plasma
removing the degeneracy. In this case separated population equations must
be solved for each sublevel.
This magnetic effect has been numerically investigated for a representa-

tive value of the magnetic field generated in a collisionally pumped germanium
plasma, viz. B ≈ 10T , in Refs. [179,180], which use Maxwell–Bloch approach
(cf. Section 6.3). This study shows that ignoring the collisional population
redistribution leads to significant population differences between sublevels.
However, if calculation includes the intersublevel transitions due to electron–
ion collisions, the population differences practically disappear. Therefore cal-
culation predicts that, when a linearly polarized beam is injected into plasma,
the degree of polarization remains very close to unity, which is confirmed by
the experimental observation reported above.
It is thus relatively easy to produce intense linearly polarized XUV sources

by using laser techniques. Saturated lasers of very large gain–length factor are
not required to this end.
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7.2.3 Ne-Like Yttrium Laser

Yttrium laser is the third typical example of first generation X-ray lasers. It
presents two notable characteristics. The total output measured at 15.5-nm
wavelength has been found ∼7 mJ with a peak power of 32 MW, for a total
irradiation intensity of 1.5× 1014 W/cm2 and a pulse duration of 500 ps [181].
These remarkably high values make this laser a potential attractive tool for
applications.
Furthermore a single lasing line dominates the laser output while Ne-like

lasers usually showed two J = 2−1 laser lines. This peculiarity, which may
be of interest in practical applications, has been a headache for X-ray laser
physicists. They knew that the wavelengths of the J = 0−1 line and of the
shortest wavelength J = 2−1 line of Ne-like yttrium were nearly identical and
that these lines could not be resolved with ordinary techniques [165]. However,
the difficulty arose from the fact that gain coefficient was found to be smaller,
viz. 5.3 cm−1, for the intense line at 15.5 nm, than for the much weaker line,
at 15.7 nm, which exhibited a 6.4 cm−1 gain value. Figure 7.26 illustrates this
anomaly.
To explain this strange peculiarity of yttrium laser, it was necessary to

investigate in details the effects of the J = 2−1 and J = 0−1 line overlapping.
We summarize hereafter the main steps of the interpretation proposed by P.B.
Holden et al. [182].

(a) Overlapping of two lasing lines may strongly enhance the intensity of the
composite line because, at each frequency of the line profile, the intensity
grows up exponentially versus the sum of the two gain–length products, i.e.
in the present case (g(ν)J=2−1 + g(ν)J=0−1)× l. Therefore, it is likely that
the anomalously large intensity ratio of the two observed lines is due to the
overlapping of the J = 0−1 line with the 15.5 nm, J = 2−1 line.
(b) However this by no means explains that the measured gain coefficient
at 15.5 nm remains smaller than the one measured at 15.7 nm. Here it is
important to keep in mind that measured gain coefficients are more or less

Fig. 7.26. Experimentally observed lasing lines of Ne-like yttrium.
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space–time averaged and hence differ from the local instantaneous values
obtained by calculation. Since line profiles are narrowed by propagation in
plasma (see Sections 1.3 and 1.4), their overlapping progressively reduces so
that the two components finally separate. This should lower the apparent
gain, that is the gain averaged over the photon propagation time.
(c) However it is found that, for the very small line separation considered
in the present case (0 < δλ < 50 mÅ), a line narrowing scaling such as
Δν ∝ 1/

√
gl [Eq. (1.39)] has an almost negligible effect on line coupling. Thus,

one is led to consider other line narrowing mechanisms which should be in-
duced by the varying plasma conditions. As a matter of fact, hydrodynamic
calculation shows plasma expansion to cause a significant reduction of electron
density (ne), accompanied by a fall of ion temperature (Ti), during the propa-
gation of the amplified beam. The beam propagates across a gradient of refrac-
tive index and emerges from the gain region in plasma shells where electron
densities and ion temperatures are less than on axis. The calculated variation
of plasma parameters so experienced by the beam as a function of the dis-
tance traveled through a 3-cm length plasma is displayed in Figure 7.27. The
plasma peak density corresponds to free electron density ne ∼ 7× 1020 cm−3.
The remarkable result of this analysis is that the total line width reduction
is sufficient to significantly reduce the coupling of the lines and to actually
reduce their global effective gain coefficient.

Besides, the intensities of the 15.5 nm and 15.7 nm lines, calculated as a
function of the plasma length using this model, are shown in Figure 7.28. One
sees that the line intensity ratio increases very rapidly over a propagation
length of ∼1 cm and then is stabilized at a value close to 102. This result

Fig. 7.27. Plasma parameter variation experienced by a laser beam propagating in a
plasma of 3-cm in length (Ref. [182]). Unities are defined in brackets and correspond
to the separation of two successive main steps on the vertical axis.
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Fig. 7.28. Intensities of the 15.5 nm and 15.7 nm lines of the Ne-like yttrium laser
calculated as a function of plasma length.

explains that far high intensities may be obtained for the 15.5-nm line than
expected from apparent gain coefficients. These lasts, calculated from the
9 cm−1 and 7 cm−1 obtained, on axis, for these two lines respectively are
found equal to ∼5.5 cm−1 for both lines. The observed contradiction between
the ratios of gain coefficients, on the one hand, and of line intensities, on the
other hand, is thus the result of the opposite effects overlapping and narrowing
of the two lines.

7.2.4 Ne-Like Silver Laser

The shortest wavelength of laser lines emitted from neon-like ions are due to
the neon-like silver laser [183]. The used technique was exploding foil with
6× 104 W/cm2 irradiance focused on target. The gain coefficients for the
two main J = 2−1 lines were 9.4∓ 1.5 cm−1 and 6.4+2.0

−1.5 for the 9.94-nm and
10.04-nm wavelength lines respectively. Gain was observed for three other lines
including the J = 0−1 line at 8.16 nm. These results confirmed the validity of
the collisional pumping scheme applied to neon-like ions of high Z elements.
However the very high pumping energy necessary to achieve laser action with
targets of high Z element restricts the practical use of such lasers and further
extension of the single pump-pulse neon-like scheme to shorter wavelengths.

7.2.5 Ni-Like Ion Lasers

Lasers using nickel-like ions and operating in the single long-pulse regime must
be mentioned here because one expects wavelengths shorter from them than
from those obtained with neon-like ions [139,157,184–187]. Let us recall that
the level diagram corresponding to Ni-like lasing lines is displayed in Figure
7.1. The reader will find the measured wavelengths of the J = 0−1, 4d–4p
lines of nickel-like Nd (Z = 60), Sm (Z = 62), Gd (Z = 64), Dy (Z = 66), Ho
(Z = 67), Yb (Z = 70), Hf (Z = 72), and Ta (Z = 73) in Ref. [140].
Table 7.3 displays the gain coefficients which have been measured for the

(3/2, 3/2)J = 0−(3/2, 1/2)J = 1 lines of europium, tantalum, and tungsten.
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Table 7.3. Gain coefficient measured for the J = 0−1
lines of Ni-like ions of Eu (Z = 63), Ta (Z = 73), and
W (Z = 74); for gold (Z = 79), the laser line has been
observed but gain has not been measured

Ion λ(nm) Gain(cm−1)

Eu35+ 6.583 ∼1
Ta45+ 4.483 2.3
W46+ 4.319 2.6
Au51+ 3.560 —

A gain–length product of 7 has been obtained for tungsten with a target
irradiance of 3.1× 1014 W/cm2

. A lasing line has been observed and its wave-
length measured in the Ni-like spectrum of Au. It is worth noting that the
wavelengths of tantalum and tungsten laser lines lie in the “water window,”
namely between the K-edges of carbon and oxygen. Lasers at such wavelengths
are considered especially interesting for biological applications. However, due
to the lack of a sufficient pump power, Ni-like lasers pumped by single long
pulses did not achieve emission saturation till now. We shall see that, with the
development of prepulse and transient pumping techniques, nickel-like lasers
began to progress with big strides.

7.3 Pumping with Prepulses

The first generation of XUV lasers required a very large pump energy, which
unavoidably reduced the field of their applications. In particular the most
intense predicted laser line (J = 0−1) of Ne-like ions was missing, a fact which
remained misunderstood notwithstanding big theoretical efforts.
Considerable progress occurred from the first observation of intense J =

0−1 neon-like lines using elements like Ti [188] and Ti, Cr, Fe [98], for exper-
iments where the main laser pulse, which drives the highly ionized plasma,
was preceded by a low-intensity prepulse as shown in Figure 7.29. Figure 7.30
illustrates this observation. In this case, a 6-J, 600-ps FWHM prepulse pre-
cedes the 1100-J, 600-ps main pulse by 7 ns. One sees that, for the three

Fig. 7.29. Principle of pumping with prepulse; prepulse generates a low-tempera-
ture plasma which expands before the main pulse arrival.
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Fig. 7.30. Intense J = 0−1 lines of Ne-like ions obtained thanks to the prepulse
pump technique.

elements, the spectrum is dominated by the J = 0−1 lines. Gain coefficients
were estimated at 2.6 cm−1 for Ti at 32.6 nm as for Cr at 28.6 nm.

7.3.1 General Characteristics of Prepulse Influence
on Pumping

Computer simulations, described in [98], show some aspects of the role played
by prepulses. It is patent from Figure 7.31a that prepulse reduces the steepness
of the plasma density gradient. Consequently the curvature of the laser beam
trajectory is reduced as well, which enhances the length traveled in the narrow
gain region of the plasma. Moreover the radiation of the main-pulse laser
penetrates more deeply within the relaxed preplasma than it could do in
the immediately dense plasma created by the single-pulse scheme. As shown
in Figure 5.5b, this increases the size of the gain region and contributes to
elongate the profitable propagation length.
In the general conditions of the experiment illustrated by the results dis-

played in Figure 7.30, it is estimated that, when prepulse is used, a laser
photon travels 5.4 cm before reaching the limit of the gain region while, with-
out prepulse, it would travel 1.4 cm only before to be refracted out. This
explains that, in the single pulse scheme, J = 0−1 lines do not achieve the
high gain–lengths predicted by calculation of local gain coefficients. Regard-
ing the J = 2−1 lines, the gain region is situated at lower densities. This
makes them to be less subject to the gain–length decrease caused by strong
refraction in the steep density profile. This interpretation of the paradoxical
behavior of J = 0−1 lines, encountered in the single pump–pulse system, is
consistent with results obtained by using curved targets, whose the shape
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Fig. 7.31. Electron density and gain coefficient distribution (a) with and (b) with-
out prepulse (from Ref. [98]).

partially counterbalances the refraction effect (cf. Fig. 2.19 and Ref. [52], see
also [189–191]).
An interesting question appears about the relationship between efficiency

and intensity of prepulse. The prepulse intensity is usually characterized by the
fraction of the total intensity used to generate the prepulse, e.g. ∼5.5% in the
above experiment which was performed with a 6 J prepulse compared with
the 1100 total available energy. One observes that J = 0−1 line enhancement
can be obtained for a wide range of prepulse intensity. This has been first
shown in the case of the 19.6-nm line of germanium [192,193].
Very low prepulses (0.02%) proved to enhance the line intensity by a factor

of the order of 9, while a higher prepulse (1.2%) led to an enhancement factor
about 7. For both prepulse intensities the temporal width of the X-ray laser
emission profile was much shorter than the driving pulse width (∼120 ps and
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∼100 ps FWHM respectively to be compared to 700 ps for the main pulse.
The laser emission peaked during the rise-time of the main pulse.
Moreover the line peaked at 9 mrad off axis, without prepulse, but the

deflection was reduced to 4 mrad with the low prepulse. This gives a direct
evidence of the prepulse effect consisting in the decrease of refraction through
the gain zone of the plasma. In fact, computational modeling exhibits three
effects from prepulse: (a) an enhanced absorption of the main pulse energy
during earlier time of plasma expansion, (b) an increase of the gain zone
volume, and (c) a relaxation of electron density gradients.
Furthermore, to understand the physics of the pumping schemes that use

prepulses, we should consider not only the modifications generated in the
lasing hot plasma, but also the conditions of the cold “preplasma” production
itself. Given the low energy involved in preplasma, it is necessary to take
into account the coupling between this cold plasma and the solid material of
the target. Properties such as target density, electron conductivity, melting
point, latent fusion, and latent vaporization heats, etc. should be considered
for explaining the variations of prepulse efficiency, which may be related to
the target material. Surface oxidation and polishing quality also may more or
less modify preplasma parameters [194,195].
The characteristics of the prepulse effect on nickel (Z = 28), copper

(Z = 29), and zinc (Z = 30) targets, for delays varying from 2 ns to 4.5 ns
between prepulse and main pulse, have been investigated in several works.
For instance, time-integrated KeV spectroscopy of lasing plasma showed that
the lateral size of the Ne-like plasma region increases roughly logarithmically
with prepulse intensity [196,197]. Plasma size increase was also observed in ex-
pansion direction, perpendicularly to the target. This effect is likely connected
with a lowering of density gradient in this direction, though the spatial resolu-
tion of the experimental setup was not sufficient to give a direct evidence of the
fact. A remarkable observation was the plasma exhibiting a much larger size
increase for zinc than for the two other elements. Moreover the Ne-like ground
state density was found to increase with prepulse by 3%, for nickel, 10% for
copper, and 20% for Zn. Such properties correlate very likely with the excep-
tionally large gain-coefficient sensitivity of zinc plasma to the prepulse level.
Detailed simulations, including the equations of state-of-solid materials,

have been performed to estimate the effect of level and delay of prepulses on
the gradient scale-length and the lateral size of the plasma, viz. the parameters
that control the laser beam refraction and the maximum of the gain–length
[198]. Let C be the prepulse contrast, i.e. the ratio of prepulse to main pulse
energy, L, the electronic density gradient scale-length [cf. Eq. (5.6)] in the
expansion direction, 2R, the maximum lateral width of the Ne-like plasma
region, as shown in Figure 7.32. Tables 7.4 and 7.5 display the values of 2R and
L obtained for a zinc target. One see calculation to clearly confirm the prepulse
effect consisting in the increase of the plasma width and the smoothing of the
density gradient. The effect is much less pronounced in the case of a short delay
(2 ns), likely because the pre-plasma is not yet completely relaxed. However,
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Fig. 7.32. Electron-density distribution and lateral size R of plasma fiber. R and
the gradient–length of the density distribution L, calculated for a set of contrasts
and delays of the prepulse, are shown in Tables 7.4 and 7.5.

it must be mentioned these simulations not to predict significant differences
between gradient-lengths for zinc, copper, and nickel.
Figure 7.33 displays the measured factors of ASE enhancement of J = 0−1

line intensity versus the prepulse fraction for Zn, Cu, and Ni [199]. The
enhancement factor is defined as the ratio of the time-integrated signal of the

Table 7.4. Gradient scale-length L of electronic density as a function of
the prepulse contrast and the prepulse-to-main pulse delay. 0 and 1
contrast values refer to no-prepulse and double-pulse, respectively.

L(μm)

Contrast 0 10−4 10−3 10−2 10−1 1

td = 7 ns 212 438 966
td = 4.5 ns 134 133 145 308 659 1205
td = 2 ns 117 161 344 631

Table 7.5. Lateral size R of zinc Ne-like plasma as a function of the
prepulse contrast and the delay between prepulse and main pulse

2R(μm)

Contrast 0 10−4 10−3 10−2 10−1 1

td = 7 ns 309 757 2322
td = 4.5 ns 301 304 305 522 1517 3117
td = 2 ns 309 346 727 1471
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Fig. 7.33. Enhancement factor of the J = 0−1 Ne-like laser line of Zn, Cu, and Ni
as a function of prepulse contrast (data from Ref. [199]). The variable td is the time
delay from prepulse to main pulse.

J = 0−1 laser line with prepulse to the corresponding signal without prepulse.
Prepulse contrast was monitored at fractional levels between 10−5 and 10−1

using photodiode-based detectors. A Gaussian main pulse of 800-ps FWHM ir-
radiated the 20-mm long slab target with an averaged intensity ∼1013 W/cm2

.
The main pulse was preceded by a similarly shaped prepulse whose intensity
on target ranged from ∼108 to ∼1012 W/cm2

.
An outstanding characteristic of these results is the sensitivity to prepulse

action to be far smaller for copper than for zinc and nickel. For a 10−3 prepulse
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Table 7.6. Enhancement factor, EF, of the J = 0−1 line for a 0.001
pulse, thermal conductivity, TC, and melting point of Cu, Zn, and Ni

Element EF TC (W cm−1 K−1) tm(
◦C)

Cu 1.6 4.01 1085
Zn 3.5 1.16 420
Ni 5.6 0.91 1455

contrast, Table 7.6 shows that the enhancement factor is roughly of 1.6 for
Cu, 3.5 for Zn, 5.6 for Ni. It is interesting to write thermal conductivities at
laboratory temperature near enhancement factors in Table 7.6. One sees the
smallest enhancement factor, the one of copper, to correspond to the largest
thermal conductivity. This suggests that fast heat dissipation within the target
would reduce the number of ionized atoms produced by prepulse.
In the case of zinc laser, a second important result is the ASE enhance-

ment factor to exhibit an optimum prepulse value with a prepulse contrast of
≈2× 10−3, which corresponds to intensity about 2.1010 W/cm2, for a delay of
4.5 ns. The gain coefficient measured with these prepulse characteristics is of
3∓ 0.5 cm−1. Beyond the optimum, the enhancement factor seems to contin-
uously decrease until the prepulse fraction reaches 10−1. It is very likely that
this result is out of the scope of usual models plasma based on plasma hy-
drodynamics and population rate equations. To understanding it one should
rather refer to the largely unexplored interaction between the radiation of the
small prepulse, the solid target material and the generated plasma. Let us
mention that, for a 2-ns prepulse delay, the enhancement factor (not repre-
sented in Fig. 7.33 for Zn), is reduced by factor 1.5–2 compared to the 4-ns
case and exhibits a monotonic increase with prepulse contrast.
To learn more about the characteristics of prepulse-produced plasmas it is

worth investigating them directly in low temperature line-plasmas produced
in conditions equivalent to those of the prepulses for X-ray lasers. B. Rus et al.
used an interferometric probing method to determine the map of electron den-
sity in plasma cross-section, perpendicularly to the line plasma axis [200]. Line
plasmas, of 100 μm width, were generated by near Gaussian 400-ps FWHM
pulses supplied by an iodine laser at 1.315-μm wavelength. The 438-nm probe
beam was a separated fraction of the iodine laser output, frequency tripled
in DKDP crystals. The beam was sent, via a delay line, down the axis of the
plasma. Interferograms were recorded using delays of 4 ns and 10 ns, i.e. at
times where the action of the laser pulse on target was terminated. Fringe
shifts are proportional to the difference between the optical path length of
a ray passing through the plasma and the optical path length, at the same
point, of a reference ray propagating in free space. This difference reads

φ (x, y) =
2π
λ
l

[
1−

(
1− ne(x, y)

nc

)1/2
]

� π

λ

ne (x, y)
nc

l (7.8)

where λ is the wavelength of the probe beam, l the plasma length, ne the
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electron density, nc the critical electron density (nc � 1.1×1021

λ2[μm]
[cm−3]), x, y

the coordinates in the cross-section plane.
Examples of interferograms achieved with zinc and copper targets are

shown in Figure 7.34. Densities up to more than 1018 cm−3 are observed.
One can see the large differences between zinc and copper plasmas for both
pulse energies of 1010 and 1011 W/cm2

, which correspond to 5× 10−4 and
5× 10−3 prepulse contrasts. The density patterns which can be deduced from
these interferograms are essentially the same as would encounter the main
pulse of an X-ray laser for similar time delays.
At low irradiance (1010 W/cm2), Zn and Cu plasmas are localized near

target surface and laterally limited to the 100-μm width of the laser line focus.
However, one sees zinc plasma to be much more dense and more spreadout
than copper plasma. These features are likely to be assigned to the especially
low melting (see Table 7.6) and boiling temperatures of zinc, which turns into
plasma faster than copper. The difference, which thereby appear between
of Zn and Cu behavior during the first nanoseconds, may explain that the
enhancement factor achieved for weak prepulses, with a 4.5-ns delay, was
found larger for Zn than for Cu.
At larger irradiance (1011 W/cm2) interferograms show evidence of

“nozzle-like” plasma profiles, with a density dip in the center, and strongly
localized symmetrical density flanks in the case of copper. Such qualitative
changes cannot be induced by the simple free expansion of an already existing
plasma. It rather suggests that an additional plasma, generated during the

Fig. 7.34. Interferograms of low-temperature plasmas produced by pulses of in-
tensities similar to those of the prepulses involved in X-ray laser pumping. The
wavelength of the probe beam is of 438 nm.
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Fig. 7.35. Electron-density distribution in Zn and Cu plasmas produced by low-
intensity prepulses. Large differences appear between Zn and Cu distributions. In
particular, for a 1010-W/cm2 prepulse, electron density increases higher and faster
for Zn than for Cu.

period of interferogram recording, is expelled obliquely with respect to
the target surface. In [200] a possible mechanisms for this process, based on
the thermodynamical properties of the metal–plasma system, is proposed.
Another important difference between Zn– and Cu–plasma evolutions ap-

pears in Figure 7.35, which displays the electron density gradients correspond-
ing to the center of the laser focus (shown by the arrows in Fig. 7.34), for low
and high irradiance. The prominent fact is the collapse of the density gradient
of the Zn–plasma (thin continuous lines), that occurs between 4 ns and 10 ns
for higher irradiance, while only a slight gradient relaxation (thick continuous
line) appears for lower irradiance. This result is consistent with the obser-
vation of the enhancement factor decrease beyond an optimum intensity of
∼2× 1010 W/cm2, as shown in the Zn-diagram of Fig. 7.33. Initial conditions
of Zn–plasma creation appear to be quickly spoiled when prepulse intensity
increases from 1010 to 1011 W/cm2

.

7.3.2 Prepulsed Ne-Like Zinc Laser

Amplification of the J = 0−1 and J = 2−1 line radiation of Ne-like zinc, at
21.2 nm, 26.2 nm and 26.7 nm, respectively, was first observed using single
pump-pulses, as in the case of the lasers described in the previous section [201].
The gain coefficients were 2.3 cm−1 for the J = 0−1 line and 2.0 cm−1 for
the two J = 2−1 lines. However, strong lasing of the J = 0−1 line, expected
from theoretical predictions for most elements but never observed with single
pulses, has been obtained for the first time by producing a zinc plasma with
the help of small prepulses before the main pump pulse [202–205]. Laser sat-
uration at 21.2 nm was achieved by double-passing the XUV beam through
the plasma.



172 Coherent Sources of XUV Radiation

Fig. 7.36. Small prepulse train preceding the main pulse, which proved to be very
efficient to pump the J = 0−1 line of Ne-like zinc laser.

The experimental arrangement used for the zinc laser includes the 6 beams
configuration previously illustrated in Figure 5.7. Energies typically 430 J at
1.06-μm wavelength are available, in near Gaussian ∼600-ps FWHM pulses,
at the output of the pump laser. The six line foci are superimposed upon
one another giving rise to a ∼150-μm wide resulting spot. The net irradiance
is typically ∼1.4× 1013 W/cm2

. The main pulse is accompanied by a train
of small pulses separated by 10 ns as shown in Figure 7.36. The train is
a remnant from the mode-locked oscillator, which is incompletely isolated by
operating one Pockels cell in the chain with an attenuation factor ∼10−3 only.
The last prepulse preceding the main pulse delivers 170 mJ on the target and
produces an irradiance ∼7× 109 W/cm2

. A scheme of the basic arrangement
of the target and the diagnostics is shown in Figure 7.37. A zinc laser using

Fig. 7.37. Principle of the experimental arrangement used for the Ne-like zinc laser.
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Fig. 7.38. Time history of the three main laser lines of Zn-laser. The differences
observed between the J = 0−1 and the two J = 2−1 lines, as regards the position of
peak intensity and the lasing duration, indicate that population inversions are not
driven by the same processes for the three lines.

the same general techniques, except for the pump which is a single beam
iodine laser at 1.315-μm wavelength, operates at the Prague Asterix Laser
System [206].
Single-pass measurements showed gain coefficients ∼5.0 cm−1 on the

J = 0−1 line, ∼2.3 and ∼2.6 cm−1 on the J = 2−1 lines, which were al-
most insensitive to the presence of prepulses. As shown in Figure 7.38, the
laser emission of the J = 0−1 line, on the one hand, and the J = 2−1 lines,
on the other hand, have very different time histories. The J = 0−1 line peaks
100∓ 50 ps before the J = 2−1 lines that roughly follow the evolution of
the continuum plasma emission, the peak of which is expected to occur near
the peak of the main pulse. Moreover the FWHM duration is ∼100 ps for the
J = 0−1 line in contrast with ∼300 ps for the two J = 2−1 lines. This indi-
cates the J = 0−1 inversion to be predominantly driven by processes other
than the J = 2−1 inversions. As a matter of fact, calculations assign the dom-
inant contribution to the J = 0 level-population to direct 2p–3p monopole ex-
citations produced by electron collisions, while 3d–3p cascades have a larger
part in the J = 2 level population (cf. Fig. 7.1).
A consequence of this difference between the populating mechanisms is

that the J = 0−1 line and the J = 2−1 lines come from different plasma
regions. This can be experimentally confirmed by the characteristics of the
near field ASE pattern, investigated for instance with the help of a stainless
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Fig. 7.39. Intensity as a function of the distance of the beam axis to the Zn-target
surface for two laser lines. The role of electron collisions populating the J = 0 upper
level explains that the J = 0−1 line is emitted from a region of high electron density,
close to the target.

cut edge placed near the plasma end. Figure 7.39 shows the 21.2 nm emission
to essentially emerge from a narrow 35-μm wide region peaking ∼30 μm from
the target surface, whereas the 26.7-nm line is emitted over a 200-μm broad
zone with its maximum ∼100 μm from the target.
Angular distributions, which involve refraction and divergence of the

beams, are also different. This is exemplified by the far field patterns cor-
responding to the instant of the maximum intensity of each line, displayed
in Figure 7.40. In the case of the 21.2-nm line, the beam is found to be very

Fig. 7.40. Angular distribution of laser emission for the same two lines as in Figure
7.39. The J = 0−1 is highly collimated compared with its companion.
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narrow, with a 2.8∓ 0.5 mrad divergence and a refraction angle ∼7.2 mrad.
For the 26.7-nm line, the divergence is much larger (∼11 mrad) and the refrac-
tion angle peaks ∼15 mrad. Ray tracing simulations account for the general
features of these observations by assuming a relaxed electron density profile
characterized by a scale length of about 125 μm, which is 2–3 times larger
than values occurring in a single-pulse-driven plasma produced with the same
target irradiance [207].
To achieve laser saturation at 21.2 nm, a large increase of the J = 0−1

line intensity can be obtained by double passing the XUV beam through the
plasma. To this end a Mo:Si multilayer concave mirror produces the half-cavity
(cf. Fig. 7.37). The mirror is aligned to return the emission appearing 7.2 mrad
away from the axis. To use it many times, it is protected from target debris
by a shield with a hole 1 mm in diameter to pass the X-ray laser beam. The
mirror is shifted by ∼2 mm between two successive shots. Its normal incidence
reflectivity is ∼30% and the geometric coupling efficiency Cg [see Eq. (5.22)]
is estimated ∼6.8× 10−2 and ∼9.8× 10−2 when the mirror is placed at 9 mm
and 6 mm from the plasma end, respectively [205]. The intensity enhancement
brought by the mirror is typically ∼60 at the distance of 9 mm and ∼80 at
the distance of 6 mm. The ratio of these two values roughly equals the ratio
of the corresponding geometric coupling efficiencies.
Figure 7.41 displays an example of the 21.2-nm intensity increase as a

function of plasma length. The half-cavity was used to provide XUV beam
double-passing with effective path lengths larger than 1.5 cm [cf. Eq. (5.21)].
The results are compared to the unsaturated exponential intensity growth
(straight solid line) and to a calculated curve involving the emission satura-
tion (thin continuous line) introduced according to the method described in
Section 6.2.

Fig. 7.41. Emission intensity of the J = 0−1 line of the Zn-laser as a function of the
gain–length factor. The curve shows the outset of laser saturation for a gain–length
∼16.
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Fig. 7.42. Measurement of the spatial coherence of the zinc X-ray laser, at 21.2-nm
wavelength, using the Fresnel fringes of a knife edge placed across the laser beam.

The temporal evolution of the half-cavity X-ray laser pulse is found to be
similar to that observed in the single-pass case but with a slightly reduced
duration FWHM of∼80 ps. The estimation of the total time-integrated output
of the laser is ∼1 mJ, i.e. ∼1014 photons at 21.2 nm. The corresponding
peak power is ∼12 MW. With a bandwidth emission ∼10−4, the zinc laser
brightness amounts to ∼7× 1015 Wcm−2 sterad−1.
Fresnel fringes, present at the edge of a knife edge shadow (Fig. 7.42),

show the transverse coherence length to be ∼50 μm at 50-cm distance from
the plasma end [208]. Taking into account the propagation of the mutual
coherence, a ∼300-μm diameter region of a test material may be investigated
with the help of an interferometer located 3 m from the X-ray laser.

7.3.3 Prepulsed Ne-Like Germanium Laser

As we showed in Section 7.2.2, saturated emission of the J = 2−1 lines at 23.2-
and 23.6-nm wavelength has been achieved with single pulse pumping, whereas
this technique failed to give the large intensity expected for the J = 0−1 line
at 19.6 nm. It is also to be mentioned that a systematic study of the intensity
variation of the three lines with 0–56 mm plasma lengths, with the help of
a four-target system, has shown that saturation starts at ∼45 mm for the
J = 2−1 lines, while the J = 0−1 line increase remains exponential over the
full interval [209].
Now the comparison between enhancements of the J = 0−1 line output

provided by curved targets (cf. Fig. 5.13), designed to overcome the refraction
problem, and by the prepulse technique, gives clear indication of the advantage
of the latter. For instance, with a 600-J, 450-ps main pulse focused on a
150 μm× 3 cm target area, a 15% prepulse does increase the 19.6-nm line
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output by a factor near 500, whereas a 10-mrad/cm target curvature provides
an enhancement factor of 10 only compared to the case of a flat target [210].
Different combinations of main pulses and prepulses have been investi-

gated and quantitatively compared [202]. The results are summarized in Fig-
ure 7.43. The prepulses are of the order of the percent level (1–5%). The
time-averaged output for each configuration is normalized to the long pulse

Fig. 7.43. Germanium laser output in arbitrary units for a set of combinations of
pulses and prepulses. Tp: pulse duration (ps); Ts: pulse separation (ps); Td: pulse
delay (Ref. [210]).



178 Coherent Sources of XUV Radiation

Fig. 7.44. Germanium laser lines obtained with a combination of two prepulses and
two main pulses (No. 8 in Fig. 7.43). The prepulse contrast is 10–30%. The intensity
of the J = 0−1 line is three orders of magnitude higher than that of other lasing
lines (data from Ref. [210]).

case (configuration no. 1). One sees a double main pulse or, in other words, a
100% prepulse (configurations no. 4 and 5) to enhance the J = 0−1 output by
one order of magnitude in comparison to the single pulse (configuration no. 3).
However, 1% prepulses preceding the main pulses by 2 ns have a much

larger effect (configurations no. 7 and 8). In the case of double pulse + double
prepulse, that leads by far to the largest enhancement (configuration no. 8),
the temporal structure of the XUV laser pulse should be investigated in details
to understand the part of each pulse in the measured output. It is worth
mentioning that multiple short pulses have also been used to pump Ne-like
selenium [211] and yttrium lasers [212].
Saturation of the germanium J = 0−1 line has been obtained by using

a configuration similar to that of no. 8 in Figure 7.43, but with 10%–30%
instead of 1–5% prepulse, preceding the 150-J, 75-ps main pulse by 2.2 ns.
The double target system of Figure 5.10 was used. Figure 7.44 shows the
J = 0−1 line dominating the spectrum with an intensity which is three orders
of magnitude larger than for the two J = 2−1 lines [213]. The total output is
estimated to be ∼0.9 mJ, with a peak power ∼22 MW. The laser brightness
is of the same order of magnitude as in the case of the zinc laser, previously
described. Furthermore, compared with the J = 2−1 lines, the J = 0−1 line
shows a significantly better spatial coherence [131].

7.3.4 Ne-Like Lasers with Low Z Elements

From selenium (Z = 34) to chlorine (Z = 17), which is one of the lowest
Z elements accessible to the Ne-like pumping scheme, the J = 0−1 line
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Table 7.7. Neon-like lasing data for low Z
elements (data from Refs. [218, 219])

Ions λ(nm) Prepulse level g (cm−1)

Ge22+ 19.6 1.5% 3.7
Ga21+ 20.4 15% 4.3
Zn20+ 21.2 1.5% 4.5
Cu19+ 22.1 1.5% 4.3
Ni18+ 23.1 1.5% 4.3
Fe16+ 25.5 1.5% 4.1
Mn15+ 26.9 15% 4.3
Cr14+ 28.5 15% 3.9
V13+ 30.4 15% 4.4
Ti12+ 32.6 15% 3.0
Sc11+ 35.2 15% 3.8
Ca10+ 38.3 15% 3.8
K9+ 42.1 15% 3.4
Cl7+ 52.9 15% 2.5

wavelength increases from 18.2 nm up to 52.9 nm. Therefore the introduction
of the prepulse technique opens the way to efficient X-ray lasers in the 20-nm
to 50-nm wavelength range, which do not require very large laser facilities to
produce an efficient pump beam [cf. the order-of-magnitude relation (7.4)]. As
an example, lasing at 28.5 nm in a chromium plasma has been achieved with
a gain coefficient of 2.2 cm−1 by using 500-ps driving pulses of 90 J energy
only and a 0.7% prepulse [214]. This in turn led to a deeper understanding
of the prepulse effect.
Detailed information about lasing in low-Z elements can be found in Ref.

[211, 212, 215–224]. The results are illustrated in Table 7.7, which displays
data referring to the usual J = 0−1 line. This line corresponds to transitions
between the 1S0 term of the 2p53p configuration and the 1P1 term of the
2p53s configuration (cf. Fig. 7.1). However, lasing of a second J = 0−1 line,
corresponding to transitions to the 3P1 term instead of the singlet one, may
also be observed [223]. Its gain coefficient is generally smaller than that of
the first line, with the exception of the case of vanadium for which the gain is
about 5 cm−1. Let us note that the wavelengths of these two lines differing by
4.3 nm only, the design of a monochromatic laser for applications could meet
with some difficulties in this particular case.
Table 7.7 displays the data of a systematic study of the relevance of small

or large prepulse using for achieving high J = 0−1 gain. One sees that, with
the exception of gallium, the prepulse level is one order-of-magnitude larger
from manganese to chlorine than for the heavier elements of the upper part of
the table. Figure 7.45, from Ref. [218] displays the intensity change observed
for the J = 0−1 line of titanium, iron, and nickel, when the prepulse intensity
is changed from 1.5% to 15% of that of the main pulse. One can see that using
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Fig. 7.45. Change of the J = 0−1 line intensity obtained by changing the prepulse
contrast from 1.5% to 15% for Ni (Z = 28), Fe (Z = 26), and Ti (Z = 22).

the same prepulse contrast for all elements would reduce the laser intensity for
the lower Z elements. Thus, for these lasts it can be suggested to reduce the
intensity ratio between pulse and prepulse. However, an unexplained exception
amongst the heavier elements is observed for gallium (Table 7.7) and might be
connected with the difficulty of achieving a well-defined target surface state
for this element whose melting point is of 30◦ only [216]. Other irregularities
due to physico-chemical target properties could appear in future.
Keeping in mind the relationship between the value of the optimal elec-

tronic density for neon-like ion lasers [Eq. (7.2)], viz.

(ne)opt = 4× 1015 (Z − 9)3.75 cm−3

the density of the lasing region is expected to grow from 6.0× 1019 cm−3, for
titanium, up to 2.5× 1021 cm−3, for nickel. Thus the optimal lasing plasma
zone should come closer to the target surface with higher Z. However, in-
creasing the prepulse intensity reduces the stiffness of the electron density
gradient, what will shift the optimal zone farther away from the target. Let
us represent the distance between the target and the laser intensity peak as
shown in Figure 7.46. Then Figure 7.47 gives the laser peak position against
the atomic number under two prepulse conditions. One sees the distance to
the target to decrease as Z increases and, at the same time, this distance to
turn to an obviously larger one for larger prepulses.
Moreover, the plasma temperature will be somewhat lower as the pre-

pulse increases because the amount of produced plasma also increases, while
the heating energy supplied by the main pulse remains unchanged. Now the
threshold temperature for neon-like lasing is estimated to scale as (Z − 9)3.5
[156]. Equating the threshold temperature to that of the prepulsed plasma
will thus lead to a Z-scaling relation for the optimal prepulse intensity. By
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Fig. 7.46. The laser emitting region has a peak at distance d from the target
surface. This distance varies with the prepulse contrast and the target material
atomic number as shown in Figure 7.37.

estimating the temperature of the prepulsed plasma with the help of a self-
similar model (cf. Section 5.1.1) and making the assumption of steady-state
populations, the optimal prepulse intensity is found to roughly scale with Z
according to [222]

(
Iprepulse

)
opt

∝
[

Imain.pulse

(1− 10/Z) (Z − 9)3.5
]1.5

(7.9)

This relation shows that, at constant main pulse intensity, optimization of
lasing in a higher Z target will generally require a smaller prepulse. For in-
stance, from titanium to nickel, the ratio of prepulse–decrease, calculated from
the above relation, should be a factor of ∼10, which confirms the conclusion
of experimental investigations and agrees particularly with the experimental
parameters reported in Table 7.7.

Fig. 7.47. Variation of the distance to the target of the maximum laser intensity
as a function of atomic number, for two values of the prepulse contrast.
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Fig. 7.48. Pulse combination for which the 25.5-nm wavelength laser line of Ne-like
iron has been found to increase by a factor 500 when the ratio of prepulse to main
pulses decreased by a factor ∼100.

In the case of a neon-like iron target, it has been observed that this effect
is much more pronounced still with a structure consisting of one prepulse and
two main pulses, illustrated in Figure 7.48 where the pulse width is of 130 ps,
the separation of the main pulses, 0.8 ns, the delay between the prepulse and
the first main pule, 6 ns, the main pulse intensity ∼1.5× 1013 W cm−2 [225].
The X-ray laser intensity is found to be more than 500 times larger with a
very small 0.01% prepulse than with a much larger 12.5% prepulse level. The
output consists of two saturated X-ray flashes separated by 800 ps. The small-
signal gain coefficients are 15∓ 3 cm−1 and 26∓ 5 cm−1 for the first and the
second pulse respectively, the gain–lengths at saturation being found to worth
26∓ 5 and 23∓ 2.

7.3.5 Prepulsed Ni-Like Lasers: Sn, Sm, Dy, Pd, Ag

The application of the prepulse technique to nickel-like ions made an im-
portant development of short wavelength XUV lasers possible. For instance,
strong lasing of the 4d–4p, J = 0−1 lines of Nd, Sm, Gd, and Dy (cf. the
Ni-like level diagram in Fig. 7.1), whose wavelengths are 7.95 nm, 7.36 nm,
6.90 nm, and 6. 43 nm, respectively, was observed for the first time by using
two 100 ps pulses separated by 400 ps and a curved target, whose office was
to reduce the refraction effect (cf. Fig. 5.13) [226]. Table 7.8 shows the wide
extension of the range of XUV laser wavelengths achieved with using various
combinations of main pulses and prepulses. An extensive study of the Ni-like
4d to 4p transition wavelengths, which covers the range of atomic number
from Z = 46 to 22 can be found in Ref. [238].
The energy required to achieve nearly saturated lasing at a given wave-

length can be estimated from the diagram represented in Figure 7.49 [239].
The laser irradiance needed to achieve the maximum Ni-like ions population
has been determined by the fluid code EHYBRID (cf. Section 5.3.2) [74, 88].
The gain coefficients is calculated under the following assumptions: the ion
temperature is fixed at 200 eV, the prepulse fraction amounts to 10% of the
main pulse, the delay between the two pulses is 2 ns, the main pulse duration,
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Table 7.8. Laser lines observed from Ni-like lasers
with prepulse

Element Z λ(nm) References

Nb 41 20.3 [227]
Mo 42 18.9 [227,228]
Pd 46 14.7 [229]
Ag 47 13.9 [230,231]
In 49 12.6 [232]
Sn 50 11.9 [233,234]
Te 52 11.1 [230]
La 57 8.9 [230]
Ce 58 8.6 [230]
Pr 59 8.2 [235]
Nd 60 7.9 [226,230]
Sm 62 7.3 [226,230]
Gd 64 6.9 [226,230]
Dy 68 6.37 [226,230]
— — 5.86 [236]
Yb 70 5.03 [235]
Hf 72 4.65 [235,237]
Ta 73 4.48 [235,237]
W 74 4.32 [235,237]

Fig. 7.49. J = 0−1 line wavelengths of Ni-like ion lines and pump energy required
to obtain laser saturation for these lines (data from Ref. [239]). The main pulse
duration is 75 ps, the delay between pulses, 2 ns, the pulse ratio, 10%.
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75 ps. The plasma width is 100 μm. The length L of plasma needed to achieve
saturation is estimated from a gain–length, gL, of 15. The pump energy cal-
culated under these conditions is reported versus Z on the diagram.

7.3.5.1 Prepulse Optimization

As we saw in Section 7.3.1, computational simulations of the prepulse ac-
tion account for the general characteristics of the prepulsed plasma behavior,
especially for what regards density gradient smoothing and optimization of
the main-pulse energy absorption. But many details of the three-dimensional,
two-step history of the hydrodynamic plasma evolution escape theoretical
predictions. Therefore the efficiency of prepulse optimization remains largely
grounded on experimental works.
In the case of neon-like ions, for a long time pumped by long driving

pulses (0.5–1 ns), experiments showed that the pump energy could be reduced
without significant loss of the laser output by using shorter pulses (∼100 ps).
For instance lasing was observed in Ne-like iron, at 25.5 nm, with a pulse
duration of 140 ps and a pump energy as low as 11 J. It was also demonstrated
that the J = 0−1 line gain coefficient, which was 5.7 cm−1 with a single
prepulse, was increased up to 9.2 cm−1 with a double prepulse [194].
However for the Ni-like ions long driving pulses never turned out to achieve

laser saturation, even with multiple-pulse configuration. This difficulty can be
understood from calculation results that show, especially for Ni-like ions, that
the zone of strong local gain never merges into the zone of high lasing-particle
density when the plasma is long-pulse produced. Thus the gain coefficient inte-
grated over a full amplifying path remains small as compared to the calculated
local gain. Therefore the duration of Ni-like laser drive-pulses is systematically
chosen to be about 100 ps or less in experiments. Another peculiarity of these
lasers is the double prepulse scheme does not present a clear advantage over
a single prepulse.
On the other hand, the range of prepulse-to-main pulse delays for achieving

strong lasing may be rather narrow, as shown by the curve in Figure 7.50,

Fig. 7.50. Ni-like palladium laser intensity versus time delay between prepulse and
main pulse. These results show a narrow high-efficiency window of time delays (data
from Ref. [194]).
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which displays a pronounced intensity peak for a 1-ns delay for the 14.7-
nm lasing line of palladium. It is important to note that, in this case, the
optimum delay was determined using flat targets. In the same experiment,
curved targets of various curvature radii did not improve the laser output
but reduced it instead [229]. The prepulse-to-main-pulse time interval, on the
one hand, and the target curvature, on the other hand, to have probably
crossed effects on the beam propagation within the plasma. If it is the case
the two parameters cannot be optimized independently from one another (see
also [154]).

7.3.5.2 Saturation in Ni-Like Tin

The first demonstration of a saturated Ni-like Sn XUV laser at 11.9 nm
was prepared by an investigation of the optimal drive pulse configuration
[240]. Figure 7.51 shows the configurations that have been tested. The width
(FWHM) of the main pulse is 75 ps, the prepulse energy (10–30)% of the
main pulse energy. The XUV laser output is given in units of CCD count on
the right of the figure. One sees that the best results were achieved with the
single main-pulse–single prepulse configuration. This was the first indication
that double pulse or double prepulse configurations were not really suitable
for Ni-like ion pumping unlike the case of Ne-like ions (cf. Fig. 7.43).
Not only the total output, but also the beam quality can be lowered if an

unsuited pulse configuration is used. This appears from the comparison of the
angular beam distributions displayed in Figure 7.52 for three configurations,
that are shown in inset. For the configuration constituted of a single prepulse
and a single main-pulse [case (a)] the laser peaks at 1.2 mrad from the axis

Fig. 7.51. Pulse configurations whose efficiencies were tested in view of reaching
saturation of the tin Ni-like laser. Single pulse plus single prepulse give by far the
best result.
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Fig. 7.52. Effect of prepulse configuration on the angular distribution and the peak
intensity of the tin laser.

with a divergence of 2.7 mrad. In the case (b), the laser is driven by a double
pulse separated by 800 ps and the deflection and divergence angles are seen
to be somewhat larger. With a four-pulse configuration [case (c)] the laser
spreads over 6.2 mrad, which means that the divergence of the XUV laser is
∼5 times larger than in the case (a).
Saturation has been achieved with the single-pulse, single-prepulse config-

uration; with a focused intensity of 2× 1013 Wcm−2. The gain coefficient for
the small signal gain was found to be ∼11 cm−1. Saturation appeared for a
gain–length product ∼16. The maximum output energy is ∼0.7 mJ, the pulse
duration, ∼60 ps. The source size was estimated at 200× 60 μm2. Thus the
output intensity was determined to be 9.7× 1010 Wcm−2.

7.3.5.3 Saturation in Ni-Like Samarium

The same technique, using a 75-ps main pulse preceded by a 2.2-ns prepulse,
was to be able to achieve laser saturation for the first time at a wavelength
below 10 nm in a samarium plasma. It was achieved at 7.4 nm [232, 241].
The pump laser intensity was ∼4.0× 1013 Wcm−2. The experimental setup
included the refraction-compensating double-target system represented in Fig-
ure 5.10. The flat slab targets measured 18-mm long and the width of the ir-
radiated line was ∼100 μm. Boron and CH filters attenuated the line intensity
by a factor of 50 to avoid the saturation of the CCD detectors.
The gain coefficient for the 7.4-nm line was found to be 8.6∓ 0.6 cm−1.

Saturation occurred for a gain–length product ∼16, as for tin. The maximum
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output of the X-ray laser was ∼0.3 mJ distributed over an emission duration
of ∼37 ps. The measured beam divergence was found to be 1.2 mrad by
3.5 mrad. The source size was estimated at 50μm× 60μm. From these data,
the Sm laser intensity could be estimated at ∼2× 1011 Wcm−2, which agrees
with the calculated value of saturation intensity, 1.3× 1011Wcm−2.

7.3.5.4 Saturation in Dysprosium

The shortest saturated-emission wavelength observed in the group of exper-
iments presented here has been achieved by applying the prepulse technique
to dysprosium, in experimental conditions similar to those set up for samar-
ium [242]. As indicated in Table 7.8, Ni-like ions of dysprosium exhibit two
J = 0−1 lasing lines at 6.37-nm and 5.86-nm wavelengths. The main atomic
levels involved in the production of the population inversions associated with
the two lines are recalled in Figure 7.53. Owing to the small wavelength in-
terval between the two lines, it is necessary to use filters to spectrally isolate
the two lines.
The gain coefficients before saturation are found to be 7.5 cm−1 and 9

cm−1 for the 6.37-nm and the 5.86-nm line, respectively. A noticeable fact
is that the saturation processes is not identical for the two lines as follows
from Figure 7.54. In the saturation regime, the intensity of the 5.86-nm line,
which has the larger gain coefficient, goes on increasing versus the plasma
length, whereas the intensity of the 6.37-nm line is dropping off. For a plasma
length of 3.5 cm, the intensity of the relatively small gain line is two orders
of magnitude smaller than the intensity of the high gain line, while both
intensities are similar for 1-cm long plasma.
To understand this behavior, let us remember that Figure 7.53 showed

two transitions which share the same upper level and thus compete with one
another to depopulate this level. This allows the 5.86-nm wavelength line to
take advantage of its higher gain to reduce the transition rate that determines

Fig. 7.53. Main transitions involved in the production of population inversion in
Ni-like dysprosium. Let us notice the weak wavelength difference between the two
lasing lines.
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Fig. 7.54. White circles and black triangles represent the measured intensities of the
two laser lines of dysprosium versus plasma length. The saturation outset appears
when the plasma length reaches about 2 cm. Curves are the results of an ASE
intensity calculation model.

the intensity of the second line. An ASE intensity-calculation model, including
the steady-state equations of the three levels involved in Ni-like lasing leads
to the two curves displayed in Figure 7.54 [242]. The agreement between these
curves and the experimental points clearly supports the above interpretation.

7.3.5.5 Saturation in Palladium

Saturated output in a nickel-like Pd laser at 14.7-nm wavelength has been
achieved using a 8% prepulse 1 ns before the 100 ps main pulse [229]. In
addition to prepulse optimization, great care had been taken to improve the
palladium target surface state to reduce the standard deviation from perfect
flatness from 0.7 μm to 0.07 μm. This improvement has been achieved by using
diamond-machined Pd targets. The comparison between the laser intensities
for standard machined or diamond-machined targets definitely shows that
the good quality of the target surface is a significant factor of lasing efficiency.
Figure 7.55 displays the XUV laser intensity as a function of the driving laser
irradiance for the two types of targets. One can see the lasing threshold to de-
crease from 8.4 to 6.6× 1012 Wcm−2 while the efficiency increase with driving
irradiance is four times faster, when the high-quality surface target is used.
With the optimized target and a driving laser irradiance ∼1.2× 1013

Wcm−2, provided by a 30-J energy pulse, the measured gain coefficient reaches
8.3 cm−1 with a gain–length product near saturation of ∼16. The measure-
ment of the laser far-field divergence as a function of plasma length shows that
it decreases with increasing length up to laser saturation and exhibits a nearly
constant behavior beyond this point (Fig. 7.56). From the 2.2∓ 0.2 mrad
divergence measured at saturation, the transverse coherence length at the
end of the gain medium is found to be lc = (2.4∓ 0.2) μm.
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Fig. 7.55. Effect of the target surface state on the palladium laser efficiency for two
values of surface roughness: 7 μm (crosses) and 0.7 μm (squares).

7.3.5.6 Ni-Like Silver Lasers

The 13.9-nm wavelength of the 4d–4p (J = 0−1) Ni-like Ag laser line (see
the diagram in Fig. 7.1) is of a peculiar interest for X-ray laser applications
because, owing to the large transparency of silicon at this wavelength, the
reflection coefficient of the Mo–Si multilayer mirrors may reach an exception-
ally large value �60%. This is an obvious advantage for the design of XUV
optical facilities devoted to scientific and technical investigations, such as X-
ray lithography for instance. XUV interferometry based on Ni-like Ag laser is
now demonstrated [231].
The saturation of Ni-like Ag laser has been achieved using the prepulse

technique and various combinations of the target-irradiation parameters.
Information on the pulse–prepulse configurations used and on the correspond-
ing input and output energies, lasing threshold, gain coefficient, and X-ray
laser pulse duration are summarized in Tables 7.9, 7.10, and 7.11, respectively.

Fig. 7.56. Divergence of the palladium laser beam as a function of the plasma fiber
length (data from Ref. [231]).
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Table 7.9. Parameters of the pulse configuration (see Fig. 7.57): configuration
label (Column 1), main-pulse and prepulse duration (Column 2), time interval
between prepulse and main pulse (Column 3), prepulse level as a fraction of the
main-pulse energy (Column 4), references (Column 5)

No. τp (ps) τd (ns) Prepulse level Reference

1 75 �2 10–30% [243]
2 140 1 8% [194]
3 100 3 4% [244]
4 130 5.5 0.7% [245]

Table 7.10. X-ray laser output for the configurations of Table 7.9: main-pulse
energy (Column 2), intensity on target at X-ray laser saturation (Column 3),
saturated X-ray laser output (Column 4), energy conversion efficiency (Column 5)
(references as in Table 7.9)

No. Etarget (J) Itarget(W/cm
−2) EXRL(μJ) EXRL/Etarget

1 75 2.0× 1013 90 1.2× 10−6

2 30 1.2× 1013 — —
3 140 8.0× 1013 300 2.1× 10−6

4 60 2.0× 1013 50 0.8× 10−6

The configuration parameters, viz. pulse duration, prepulse-to-pulse delay and
prepulse level are defined in Figure 7.57.
It is to be mentioned that the configuration #4, in Table 7.9, involved a

second main pulse, delayed by 800 ps, in order to probe the suitability of a
double X-ray pulse for double-passing the plasma with a half-cavity mirror.
Double pulses turn out to be necessary in Ni-like lasers because double-pass
cannot be achieved with a single short pulses, unlike the case of long-drive
pulse Ne-like lasers (see the example of the zinc laser in the present section
and Fig. 7.37 in Section 7.3.2). With the parameters of configuration #4, the
gain coefficient for the second X-ray pulse was estimated at be 4 cm−1, which

Table 7.11. Lasing threshold (Column 2), gain coefficient
(Column 3), X-ray laser pulse duration (Column 4) for the same
configurations as in Table 7.9

No. Threshold (W/cm−2) g (cm−1) τXRL(ps)

1 — 7.2 34–55
2 6.6× 1012 7.3 —
3 — 19 60
4 1.8× 1013 6.0 �50
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Fig. 7.57. Parameters characterizing the Ni-like laser configurations described in
text.

is believed to prove sufficient population inversion for the return pass of the
first X-ray radiation pulse to be efficiently amplified.
Tables 7.10 and 7.11 show that configuration #2 requires lesser driving-

pulse energy and lesser intensity on target than on the other configuration.
Moreover this configuration exhibits a relatively low lasing threshold. This
is due to a careful optimization of the time interval between prepulse and
main pulse, as well as of the prepulse level. May be more important still, the
roughness of the target surface was considerably reduced by special machining
[194,229].
The maximum X-ray laser output energy is provided by configuration #3,

for which the input energy was also the largest of the series (Table 7.10).
From the gain coefficients displayed in Table 7.11, it is clear that this large X-
ray output is associated with an especially large population inversion density.
Moreover, taking into account the experimental errors, the energy conversion
efficiencies obtained for three of the configurations do not show significant
discrepancies around a mean value of 1.4× 10−6. This would lead to a value
∼40 μJ for the nonmeasured output of configuration #2. These results sug-
gest that, in the range of the pump parameters considered here, the density
of population inversion depends nearly linearly on the input energy via the
electron plasma temperature.
To complete this survey of experimental results, Table 7.12 displays order-

of-magnitude values of X-ray pulse power and intensity corresponding to the

Table 7.12. X-ray laser pulse power (Column 2)
and X-ray laser intensity (Column 3) for the same
configurations as in Table 7.9

No. P (MW) I (GWcm−2)

1 1.7 69
2 — —
3 5 200
4 1 40
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Fig. 7.58. Near-field footprint of the X-ray laser emission of a Ni-like laser (Ref.
[241]). This picture reveals a multimode beam structure.

above data. The source size measured in the case of configuration #1 was
∼2.5× 10−5 cm−2 [241]. In Table 7.12 it is assumed that this value holds
approximately for the three other configurations.
In addition Figure 7.58 shows a typical near field image of X-ray laser

emission, obtained in a plane perpendicular to the beam axis with the con-
figuration #1 of Table 7.9. The beam intensity irregularities provide a clear
indication of the multimode character of the beam. Figure 7.59 displays the
decrease of the beam divergence versus plasma length in configuration #2.
One sees that the divergence turns out to be minimum near the saturation
onset, which occurs in this case for a target length of 21 mm, and then remains
nearly constant [229].

Fig. 7.59. Divergence of the Ni-like laser based on configuration # 2, Table 7.9, as
a function of target length (Ref. [231]).
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The previous examples show that the Ni-like ion lasing, with the prepulse
technique, requires reduced pump–pulse duration, compared to Ne-like ion las-
ing. Thus, at fixed target irradiation power, the pump energy is also reduced.
In other words, less energy than with long-drive pulse, is used for keeping the
plasma in a highly ionized state during a time largely exceeding the duration
of the gain.
That is why prepulsed Ni-like lasers did open the way to shorter wavelength

lasers, down to the “water-window.” However, at fixed lasing wavelength, the
reduction of the pump energy is followed by a similar reduction of the X-ray
laser output. The lasing plasma has been shown to be largely over-ionized in
fact [244]. This reduces the Ni-like ion density in the plasma and is a remaining
cause of pump energy waste. Thus new improvements in driving the heating
of plasma should provide new enhancement of XUV lasers efficiency. The next
step on this route is the so-called transient pumping scheme described in the
next section.

7.4 Transient Collisional Excitation (TCE) Scheme
of Pumping

A new improvement of drive-pulse configuration, illustrated by Figure 7.60,
so modifies the kinetics of plasma-heating and the ionization balance that
the pump energy can be reduced again [246]. This new pumping scheme is
based on the difference between the population inversion lifetime (a few tens
of picoseconds) and the ionization time (hundreds of picoseconds). Using a
long pulse (100–600 ps) of moderate energy, one can preform a plasma in such
a way that lasing ions form its main component. Then an intense short pulse
(0.1–10 ps) so rapidly overheats the plasma free-electrons (∼1 KeV) that the
abrupt increase of collisional-excitation rate produces a transient population
inversion.

Fig. 7.60. Pump pulse configuration which aims to heat a cold plasma thanks to a
short intense pulse, whose energy is deposited onto target by a traveling wave.
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Fig. 7.61. Diagram of the experimental setup used to produce a transient collision-
ally excited (TCE) Ne-like plasma of titanium (Ref. [163]).

By separating the adjustment of the initial ionization conditions, with the
first pulse, from that of the electron temperature, with the second pulse, this
system gives the possibility to overcome an otherwise unavoidable mismatch
between ionization and temperature dynamics which results in pump energy
wasting. The delay between both pulses may be adjusted to optimize the gain
generated by the plasma. The duration of the transient population inversion
is of the order of a few picoseconds. Gain coefficient can reach much larger
values than in the QSS conditions which prevail when long pump pulses are
used.
The first experimental results, obtained with the TCE pumping technique,

confirmed that very large gain coefficients were achievable with much smaller
pump energy than necessary when using the previous techniques. This is
illustrated by the performances of the Ne-like titanium laser schematically
represented in Figure 7.61 [163]. The figure shows two synchronized beams,
one delivering 1-ns and the other 1-ps pulses, entering the vacuum chamber
along one and the same axis thanks to a simple polarizer system. The shorter
pulses are produced by “compression of amplified chirped pulse” (CPA tech-
nique) [247,248]. A delay of 1 ns separates the short and the long pulse. The
XUV radiation is analyzed by a transmission grating spectrograph equipped
with a streak-camera of ∼20 ps temporal resolution. Line focus lengths of
2, 3, and 5 mm were used to estimate the gain.
The main lasing line of Ne-like Ti is the J = 0−1 one, at 32.6-nm wave-

length. The laser emission was observed to start with an energy of 3 J in the
long pulse and 2 J in the short pulse. Energies of 4 J in the short pulse and 7
J in the long pulse, viz. approximately hundred times less pump energy than
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Fig. 7.62. Numerical simulation of gain versus time for various temperatures. The
plasma density is fixed at 4 × 1020 cm−3.

in the prepulsed regime, were then used to measure XUV laser intensity as a
function of plasma length. The gain coefficient deduced from a fit of experi-
mental data on Lindford formula 1.43 was found to be 19∓ 1.4 cm−1, with
a gL product of 9.5∓ 0.7. The beam divergence was ∼15 mrad, which shows
that refraction effects remained important.
A computational code, including hydrodynamics and radiative plasma

properties (RADEX) has been used to make a numerical model of this new
laser [249]. The calculated temporal-evolution of gain for the 32.6-nm line is
shown in Figure 7.62 for different values of electron temperature. The tem-
perature rise-time is fixed at 1.5 ps. For comparison, the gain curve calculated
for a quasi-steady-state population inversion, at 250-eV temperature, is also
plotted in the figure.
Laser saturation was not achieved in the previous experiment, probably

because the pump pulse duration was shorter than the propagation time of the
XUV beam in the plasma. As a matter of fact, this new pump configuration
leaves unsolved the difficulty of fitting a short population-inversion lifetime
(�10 ps) to the propagation time of the amplified XUV beam (33 ps/cm). This
weak point limits the effective length of the laser because propagation partially
occurs in a nonamplifying medium. This obviously affects the behavior of the
laser output when the plasma length increases [164, 250, 251]. However, it
is possible to remove the discrepancy between gain duration and propagation
time if one substitutes a traveling wave to the stationary lighting of the target
by the short pulse. This can be achieved by tilting the wave front of the driving
laser beam to an angle such that traveling waves move with the velocity of
light.
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As an example, the 4d–4p (J = 0−1) line of Ni-like palladium, at 14.7 nm,
was found amplified with a gain coefficient as large as 35.3 cm−1 and a gain–
length product ∼12.5∓ 0.5 [252]. The energy values were 0.5–2.2 J for the
long (600 ps) pulse and 4.5–5.5 J for the short (1 ps) pulse, delayed by 700 ps
from the peak of the long pulse. Laser saturation has been achieved, with a
gain–length factor of 18, thanks to traveling wave implementation [253]. It
is interesting to mention that the repetition rate was 1 shot/4 min in this
experiment, instead of 1 shot/20–120 min for single long-pulse lasers. This
strong reduction of the time interval between shots was made possible by
the reduced energy required from the pump and the corresponding shorter
thermal stabilization time of the laser.

7.4.1 Traveling Wave Implementation

Traveling wave (TW) can be implemented by several methods. For instance a
transverse shearing of the wave front can be obtained by reflecting the pump
beam on a multi-segment stepped mirror, as shown in Figure 7.63. Let n be the
number of mirror steps of height h = (L cos i)/n, where L is the target length.
The pump pulse turns out divided in n temporally and spatially separated
pulses arriving on target. Under condition that the light propagation time

Fig. 7.63. Traveling wave produced by a multi-segment stepped mirror.
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Fig. 7.64. Traveling wave produced by diffraction on plane grating.

over each step is no longer than the pulse duration, τ , the set of n pulses
behaves approximately as a continuous traveling wave with the velocity of
light. Neglecting the small dephasing due to focusing optics, the condition
reads

τ � L

n

1
c

(7.10)

For L = 10 mm and n = 5, for instance, the pulse duration should be
�6 ps. For pulses shorter than L/nc, only a part of the radiation reflected by
each segment will be useful for plasma heating. On the other hand, increasing
the number of steps, in order to reduce τ , would increase the rate of damage
caused to the optics by the beam diffraction by the step edges.
Diffraction gratings offer solutions for a variety of parameters (see for

instance [254]). We consider the simple case where the incident beam is normal
to the grating surface, as shown in Figure 7.64. Let i be the diffraction angle.
The traveling wave velocity is readily found to be

Vtw =
c

tan i
(7.11)

which shows the traveling wave velocity equal to the light velocity when the
diffraction angle is 45◦. The use of a 1.05-μm wavelength pump laser, for ex-
ample, requires a 673 grooves/mm grating. A 5% difference from this number
leads to ∼10% discrepancy between the light speed and the traveling wave ve-
locity. This leads to a 3.3-ps mismatch between pump action and XUV beam
front at the end of a 1-cm long plasma. This difference is acceptable when the
population inversion duration exceeds 6–7 ps. For ultrashort pulses and fast
atomic kinetics, it may be necessary to calculate the exact angle i, that will
give the speed of light to the traveling wave.
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Fig. 7.65. Experimental arrangement which combines the intrinsic wave front tilt
resulting from the optics astigmatism with an additional tilt induced by an ad-
justable grating.

Figure 7.65 shows the diagram of an experimental setup where the astig-
matism of the off-axis focusing optics introduces an intrinsic tilt in the wave
front [255]. The velocity of the resulting intrinsic traveling wave is estimated
at 2.5−2.9× c [256]. This velocity may be reduced to the light velocity thanks
to the addition of a suitable diffraction grating.
Another elegant method consists in slightly tilting the second grating of

the compressor used in the “compression of amplified chirped pulse” technique
(CPA pulse) to generate the heating short pulse, as shown in Figure 7.66
where ε is the grating tilt angle [257]. It is shown that the pair of gratings can
be made equivalent to a virtual single grating by simply tilting and translating
one of the gratings. The advantages are that (i) no additional optical device

Fig. 7.66. Traveling wave obtained by tilting the second grating of a pulse com-
pressor.
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is necessary to implement traveling wave, (ii) traveling wave can be generated
in the two amplification directions at any velocity by adjusting the tilt angle
of the grating.
However, the question arises if it is or not correct to choose ve = c as the

optimum value of the traveling wave excitation velocity? The familiar radiative
transfer equation (1.3) (Section 1.2), corresponds to gain coefficients g, and
source function emissivities j, independent of time. In Ref. [258] the time
dependence of the local values of g and j, which is caused by the change
of refractive index induced by the traveling wave excitation, are introduced.
Therefore equation (1.3) is replaced by(

1
vlg

∂

∂t
+

∂

∂z

)
I(ν, t) = g (ν) I (ν, t) + j (ν, t) (7.12)

In this equation, vlg is the local group velocity of the traveling wave. In the
case of the homogeneous broadening of a Lorentzian line profile, vlg can be
approximated at line center by

1
vlg

=
1
c
+
(

g(0)
2πΔνlg

)
(7.13)

where g(0) is the gain coefficient at the line center and Δνlg the gain band
width. According to equation (6.22), when saturation occurs the small signal-
gain g(ν), should be replaced in equation (7.12) by

gs(ν) =
g(ν)

1 + IT/Is

where Is is the saturation intensity and IT the line intensity integrated over
the line width. Moreover if the local gain moves through the plasma with a
constant velocity ve, the small-signal gain at the line center can be represented
as

g(z, t, 0) = g(t − z/ve, 0) for t� t − z/ve (7.14)

Replacing t by t − z/ve transforms equation (7.12) to a frame commoving
with plasma excitation. This leads to the new equation{(

1
vlg

− 1
ve

)
∂

∂t
+
1
∂z

}
I(ν, t) = g(ν)I(ν, t) + j(ν, t) (7.15)

Analytic solutions of this equation can be found if one assumes that the small-
signal gain at line center is given by a steep increase followed by an exponential
decay of lifetime τ , i.e. g(t) = g0 exp(−t/τ) for t� 0. The solutions emphasizes
two critical parameters

r ≡ I0
Is

and k =
1

2πΔνlgτ
(7.16)

For example, for g0 = 50 cm−1 and k = 0.01, the peak intensity is found to
reach saturation at lengths of L = 3, 3.5, and 4 mm when r = 10−5, 10−6, and
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10−7, respectively. These results agree with experimental data on germanium
(cf. below Section 7.4.5). Furthermore one can deduce from the solutions of
equation (7.15) that the conversion efficiency is the greatest when the trav-
eling wave excitation velocity, ve, is matched to the minimum group velocity,
vmin
lg , determined by the small-signal gain at the peak of the gain coefficient
curve. Substituting g0 ≡ g (0)max in equation (7.13), we find that the optimal
traveling wave velocity is given by

voptim
e =

c

1 + (cg0/2πΔνlg)
(7.17)

Numerical calculations for germanium show that the optimal excitation ve-
locity is about 0.85× c before saturation and increases to c when the laser
output tends to saturation.
Figure 7.67 gives a very convincing experimental evidence of the crucial

part played by the traveling wave in the laser output [259, 260]. The figure
shows three CCD images of the Ag-laser spectrum near 13.9 nm. On the right,
the TW runs toward the entrance of the transmission grating spectrometer,
giving rise to a very intense X-ray laser emission which saturates the detec-
tor. Moreover, one sees intense lateral satellites, due to diffraction through
the grid used as grating holder. For the central image there is no TW. The
lasing line appears clearly but with small intensity. On the left, the TW runs
in the direction opposite to the spectrometer and the line intensity vanishes.
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Fig. 7.67. CCD images of the Ni-like silver laser spectrum near 13.9 nm; insets show
the propagation direction of the traveling wave (TW) with respect to the X-ray laser
beam. On the left, the TW runs in the direction opposite to the spectrometer; the
laser line intensity vanishes. For the central image there is no TW; the laser line
appears clearly but with small intensity. On the right, the TW runs toward the
transmission grating spectrometer; a very intense X-ray laser emission saturates the
detector and lateral satellites, due to diffraction through the grating holder grid,
appear on both sides of the line.
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Quantitatively speaking, the traveling wave is estimated to enhance laser in-
tensity by a factor of 300–400 in this experiment.

7.4.2 TCE Ne-Like Titanium Laser (32.63 nm)

Using the pump laser configuration described in Figure 5.6 (Section 5.2.1),
where the focusing optics include tilted mirrors, provides a “natural” traveling
wave due to the astigmatism of the system. The focal point moves along the
line focus with a phase speed of ∼2.5c in the direction of the entrance of the
XUV analysis system. It is worth looking at the efficiency of this traveling
wave, whose front moves continuously ahead of the XUV laser beam wave
front. It is clear that the result largely depends on the ratio between gain
duration and propagation times.
A very simplified diagram of the overlap of the amplified radiation packet

and the heating pulse driven by the traveling wave is displayed in Figure 7.68.
For square pulses, one can easily estimate the travel length Lmax, at which
overlap terminates. This length is roughly

Lmax ∼ γc

|1− γ|τ (7.18)

where τ is the gain duration and

γ =
v(traveling.wave)

c

t

z0

To the X-UV detector

τ
Lmax

t max

X-UV beam (v=c)

Traveling wave (v=γc)

Fig. 7.68. Simplified diagram of partial overlapping of traveling wave and amplified
XUV beam, due to the TW being slower than the radiation beam (γ < 1). τ is the
pump pulse duration, Lmax the maximum plasma length which can be pumped by
a TW of γc velocity. The case where the TW is faster than light (γ > 1) could be
represented by a similar diagram.
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The duration of the short-lived population inversion in the Ne-like ions of
titanium being estimated at τ ∼10 ps, the largest possible overlapping length
for γ = 2.5 is

Lmax ∼ 5mm

which can be sufficient for high gain coefficient experiments.
X-ray laser intensity measurements have been made between 1 mm and

10 mm, with a Nd:glass-laser energy of 1.7 J/mm in the long pulse (1.7× 1012
W/cm2 for 1 ns pulse) and of 1.5 J/mm in the short pulse (2.2× 1014 W/cm2

in the 7 ps pulse) [256]. Experiments reveal two strong lasing lines which cor-
respond to the 3p–3s (J = 0−1) transition, at 32.63 nm, and to the 3d–3p
(J = 1−1) transition, at 30.15 nm. Lasing from this transition had not been
observed in the QSS regime which prevails in long-pulse pumped lasers. Figure
7.69 displays the measured output of the two lasing lines and the correspond-
ing fitted growth curves.
Data analysis shows that one cannot assign a unique gain coefficient value

to either of the two curves, within the limits of target lengths used in this
experiment. The largest gain coefficients (g ∼ 46 cm−1 and g ∼ 35 cm−1 for
the 32.63-nm and 30.15-nm lines, respectively) are observed for small target
lengths, up to 3 mm. Seeing that the overlap with the XUV beam does not stop
definitively before ∼5 mm, this value is within the limits of the traveling wave
efficiency. Therefore, this plasma segment can generate the large observed
transient gain.
X-ray laser modeling helps us to understand the gain evolution for longer

plasma columns. Figure 7.70 shows the gain calculated in the transient regime

Fig. 7.69. Output of the two lasing lines of the transient Ne-like titanium laser, at
32.63-nm and 30.15-nm wavelength, measured as a function of the plasma length
(Ref. [257]). Lasing at these two wavelengths is not observed from long-pulse pumped
lasers for which the QSS regime prevails.
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Fig. 7.70. Gain calculated for the 3p-3s line of Ne-like titanium in the transient and
in the QSS regime, 1 ps and 10 ps after the arrival of the transient pulse. The first
high peak of transient gain, which occurs in the overcritical plasma density region
(ne > 1021 cm−3), is quickly driven away from the plasma by the strong refraction
ruling this region. The second peak, which contains the main contribution to the
experimental gain, decreases and moves away from the target during the 10 ps which
are necessary to photons to flight through 3 mm of plasma.

and in the QSS regime at two moments, respectively 1 ps and 10 ps after
arrival at the time t0 of the short pulse. A first high peak of transient gain
occurs during a very short time (<1 ps) in the overcritical density region of
the plasma (ne > 1021 cm−3). Owing to the strong refraction in this region,
the emitted rays rapidly run out the amplifying plasma and did not contribute
to the experimentally measured gain. A second peak (∼200 cm−1) occurring
in the undercritical region (ne � 1021cm−1) can be seen in the figure. This
peak, which forms the main contribution to the experimental gain, accounts
for the fast exponential 3p–3s line intensity increase shown between 1 mm and
3 mm in Figure 7.69. The peak decreases, broadens out, and moves away from
the target during the next 10 ps, which is the time necessary for photons to
travel through 3 mm of plasma, viz. the plasma length beyond which intensity
growth becomes slower, as if laser saturation had started.
The gain–length product, integrated along the intensity growing curve,

is about 12 for the 32.6-nm line when the target length reaches the value of
3 mm. Calculation predicts that saturation should occur for gl ∼ 16. However,
saturation is not the only factor in the decreasing rate of the intensity growth
above 3 mm. We have seen that the effect of the traveling wave progressively
disappears if its phase velocity differs from the speed of light. The main con-
tribution to gain then comes from the QSS regime and is significantly lower
than previously with the transient pump pulse (see Fig. 7.70). Nevertheless
the major fact is that experiments show that saturation is indeed achieved for
a target length of 8.3 mm, for which the value of gl is found to be 16.2.
In addition to the “standard” 3p–3s (J = 0−1) transition, Figure 7.71

shows the 3d–3p (J = 1–1) transition which provides the second laser line at
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Fig. 7.71. Diagram of the main population inversion mechanisms in a transient
collisionally excited Ne-like plasma of titanium.

30.1-nm wavelength. For short plasma lengths Fig. 2.149 showed a smaller
intensity for this second line than for the first one but, beyond 8–8.5 mm
length, namely in the region where the 32.6-nm line saturates, the intensity
ratio tends to be reversed. This agrees with numerical simulations predicting
that the saturation intensity is ∼2.8 times larger for the 3d–3p than for the
3p–3s line and this agreement confirms that the saturation is actually achieved
for the two lines [256].
A peculiarity of the 3d–3p population inversion is the possible direct con-

tribution, to the 3d level population, of X-ray reabsorption via the 3d–2p
resonant line, while the 3p upper level of the standard laser line depends
on electronic cascades from the higher lying 3d levels. This may suggest a
contribution of photopumping to the 3d–3p population inversion [256, 261].
However a complete characterization of this population inversion requires a
quantitative evaluation of the respective parts of photons and electrons in the
increase of the 3d population. Moreover, the 3d–3p line is not observed for
all lasing materials. The line is clearly visible in the Ne-like chromium laser
spectrum [262], but has a very small intensity with iron [263]. No reference
has been made to the observation of this line in the TCE pumping results
obtained with germanium [264].
As this can be inferred from the measurement of the laser-beam deflection

angle at the exit end of the plasma, both 3p–3s and 3d–3p spectral lines are
emitted in almost the same plasma region. The deflection angle is found within
8–9 mrad for the both lines. The divergence also has similar values for the
two lines, i.e. 2–3 mrad for a 9-mm long plasma with a 0.6-ns long pulse and
6–8 mrad when the duration of the pulse is raised to 1 ns.
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Fig. 7.72. X-ray laser intensity versus plasma length for TCE Ne-like iron. The
onset of saturation is immediately visible in the figure for a plasma length ∼4 mm;
the small signal gain, in the steep left part, of the curve is measured to be 38.2 cm−1.

Finally, with an output energy of ∼21 μJ, at 32.6 nm, and ∼25 μJ, at
30.1 nm, the energy efficiency of the TCE titanium laser remains near 2×
10−6. It is likely that a traveling wave, effective over the entire plasma column
length, would increase this value.

7.4.3 TCE Ne-Like Iron Laser (25.5 nm)

The Nd:glass pump laser delivers a long 600 ps pulse followed by a high power
1 ps short pulse, with a peak to peak delay of 1.4 ns [265]. The energy in each
beam is ∼5 J and the line focus ∼11 mm. The intensity of the long pulse is
about 7× 1011 W/cm2

, while the intensity of the plasma-heating short pulse
is about 5× 1014 W/cm2

. A traveling wave is implemented by a 5-step mirror
which breaks the wave front into so many sections, with temporal delays of
7.7 ps between successive steps (see Figure 7.63). The overall delay is the same
as for a wave propagating with the light velocity.
The intensity of the 3s–2p (J = 0−1) line, at 25.49-nm wavelength, is

shown versus the plasma column length in Figure 7.72. In the portion of
exponential intensity increase, up to a length of 0.4 cm, the small-signal gain
is found to be 38.2 cm−1 and the gain–length product for this length is ∼15.3.
Saturation is clearly achieved with a gl product of 18.5 for a 9-mm long target.

7.4.4 TCE Ni-Like Tin Laser (11.9 nm)

The general characteristics of the laser configuration are similar to those of
the titanium laser (Section 7.4.2) with the addition of a 300 lines diffraction
grating into the CPA beam line to tilt the wave front, with the result that
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Fig. 7.73. X-ray laser output versus plasma length for TCE Ni-like tin. The figure
shows experimentally measured data points compared to numerical simulations for
three traveling wave velocities and two time delays between long and short pulse.

the short-pulse intensity spot sweeps across the target at the speed of light
(Fig. 7.65). Intensities are 8× 1012 W/cm2 for the 300-ps plasma-preforming
long pulse and 6× 1014 W/cm2 for the 3-ps heating short pulse. A 10% pre-
pulse of 300-ps duration can be sent 3.3 ns ahead of the main pulse but it does
not generate significant increase of the laser output. The peak-to-peak time
interval between short and long pulse varies between 0 ps and 1000 ps. The
maximum output is achieved for a time interval of 550 ps, which proves to
be critical to the output value. In Figure 7.73, the experimental data points,
corresponding to the 11.9-nm lasing line, show the increase of the XUV radi-
ation output as a function of plasma length. The small-signal gain observed
for lengths shorter than ∼4 mm is 42 cm−1 [266]. The gain–length product
for the full 1-cm long plasma column is estimated at ∼18. Strong amplification
is also observed for this line in Ref. [253].
Experimental data are displayed together with a best-fit calculation from

an ASE model which includes saturation (solid curve) [101]. The traveling
wave is assumed to move forward with the velocity of light. Beyond the plasma
length values for which the laser output increased exponentially, the gain
coefficient, g, is calculated from the implicit equation

g0l =
(
1− S

Is

)
gl +

S

Is
α (gl) (7.19)

where g0 is the small-signal gain coefficient. Owing to the presence of the
traveling wave, the form of this equation corresponds to a unidirectional am-
plification. S is the source function defined by equations (1.8) and (1.22) (Sec-
tion 1.2). Is is the saturation intensity given by equation (6.24) (Section 6.2).
The term α (gl) accounts for the line narrowing which occurs in homogeneous
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profiles for large gl values. In the Lindford’s approximation, α (gl) reads [see
Eq. (1.43), Section 1.4]

α (gl) =

(
egl − 1)3/2
(glegl)1/2

(7.20)

Equation (7.19) is used to calculate laser output increase with plasma length
when saturation appears. The fitting procedure shows laser saturation to start
once gain–length passes over ∼15, the output being ∼1.2 μJ at this moment.
Beyond this limit, the laser output increases approximately linearly with tar-
get length up to the 10-mm total length, where the gain–length is estimated
at ∼18 and the output at ∼20 μJ. With a source size of 50× 50 μm at the end
of the plasma column and a lasing duration of ∼3 ps, one obtains a saturation
intensity of ∼1.33× 1010 W/cm2 and a maximum laser intensity ∼2.5× 1011
W/cm2 for the 10-mm long target.
Calculation can be extended to traveling waves moving faster than light.

This requires to take into account the gain duration and to calculate the
reduction of the local gain, that is sampled as the laser beam propagates
through the gain medium with velocity larger than c (γ > 1 in Fig. 7.68).
Examples for a 2.5c velocity and for two-gain FWHM durations can be seen in
Figure 7.73. Moreover the case where there is no traveling wave is represented
by the curve obtained for an infinite wave velocity.

7.4.5 TCE Ne-Like Germanium Laser (19.6 nm)

The pump laser setup is the same as for the Ti and Sn lasers previously
described [255]. The pulse sequence includes a 10% prepulse of 280 ps FWHM
duration, the main 280-ps long-pulse separated from the prepulse by 2 ns
and the heating short pulse of �3 ps. The intensities are ∼5× 1011 W/cm2

,

∼5× 1012 W/cm2
, ∼1.5× 1015 W/cm2 for each pulse respectively. The peak-

to-peak separation between the long and the short pulse is 80 ps, i.e. the
intense short pulse arrives to interact with the preformed plasma in the trailing
edge of the main long pulse. The measured signals from targets of length 2–
9 mm are shown in Figure 7.74 for the traveling wave and the no-traveling
wave cases. The small-signal gain is found to be �40 cm−1 for plasma lengths
from 2 mm to 5 mm. Gain duration is estimated at ∼10 ps.
The total output energy for the 9-mm long target is near 100 μJ. The

calculated exit pupil aperture is 25μm× 55 μm (EHYBRID computational
code [74,88,89]) The corresponding intensity at the exit end of the plasma is
∼7× 1011 W/cm2

. The calculated saturation intensity [cf. Eq. (6.24)] is ∼2×
1010 W/cm2 and is reached with a target of 4.5-mm length where the small-
signal gain has dropped by a factor 2. Finally, the solid curve in Figure 7.74
shows the good agreement between the output-versus-length variation inferred
from simulations and the data provided by experimental measurements.
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Fig. 7.74. X-ray laser output versus plasma length, with and without using travel-
ing wave, for TCE Ni-like germanium.

7.4.6 TCE Ni-Like Molybdenum Laser (18.9 nm)

The “table-top” pump laser configuration of Ref. [267] yields a long-pulse
(∼600 ps) and a short-pulse (∼ps). The time interval between both pulses
can be varied. Intensities on the line focus are of the order of 1012 W/cm2

for the plasma-preforming long pulse and 1015 W/cm2 for the heating short
pulse. The laser can be fired every 4 min. A five-segment stepped mirror (cf.
Fig. 7.63) is used to implement a traveling wave of phase velocity c.
The traveling wave large efficiency is shown by the comparison, in Figure

7.75, of the X-ray laser output of the 4d–4p, J = 0−1 lasing line, at 18.9-nm
wavelength, with and without traveling wave, for increasing delays between
short and long pulse [268]. The output enhancement due to the traveling wave
is of 1–2 orders of magnitude for delays of 0.1–0.9 ns.
The variation of the output as a function of target length is displayed

in Figure 7.76. The long-pulse and short-pulse energies are 1.13 J and 5.02
J, respectively, with a time interval of 0.7 ns. For short plasma lengths (l ≤
3 mm) the small-signal gain is measured to be 36.5 cm−1. When the plasma
length increases, the gain coefficient falls down up to 5.6 cm−1, for 6-mm to
8-mm targets, as a result of the traveling wave fragmentation [cf. Eq. (7.10)]
and, possibly too, of refraction effects. The overall gain–length product is
estimated at 16.6.
An imaging system, consisting of a quasi-normal incidence spherical mirror

and two 45◦ plane multilayer mirrors, gives images of the near-field beam
pattern, with a magnification of ∼14. An example is shown in Figure 7.77.
The target surface is at Z = 0. The delay between long and short pulses is
0.4 ns and the pulse energies are 2.54 J and 5 J, respectively. From a set of
images one could see that increasing the energy of the long pulse increased
the size of the lasing aperture in the Z-direction. This effect was likely due to
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Fig. 7.78. Longitudinally pumped Mo laser using a capillary tube target.

laser action occurring in a larger plasma and in a larger gain region than for
lower energies. It is interesting to observe that the beam pattern exhibits also
small-scale inhomogeneous structures. Similar inhomogeneities, likely due to
the multimode character of the laser emission, often appear in the beams of
other XUV lasers.
The total output for a 3.94-J long-pulse, a 4.92-J short-pulse and

a 0.7-ns delay between shots has been measured to be �2.3 μJ. The
beam divergence is ∼5× 10 mrad2. The laser brightness is estimated at
1022–1023 photons s−1mm−2mrad−2 in a δλ/λ = 0.01% bandwidth.
Interesting examples of longitudinally pumped molybdenum lasers have

been reported with either capillaries or slab targets. Longitudinal pumping
is expected to improve the matching of the Ni-like ion region to the strongly
heated region. Moreover, it spontaneously provides the traveling wave which
is essential for TCE pumping.
Figure 7.78 shows a first example where two laser beams of 0.785-μm

wavelength are focused on the entrance of a molybdenum capillary tube of
0.45-mm diameter and 2-mm length [269]. A 8-ns delay separates the long
pulse (220 ps) from the short one (100 fs). Strong lasing of the 18.9-nm line
is observed for a 100-mJ energy in the short pulse. The gain–length product
is estimated at ∼12 and the divergence is measured to be 2.6 mrad. The laser
operates at the exceptionally large repetition rate of 10 Hz.
The laser configuration used for the second experiment is displayed in

Figure 7.79 [270,271]. A 300-ps prepulse is focused along a line on the surface
of a 2-mm long Mo slab target with the help of a cylindrical lens. The 475-fs
pump pulse is point focused on the preplasma from a direction parallel to the
target surface, at a position between 0.1 mm and 0.2 mm from the target
surface. The time delay between the two pulses is varied from 1 ns to 10 ns.
Typical intensities of the long and short pulses are 1.5× 1011 W/cm2 and
3× 1016 W/cm2

. The measured X-ray laser energy is ∼27 nJ per pulse. The
outstanding result of this experiment is the very narrow divergence of the
laser, namely 0.34mrad× 1.2 mrad in the vertical and horizontal directions,
respectively. This result is explained in terms of a particularly efficient mode
filtering due, in the longitudinal pump beam, to a pedestal of 1× 10−5 contrast
which induces large spatial density and gain gradients.
In a third type of configuration the short pulse beam reaches the plasma

column at grazing incidence [272]. This geometry allows refraction to turn
the pump beam to the region of electron density below the critical density



Saturated XUV Lasers 211

XRL

Mo target

Cylindrical
lens

Spherical
lens

Long pulse

Short pulse
Plasma

Fig. 7.79. Longitudinally pumped Mo laser using a slab target.

and therefore increases the coupling efficiency between plasma and pumping
radiation. With a total energy of 150 mJ only, for both short and long pulses,
XUV laser pulses are generated at 10 Hz repetition rate with energy close to
saturation.

7.4.7 TCE Ni-Like Silver Laser (13.9 nm)

We have already mentioned that the wavelength of Ni-like silver lasers,
13.9 nm, fits that of the reflection peak of Mo–Si multilayer mirrors. This

Table 7.13. TCE silver-laser experimental data for the 13.9-nm line

Configuration #

1* 2 3 4 5 6 7

Prepulse (J) 0.6 — 0.005 — — — —
Delay (ns) 5.5 — 3 — — — —
Long pulse (ps) 130 750 450 600 600 4 300
Energy (J) 60 3 5 0.4 3 1.5 5
Short pulse (ps) — 1.5 0.5 0.4 0.3 4 1.3
Energy (J) — 2 5 2 7.5 10.5 22
Separation (ps) — 1600 550 200 250 1200 200
Beam frequencies ω ω,ω ω,ω ω, ω 2ω, ω ω, ω ω, ω
Deflection (mrad) 5 14 13 10 10 3 5
Divergence (mrad) 2 20 5 6 3 6 —
Gain (cm−1) 5.8 9 14.5 31.9 33.5 35 —
Gain–length 11.6 7.2 10 15 12.7 13.6 —
Output (μJ) — 0.009 — 3 2 25 10
Duration (ps) — 50 ∼15 7 ∼10 — 2
References [231] [273] [259] [275]

Note. For comparison, long-pulse prepulsed silver-laser data are displayed in column 1*.
ω, 2ω are the frequencies of the preforming and heating beam pulses, respectively. The
reported divergence values are measured in the horizontal plane.
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category of lasers is of special interest for XUV applications that require ef-
ficient XUV optical components (cf. Section 7.3.5). That is why these lasers
have a large part in the development of TCE X-ray lasers. Table 7.13, which
displays the wide range of parameters experimentally investigated till now,
illustrates this fact.
Table 7.13 summarizes the gain characteristics observed for the 4d–4p line

at 13.9-nm wavelength. Data relative to the standard system which uses a
prepulse before the main pulse are shown in column #1* for comparison with
TCE lasers. One can see that, notwithstanding a comparatively large energy
in the main pulse (60 J), the gain coefficient provided by the standard system
(5.8 cm−1) is significantly smaller than all the TCE-gain values reported on
the same line.
At the same time, the deflection and the divergence of laser beams are

larger for TCE-lasers than for the standard system. In terms of gain building,
this suggests that the high transient gain provided by the TCE technique oc-
curs in a rather strongly refractive medium. Configuration #2 is of TCE type,
but without traveling wave. The gain coefficient obtained in this case (9 cm−1)
is larger than the one obtained with the standard system but is smaller than
those obtained with traveling wave, which are displayed for configurations
#3 to #6 in the next columns. Moreover, the absence of traveling wave in
configuration #2 results in a relatively small gain–length.
Numerical simulations have been performed to compare the distribution

of the energy deposition during plasma heating for configurations #2 and
#3 [273]. Figure 7.80 displays, in a plane perpendicular to target surface, the
spatial profiles of the energy deposited by the heating pulse in the preformed
plasma, at the time of the maximum of the pulse.

Fig. 7.80. Spatial profile of the energy deposited in the preformed plasma by the
heating pulse, for the configurations #2 and #3 in Table 7.13. X is the distance to
the target surface.
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In configuration #2, plasma heating occurs in a narrow dense region
and no gain is produced in the underdense plasma, away from the critical
surface (X >20–30 μm). However, in configuration #3, a significant part
of energy is absorbed in the underdense plasma thanks to the traveling
wave and heats this region up to 250 eV. Thus gain appears in a region
of larger volume and of smoother refraction gradients than in configuration
#2 and so becomes more observable. This difference originates not only in
the traveling wave but also in the shorter time separation between preform-
ing and heating pulse in the case of configuration #3. Now, when peak-
to-peak separation is shorter than the preforming pulse half-width, pump-
beam absorption by inverse bremsstrahlung may dominate the heating pro-
cess (cf. Section 5.1.1) and so increase the density of transient population
inversion.
Configuration #4 includes both a traveling wave and a short (200 ps) sepa-

ration between preforming and heating pulse. Showing a large gain coefficient
(31.9 cm−1) and a large gain–length (gl = 15) obtained with a small pump
energy (2 J), the data reported for this configuration confirm the previous
analysis.
In configuration #5 the 2ω harmonic of the pump beam (λ = 0.53μm)

is used, instead of the fundamental frequency ω, to produce the preformed
plasma. As before, the fundamental frequency is used to produce the short
heating pulse. This two-color pumping system increases the plasma critical
electron-density from 1021 cm to 4× 1021 cm−3 [cf. equation (2.19), Section
2.1]. Given that the heating pulse wavelength is fixed at 1.06 μm, the energy
is deposited in a plasma region of density �1021 cm−3, which is expected
to offer density gradients smoother than those of the critical density region.
As a matter of fact, one observes that horizontal divergence is reduced by
more than a factor of 2 relatively to the value obtained with configuration
# 4. However, gain coefficient, gain–length product and energy output do
not show to be significantly changed by the frequency doubling of the long
preforming pulse.
The curve of intensity growth versus plasma length, for configuration #5,

is shown in Figure 7.81 [259]. An exponential increase, which corresponds to
a gain coefficient of 33.5 cm−1, is observed for lengths up to 3.8 mm, which
implies a gain–length factor of 12.7. The curve exhibits an abrupt turn to a
slow linear increase for larger lengths. This gives the curve a characteristic
aspect different from the generally observed saturation pattern.
The intensity at the end of the exponential increase is found to be between

2 and 8.5× 1010 W/cm2
. From calculation, the saturation intensity should be

∼3× 1010 W/cm2 [274]. The comparison of these values suggests that the X-
ray laser operates near to—or at—saturation. On the other hand, the traveling
wave velocity fits the velocity of light within a accuracy of ∼5%. Thus, from
equation (7.18), the plasma length over which the two waves can overlap, is
given by

l(mm) ∼ 6× τ(ps)
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Fig. 7.81. Intensity of the Ni-like Ag TCE laser, at 13.9-nm wavelength, as a func-
tion of the plasma length, in the case of configuration # 5 in Table 7.13. The slow
linear increase beyond 3.8 mm is believed to result from combined effects of satura-
tion and refraction.

where τ is the gain duration. As the gain duration is estimated to be 10
ps, the sharp turn of the intensity curve at 3.8 mm cannot result from a
breaking down of the wave-overlap. One is led thus to consider the peculiar
structure appeared in Figure 7.81 as due to the combined effect of saturation
and refraction.
Another peculiarity, observed when using the 2ω–ω technique, is the pro-

duction of two laser lines of similar intensities for a pulse separation �250
ps. The wavelength of the new line, identified as a result of 4f1 P1–4d 1P1

transitions in Ni-like ions, is measured to be 16.05 nm. Its intensity, which
is very unstable from shot to shot, depends strongly on the heating pulse
energy. Moreover this line appears for plasma lengths greater than 3.8 mm,
that is when the 4d–4p line is already saturated. A systematic comparison of
the two line intensities suggests a possible correlation between them. It might
be interesting also to compare the processes which generates 4d–4p and 3d–
3p population inversions in Ni-like silver and Ne-like titanium, respectively
(cf. Section 7.4.2).
Comparison of data of configuration #4 and #6 shows that similar values

of gain coefficient and gain–length factor are obtained for very different choices
of pump parameters. In the first case, the intense short pulse starts heating
the plasma before its formation is terminated whereas, in the second case,
an 8 times less intense heating pulse reaches the preformed plasma after a
long relaxation time. It can be inferred that plasma relaxation, in the second
case, allows a deeper penetration of the heating radiation, and so increases
the efficiency of the short pulse.
Column 7 shows the result of a direct measurement of the X-ray laser

pulse duration with the help of a streak-camera of high temporal resolu-
tion [275, 276]. A combination of three effects was used to generate a wave
traveling at light speed. As already mentioned in connection with experiments
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Fig. 7.82. Time profile of the Ni-like silver laser pulse, at 13.9-nm wavelength,
measured with a high-resolution streak camera.

using a similar experimental setup, an intrinsic traveling wave of velocity 3c
is generated by the astigmatism of the focusing optics [255]. A 600 lines/mm
grating, inserted into the CPA beam line, brings this velocity near that of
light. Furthermore, the second grating of the compressor is lightly tilted for
fine tuning.
Figure 7.82 displays the time-resolved profile of the XUV emission at

13.9 nm (solid line). The dotted line represents the continuous spectrum very
close to the laser line. It is assumed that the continuous spectrum is domi-
nated by bremsstrahlung emission. Thus the increase of the continuum emis-
sion corresponds to the enhancement of the electron temperature due to the
short heating pulse. An outstanding fact is that the X-ray laser emission peaks
before the temperature has reached its maximum. This suggests that overi-
onization occurs before the maximum of temperature, what causes quenching
of gain owing to the destruction of the Ni-like ion population.
The FWHM duration of the X-ray laser pulse shown in Figure 7.82 is

measured to be 3.1∓ 0.2 ps. The ultimate temporal resolution of the streak-
camera is 700 fs. However, experimental limitations occur due to the finite
width of the photocathode slit and to the X-ray pulse stretch introduced by the
grazing incidence reflection on the spectrometer grating. After deconvolution,
the duration of the X-ray laser pulse amounts to 1.9∓ 0.7 ps.
As for the spatial coherence of TCE Ni-like silver lasers, it has been mea-

sured with both pulses, separated by 1 ns, having the same 1.5-ps duration and
an energy ratio of 1:5. Measurements showed a coherence length of 110–140 μm
in both horizontal and vertical direction, 1 m away from the source [277].

7.5 Fast Capillary Discharge X-Ray Laser

Amplification of short wavelength radiation in plasmas produced by electric
discharges appears as an attractive way to achieve a new class of XUV lasers
which could offer a higher repetition rate than laser produced plasmas, for a
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Fig. 7.83. Sketch of the final stage of the fast capillary discharge generator which
generates XUV laser emission from ions of the capillary plasma.

relatively low cost [278]. However, the plasma confinement process, necessary
to obtain the parameter values of the lasing plasma (ne � 1018 cm−3, Te � 100
eV) generally goes with turbulences and instabilities, whereas the development
of laser action requires plasma characteristic variations to be smooth along
the ray paths. Fast capillary discharges proved to be an exception to this
rule owing to the coupling which occurs between plasma and capillary wall
[56, 279].

7.5.1 Discharge Characteristics

The diagram of Figure 7.83 shows an advanced version of the discharge sys-
tem, specially designed for very high excitation power [280]. In about 75 ns
a conventional Marx generator and a coaxial water capacitor charge the gen-
erator final stage represented in Figure 7.83. Two radial water transmission
lines, in which water is used as dielectric, and a circular array of pressurized
gas spark gaps produce the fast current pulses that excite the plasma in the
capillary. The low inductance loop defined by this configuration allows for the
generation of current rise-times up to more than 1.5× 1013 A s−1 with peak
currents about 200 kA. Capillary channels are preionized with a current pulse
of 20–40 A and 10 μs duration. In most experiments described below, the
capillary consists of a hole bored through a block of polyacetal.



Saturated XUV Lasers 217

This generator is aimed at investigating laser emissions provided by Ni-like
ions. For the Ne-like ions, which have been the main matter of previous ex-
periments, typical discharge parameters are 20 ns rise-time and 40 kA current
peak. This may be obtained from somewhat simplified generators which the
diagram of Figure 5.19 (Section 5.2.4) referred to.
In these systems, the magnetic field induced by the current flowing through

the preionized gas generates plasma compression, which results in a develop-
ment comparable to imploding Z-pinches (see for instance [281]). For long
rise-times of the electric current, the plasma temperature remains relatively
low, owing to the heat conduction from plasma to wall, as well as to the
wall-ablated material increasing the mass to be heated. But fast rising cur-
rents detach the plasma from the wall, which reduces heat losses. Moreover
the rapid compression of the preionized gas generates a dense, highly ionized
plasma column.
A complex model, which includes magneto hydrodynamic, atomic state

population, and radiation transport equations has been developed to numer-
ically investigate the behavior of the capillary discharge plasma [279]. Owing
to the crucial role of the boundary conditions, the evaporation of the wall in
contact with the high temperature plasma is also included in the model. As a
diagnostic of plasma compression, the code calculated the size of an axial pin-
hole X-ray image of the plasma, for wavelengths below 300 nm, as a function
of time. The pulse current peak is 39 kA, the pulse duration 64 ns, and the
argon pressure 0.7 Torr. In Figure 7.84, the solid curve shows the temporal

Fig. 7.84. Temporal variation of the plasma diameter. Solid curve: calculation
including heat and mass transfer between wall and plasma; the electron density
reaches values of 5× 1018 cm−3 to 3× 1019 cm−3. Solid squares: experimental re-
sults. Dashed line: calculation neglecting the wall effects (Ref. [279]).
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variation of the image diameter, wall effects being included in calculation.
One sees the plasma to contract down to a size of 150–300 μm which is to
be compared to the 4 mm initial diameter. The electron density reaches val-
ues of 5× 1018 cm−3 to 3× 1019 cm−3. Experimental results are represented
by the solid squares, showing a satisfactory agreement between calculation
and experimental measurements. If one assumes that neither heat nor mass is
transferred from and to the wall, the result of the calculation model, shown by
the dashed line in Figure 7.84, does not coincide with the experimental data.
It is possible that not only the symmetry and the small initial radius of the
capillary geometry are responsible for the high stability of the fast capillary
discharge, but also that wall effects stop instability from growing.

7.5.2 Small-Signal Gain, Saturation, and Output
of the Ne-Like Argon Laser

The small-signal gain coefficient of the 3s–3p J = 0−1 line of Ne-Like ar-
gon, at wavelength of 46.9 nm, is calculated taking into account hundreds of
atomic levels. Results for various capillary diameter are displayed in Figure
7.85 versus electron density. It is clear that these gain coefficients are smaller
than those calculated for similar Ne-like ion lines in the density and temper-
ature conditions of laser-produced plasmas. We shall see that the length of
the capillary plasma, which can reach values larger than the length of laser
plasmas by one order of magnitude, compensates this difference as regards
the achievement of laser saturation.
Experimental amplification results, first obtained with plasma columns of

lengths up to 12 cm, in 4-mm diameter capillary tubes, showed a gain coef-
ficient of 0.6∓ 0.04 cm−1 and a gain–length product of 7.2 for the 46.9-nm
line [57]. The divergence of the laser beam was a of a few milliradians. The
capillary channel was situated on the axis of the 3 nF liquid dielectric capaci-
tor. The current pulse amplitude was of 38∓ 1 kA, with a ∼60-ns half period.

Fig. 7.85. Small-signal gain coefficient of the 3s–3p, J = 0−1 line of Ne-like argon
(λ = 46.9 nm), calculated versus electron density, for various capillary diameters.
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Fig. 7.86. Variation of the 46.9-nm line intensity as a function of the discharge
current at a pressure of 700 mTorr (Ref. [278]).

A current of 10 A was used during several microseconds to preionize argon.
Argon pressure in the capillary was of 700 mTorr.
The variation of the X-ray laser intensity with the discharge current

is shown in Figure 7.86 [282]. The intensity maximum corresponds to a
∼39 kA current. Regarding the dependence of the laser line intensity on ar-
gon pressure, Figure 7.87 shows an intensity quasi-plateau between 500 and
750 mTorr.
The fact that the beam divergence is found to be larger than expected

from the discharge geometry, and that an annular structure appears for some
shots, shows that refraction cannot be neglected [283]. On the other hand,
calculation of transverse electron density profiles shows the density gradient

Fig. 7.87. Variation of the 46.9-nm line intensity as a function of the argon pressure
at currents ∼39 kA.
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Fig. 7.88. Calculated transverse electron density profiles showing that the density
gradient decreases when axial the magnetic field increases (Ref. [283]).

to decrease when the axial magnetic field increases, as it can be seen from
examples displayed in Figure 7.88 [284]. Now, the reduction of refraction losses
due to the smoothing of the plasma radial profile in a higher magnetic field
should increase the laser output.
Computational results and experimental data relative to such an effect

are displayed in Figure 7.89. Experimentally measured laser intensities (solid

Fig. 7.89. Laser output of 46.9 nm as a function of the axial magnetic strength.
Solid squares: measured laser intensities for a 10-cm long, 4-mm diameter capillary
filled with 600 mTorr of argon; dashed curve: intensity calculated including the
decrease of the electron density when the distance to the capillary axis increases;
solid curve: similar calculation including the additional decrease due to line Zeeman
splitting.
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squares) corresponding to a 10-cm long, 4 mm in diameter capillary filled
with 600 mTorr of argon, indeed show the output of the laser to increase
for magnetic fields �0.15 T. Beyond this value, the dashed curve shows that
the intensity starts decreasing as a result of the electron density lowering
observed in the gain region. Modifications of the line profile due to Zeeman
splitting produce additional effects which significantly enlarge the line width
at large magnetic fields. These effects are included in the calculated intensity
represented by the solid curve in Figure 7.89. Calculations are found to be in
good agreement with experimental results.
Measuring the output of capillary tubes up to 20 cm in length shows a

small-signal gain of 1.16 cm−1 and the laser emission saturating for lengths
above 15 cm [283]. Furthermore, the results obtained with a half-cavity system
(cf. Section 5.2.5), which allows for double-passing a plasma column of 15 cm
(corresponding to an effective plasma length of 25 cm) definitely confirm that
saturation occurs at gain–length about 14 for an effective length of ∼12 cm
[285]. For the maximum effective length of 25 cm, the overall gain–length
reaches a value of 25. The beam angular profile displays a single central peak
without side lobes, which indicates that refraction did not limit the effective
gain coefficient in this double-pass experiment. The FWHM of the angular
distribution is about 6 mrad.
Experiments showed also that capillary discharge lasers can reach a very

high repetition rate compared with the rate presently achievable with laser
plasmas. Considering the low repetition rates of 4–0.4 shots per hour achieved
by laser pumped X-ray lasers, their interest is focused on their very high peak
power (megawatts) and their short pulse duration (1–100 ps). But in the
case of capillary discharges, considering a time averaged power of the laser
is beginning to make sense. For the experimental works presented above the
repetition rate was�120 shots per hour. A much larger repetition rate of 10 Hz
has been achieved using alumina (Al2O3) capillaries filled with preionized
argon gas [286]. Alumina produces less capillary-wall-ablated matter than
polyacetal. As a consequence, plasma heating necessitates less energy and a
≈24 kA peak current proves to be sufficient to achieve lasing. This makes it
easier to stabilize the temperature of the experimental setup at high repetition
rates.
For experiments with alumina, capillaries had a diameter of 3.2 mm and

a length of 18.2 cm. A continuous gas flow and a differential pumping system
maintained a nearly optimum gas pressure of 490 mTorr. The pulse rise-time
was of 25 ns. The laser has been operating continuously during 30 mn at 5
Hz, with a single capillary withstanding up to 9× 103 laser shots.
The data presented in Figure 7.90, for which the discharge parameters were

optimized at 7 Hz, correspond to 1-min continuous operation. Figure 7.90a
displays the laser shot energy distribution which shows a peak at ∼135 μJ.
Figure 7.90b shows that the average output energy, computed as a running
average of 50 contiguous pulses, is ∼0.95 mW, namely a photon emission rate
of ∼2.2× 1014 photons per second.
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Fig. 7.90. (a) Laser shot energy distribution for one minute continuous operation
at 7 Hz; (b) average output energy for 50 contiguous pulses.

7.5.3 Coherence

A remarkable characteristic of capillary discharge lasers is the very high degree
of coherence achieved in the XUV beam for long plasma columns [132]. In
Section 6.4.2 we showed Young’s slit interferograms obtained successively for
capillary lengths of 18 cm, 27 cm, and 36 cm (Fig. 6.34). These results were an
excellent illustration of the mode-selection mechanism provided by refraction
in the plasma column. Regarding the 46.9-n laser, Figure 7.91 displays the
experimental values of the degree of coherence |μ12| obtained for two slit
separations together with the |μ12| profile corresponding to a Gaussian beam
profile of 550-μm coherence radius. Considering the small radius of the laser
beam, it is estimated that about half the entire laser power is contained in
one spatial coherence area (cf. Section 3.2), which shows a unique property of
essentially full spatial coherence for a soft X-ray source.
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Fig. 7.91. Coherence of the Ne-like argon laser; triangles: experimentally measured
degree of coherence for two separation distances in the XUV beam cross-section;
solid line: profile of the degree of coherence calculated for a Gaussian beam profile of
550-μm coherence radius.

7.5.4 New Lasing Materials

The results obtained with the capillary discharge in argon, at 46.9 nm, are
prompting investigation of new lasing materials, especially in order to produce
lasers with high repetition rate at shorter wavelengths. It is clear that the tech-
nical issue of the injection of new materials in the capillary will need some
effort. A 10-μJ laser has already been demonstrated at 52.9 nm in Ne-like chlo-
rine [287]. To achieve this result chlorine was continuously admitted into the
capillary channel through Teflon tubing. A 140-nm thick Al–Si filter was used
to separate the laser from the detection system in order to prevent chemical
corrosion. Amplification was observed at pressures ranging from 180 mTorr to
330 mTorr. A gain coefficient of 0.45 cm−1 and a gain–length product of 7.5
were demonstrated in Ne-like sulfur at 60.84-nm wavelength. To inject sulfur
in the capillary channel, sulfur vapor was produced by ablating the wall of a
separate 5-mm diameter sulfur channel with a current pulse delivering 200 J
in 50 μs [288]. The vapor pressure was approximately 470 mTorr.
Furthermore, a hybrid combination of the transient pumping scheme

(cf. Section 7.4) with the capillary discharge laser appears to be promising.
The basic idea consists in using the capillary discharge to preform a plasma
produced by the long laser pulse in TCE lasers, and rapidly heating this
plasma with a short laser pulse [289]. Figure 7.92 shows the diagram of the
experimental setup designed to do that [290]. The short-pulse laser beam is
seen to be focused at one end of the capillary, within a focal spot of 170 μm
in diameter. However, in this configuration pumping operates from an axi-
ally focused beam, which makes the pump intensity to vary along the plasma
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Fig. 7.92. Diagram of the experimental setup designed for longitudinal pumping of
a capillary discharge plasma using a short laser pulse.

column owing to the pump energy depletion with the capillary length (cf.
Section 7.4.6).
Capillaries of lengths between 1 cm and 3 cm and a diameter of 0.5 cm

or 1.0 cm have been investigated. The sulfur vapor was produced by wall
ablation, in a separate evacuated channel drilled in a sulfur rod. The preplasma
was generated by a small peak discharge current of 2–3 kA. The plasma column
exhibited a concave electron density profile in the radial direction, ensuring
the guidance of the pumping pulse and of the XUV pulse along the capillary
axis. The energy of the 1–2 ps pump laser pulses was 0.3–0.5 J.
An intense Ne-like sulfur line was observed at 60.84 nm wavelength for

delays between electric discharges and laser pulses of 25–65 ns. The optimum
delay value was found to be 35 ns. A gain coefficient of 4.6 cm−1 was observed
in the first 1-cm long section of the plasma. The overall gain coefficient was
about 2.3 cm−1 and the maximum gain–length, 6.8.
Concerning shorter wavelengths, the production of nickel-like ions of

cadmium in capillary channels has been demonstrated with a 200 kA current
discharge. This opens the way to the possibility of observing laser amplifica-
tion in Ni-like Cd for the 4d1S0–4p1P1 line at a wavelength of 13.2 nm [291].

7.6 Optical-Field-Ionization Lasers

This section refers to a new class of XUV lasers, where ionization of the lasing
medium is no longer provided by collisions between thermalized particles in
the heated plasma, but directly by field effect and multiphoton processes,
under the action of a very intense infrared laser beam. In other words, the
ions are now created by the optical pulse through tunneling ionization. This
results in the simultaneous production of a cold dense collection of ionized
atoms surrounded by a very hot electron distribution.
This section deals with the collisionally pumped OFI lasers only. The re-

sults obtained in the recombination pumping scheme will be presented in the
next section. Let us also mention that we shall again meet such intense field
effects in Part III of this book, when describing the generation of coherent
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Fig. 7.93. Energy distribution of electrons ejected from atoms for a linearly polar-
ized (dashed line) and a circularly polarized infrared beam (data from Ref. [291]).

high-harmonic XUV radiation. Here we are interested in those electrons that
escape from atoms under the field action and then produce population inver-
sions exciting the ions by collisions. In the case of harmonic generation on
the other hand, we will have to consider electrons that, during their excursion
outside the electronic orbit region of the unperturbed atom, emit radiation at
wavelengths which are multiples of the exciting laser wavelength.
It has been shown that the production of high-energy electrons, suit-

able for XUV laser collisional pumping, requires intense circularly polarized
laser radiation [292]. Figure 7.93 illustrates this fact with the calculated en-
ergy distribution curves of ejected electrons for linearly (dashed curve) and
circularly (solid curve) polarized laser beams. These curves correspond to
10-μm wavelength radiation pulses with intensities I = 1014 exp[−(t/τ)2] and
I = 2× 1014 exp[−(t/τ)2], respectively and τ = 1.5 ps. The plasma consists of
hydrogen-like ions with an ionization potential of 12.1 eV. It is manifest that
the electron ejection mechanisms are not the same for the two polarizations,
one leading to a maximum of near-zero energy electrons, the other exhibiting
a distribution peak at more than 1000 eV.
This difference appears if we consider an electron released from rest in the

laser field. The electron experiences a force proportional to the electric field

−−→
E(t) = E cos (ωt)−→ex + αE sin (ωt)−→ey (7.21)

where α = 0 for linear polarization and α = 1 for circular polarization. The
electron velocity will be given by

vx(t) =
qE

mω
sin(ωt) + v0x, vy(t) = α

qE

mω
cos(ωt) + v0y (7.22)
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If we assume the initial conditions vx (0) = vy (0) = 0 at an arbitrarily chosen
instant t = 0, we obtain

vx(0) = 0, vy(0) = α
qE

mω
(7.23)

which means that the electron gains a drift velocity in a direction perpen-
dicular to the field if, and only if, α = 0. Therefore, after the crossing of an
intense laser pulse, the electron kinetic energy depends on the polarization
that had the radiation pulse and this effect is maximum for α = 1, i.e. for
circular polarization.
The average kinetic energy, also called “quiver energy,” of an electron oscil-

lating in a field varying as E sin(kx − ωt) is q2E2/4mω2.When a free electron,
that initially possesses this oscillatory energy, travels through the light beam
from a region of high intensity to a region of lower intensity, its oscillatory
energy is converted to a drift kinetic energy [293]. Thus the minimum energy
of the ionized electron is not zero but q2E2/4mω2. For an elliptically polarized
beam (0 < α < 1) this energy comes to

Up =
(
1 + α2

) q2E2

4mω2
(7.24)

The result is that the number of photons associated with the multiphoton
ionization process must be higher than expected from the ionization potential
considered in the absence of intense field. For this reason Up is considered as
a part of the actual ionization potential of an atom submitted to an intense
optical field. This part increases proportionally to the intensity of the field
and is known as the ponderomotive potential. For circularly polarized light
the ponderomotive potential is thus Up = q2E2/2mω2.
Starting from these observations Lemoff et al. modeled XUV lasers

pumped by optical field ionization [294]. Their calculations were performed
for the ions Ar8+, Kr8+, and Xe8+ that have a closed outer shell, i.e. the
2p6, 3d10, and 4d10 shells, respectively. The level diagram of each of the three
ions is displayed in Figure 7.94, where the atomic energy levels have been
obtained by calculation with an uncertainty of less than 10%. The calculated
wavelengths of the J = 0−1 laser lines are 47.8 nm for argon, 31.9 nm for
Krypton and 41 nm for xenon.
Figure 7.95 shows the initial energy distribution of the free electrons gen-

erated by tunnel ionization for a 30-fs Gaussian pulse with a peak intensity of
1017 W/cm2

. It exhibits eight peaks corresponding to the eight bound elec-
trons successively released from the atom during the first stage of the neon-like
plasma production. As for the subsequent time evolution of the electron and
ion energy distributions, it is controlled by the elastic collisions of the plasma
particles. To calculate the gain coefficient, the lasing line shape is assumed to
be Lorentzian with a width that is the quadratic sum of three components, the
homogenous linewidth, the Doppler linewidth and the electronic Stark width.
For an ion density of 1017cm−3 the predicted values of gain are 17 cm−1,
94 cm−1, and 107 cm−1 for Ar IX, Kr IX, and Xe IX, respectively.
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Fig. 7.94. Calculated energy levels of the Ar8+, Kr8+, and Xe8+ ions, each of
which having a closed outershell (2p6, 3d10, and 4d10, respectively). The respective
J = 0−1 laser line wavelengths are indicated in the diagram (Ref. [294]).

As a matter of fact, experiments definitely establish that lasing occurs,
with a high repetition rate, under the action of intense ultrashort optical
pulses in palladium-like xenon.
The femtosecond laser system used for this first demonstration of a Pd-

like Xe laser [295] was a Ti:Sa chirped-pulse amplification system delivering
40-fs, 800-nm pulses of more than 3× 1016 W/cm2 intensity at the focus of
the beam, over a length �7.4 mm. The diagram of the target cell is shown in
Figure 7.96. The pinhole diameter is �500 μm. A mica quarter waveplate gen-
erates the circular polarization beam. The pulsed energy reaching the xenon
gas with a repetition rate of 10 Hz was of ∼70 mJ. The gain region was

Fig. 7.95. Initial energy distribution of the free electrons generated by tunnel ion-
ization for a 30-fs linearly polarized Gaussian pulse (same Ref. as for Fig. 7.94).
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Fig. 7.96. Target cell of a Pd-like xenon OFI laser at 48.81-nm wavelength.

estimated to be between 50 μm and 100 μm in diameter. Translation stages
allow accurate adjustment of the pinhole separation.
Figure 7.97 shows the intensity of the 41.81-nm wavelength line to grow

exponentially as a function of the xenon pressure and the pinhole separation
as well. Each data point in Figure 7.97a and b represents an average of over

Fig. 7.97. Experimentally observed intensity growth of the J = 0−1 xenon laser
line versus gas pressure (a) and gas length (b) (data from Ref. [294]).
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∼3000 shots. Two Lindford-type fits [cf. Eq. (1.43)], one for the full plasma
length (solid line), the other for 3.9 trough 7.4 mm only (dashed curve) have
been performed. For the full length the gain is estimated at 13.3∓ 0.9 cm−1,
with a gain-length product of 11.2. In the reduced portion from 3.9 mm to
7.4 mm one obtains g = 16.8∓ 0.5 cm−1 and a gain–length about 12.4. It is
to be noticed that, though being very significant, these values are well below
those predicted by the model calculation for xenon.
A second step of the development of collisional OFI lasers has been

reached with the help of the careful control of gas pressure, driving en-
ergy and gas cell length. Moreover, using multipass rather than regenera-
tive amplifiers in the pump laser made it possible to suppress the prepulses
which otherwise modify the early stage of plasma formation in an uncheckable
way [296–299].
A computational investigation of the optimal conditions for lasing in both

Pd-like xenon and Ni-like krypton was performed with the help of detailed
calculations [298]. In the case of longitudinal focalization, the limit of the
length of the amplifying medium in the focusing region is of the order of
the Rayleigh length, zR, for which the beam diameter of a Gaussian beam
increases by a factor

√
2. The variable zR is given by [300] (p. 668)

zR =
πa2

λ
(7.25)

where a is the beam radius at the focus and λ the wavelength. For a spot
size of 20-μm radius and a pump laser wavelength of 800 nm, this length
is ∼1.6 mm. Furthermore, the ionization produced at the edge of the light
pulse results in electron density gradients that cause refraction of the main
part of the pulse radiation, thereby leading to a rapid reduction of the peak
intensity and preventing the formation of the lasing ion species. These effects
are included in a paraxial wave propagation code. Calculations predict that
the Pd-like ions of xenon (Xe8+) occupy 1 mm in length, ∼60 μm radius zone
along the laser axis. For krypton the Ni-like lasing ions (Kr8+) are found to be
in a ∼ 1.6 mm× 50 μm zone. These ions stages are produced, not exactly at
the entrance of the gas cell but after the laser has propagated approximately
1.5 mm into the gas. Calculations also show a region of highly overionized gas
up to Xe17+ and Kr13+, that can be a source of fast electrons limiting the
gain in the lasing region by collisional ionization.
Another important calculation for OFI lasers is that of the electron en-

ergy distribution, which is involved in the hydrodynamics and atomic pro-
cesses leading to population inversions. As an example Figure 7.98 displays
the energy distribution curve obtained for xenon in the case of a 3.5× 1016
Wcm−2 laser peak intensity, compared to the equivalent Maxwell distribution
of the same mean energy of 350 eV. One sees that the peaks resulting from
each ionization stage are not completely separated (cf. Fig. 7.95). This is due
to the inverse bremsstrahlung electron heating (see Section 5.1) and to the
collisional relaxation processes.
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Fig. 7.98. Electron energy distribution calculated for xenon in the case of a 3.5×
1016 Wcm−2 laser peak intensity (thick line) compared to the equivalent Maxwell
distribution of the same mean energy of 350 eV (thinner line) from Ref. [297].

Considering the very short time-scale, the quasi-static approximation is
not adequate for the collisional–radiative model that is generally used to calcu-
late the gain. The model has to be fully time-dependent instead (Section 1.5).
As a an example of calculation results, Figure 7.99 shows the temporal depen-
dance of the gain coefficient of xenon for a pump pule duration of ∼30 ps. The
gain is seen to be relatively long-lived with significant gain still being produced
at more than 15 ps. The calculation being spatially one-dimensional, refrac-
tion of the X-ray laser beam is not included in the results. This contributes
to enhance the calculated gain as compared to the experimental results.
Sebban et al. investigated xenon and krypton OFI lasers as a function of

gas pressure, driving energy, and plasma length [297, 298]. The diagram of
the experimental setup used in these experiments is shown in Figure 7.100.
Figure 7.101 displays the variation of output intensities as a function of

Fig. 7.99. Calculated temporal evolution of the xenon gain coefficient for a pressure
of 15 Torr and a pump pulse duration of ∼30 ps (same Ref. as in the previous figure).
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Fig. 7.100. Intensity variation of Xe and Kr OFI lasers as a function of gas pressure.
The increase of the number of emitters at first induces the increase of soft X-ray laser
intensity. Then the ionization-induced refraction increasingly limits the propagation
of the pump laser, which makes the measured intensity to fall down.

pressure. Laser intensity increases at once with pressure, owing to the cor-
relative increase of the emitter number, then comes to be limited and more
and more reduced when the driving pulse is increasingly refracted out of the
gain region. The intensity maxima occur at 15 Torr for xenon and 20 Torr for
krypton. The larger width of the lasing pressure range for krypton denotes
that Ni-like ions are more stable regarding further ionization than are Pd-like
ions, in accordance with the ionization potential being larger for Ni-like than
for Pd-like ions.
Figure 7.102 shows that, for the same reason, the driving energy necessary

for the krypton laser to work is larger than for the xenon laser. Moreover
indication of laser saturation appears above 500-mJ energy for xenon but not

Fig. 7.101. Intensity variation of Pd-like Xe and Ni-like Kr OFI lasers as a function
of pump laser energy.
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Fig. 7.102. Intensity variation of Xê and Kr̂F OFI lasers as a function of driving
energy.

at all for krypton, even for energies as large as 760-mJ. Additional measure-
ments show that a 760-mJ 60-fs driving laser pulse has an efficiency in terms
of XUV lasing similar to that of a 350-mJ 30-fs laser pulse, thereby the critical
parameter is the intensity rather than the energy of the driving laser.
Figure 7.103 exhibits lasing intensity curves as a function of plasma length

in the range 1.5–5 mm, for xenon and krypton. In the case of xenon the inten-
sity is observed to increase exponentially up to a plasma length of ∼2.2 mm
and then begins to saturate. The small-signal gain is estimated at 67 ∓3 cm−1

and the gain length at saturation at 15∓ 7. Due to the longitudinal geometry,
the gain is generally not constant over the length of the amplifying medium
which is not exactly known itself. This is the cause of a large uncertainty of
the laser gain-length estimation.

Fig. 7.103. Intensity variation of Xe and Kr OFI lasers versus plasma length.
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For krypton, lasing is not observed before the plasma length reaches ∼3
mm. From 3 to 3.5 mm the intensity increase is exponential and the measured
gain is found to be 78∓ 2 cm−1. A further increase of the cell length results
in a new output enhancement by nearly one order of magnitude. This can be
understood from the fact that, as shown by Figure 7.102, the krypton laser
did not reach saturation in the range of parameters corresponding to this
experiment.
The X-ray laser output is measured to be ∼5× 109 photons/pulse in ∼10

mrad of divergence. The X-ray pulse duration is expected to be 5 ps.
New possibilities, opened by the successful development of OFI soft X-ray

lasers, appear with a new technique which combines the krypton laser, at
32.8 nm wavelength, with the 25th harmonic of an infrared laser [301]. This
harmonic was chosen because its wavelength has close match with the soft
X-ray laser line.
The harmonic beam is image-relayed onto the entrance of the soft X-

ray amplifier by means of a multilayered toroidal mirror, which ensures high
intensity focusing. The Ni-like krypton laser is operated from the small-signal
gain up to the saturation regime. One observes a strong enhancement of the
harmonic beam when the soft X-ray amplifier is under operation. In nearly
saturated conditions, the total intensity is one order of magnitude larger than
the sum of the laser and the harmonic line separately emitted. Images of the
beam cross-section present strong diffraction structures close to alignment
wires, which shows a high degree of coherence.
Several processes may contribute to these results. Given that the harmonic

pulse duration is much shorter (20 fs) than the soft X-ray laser gain duration
(8 ps), in terms of bandwidth one can expect that the width of the soft
X-ray laser line will be much smaller than the width of the harmonic line.
Accordingly, while harmonic amplification by the soft X-ray laser is limited
at the center of the line by laser saturation, a stronger amplification still occurs
in the line wings, so contributing to a total extracted energy well beyond the
sum of the laser and the harmonic lines separately. Moreover the transverse
distribution of the gain in the soft X-ray laser and the differences of angular
geometry between the two combined beams are to be taken into account in a
complete discussion of the experimental data.
From these results one can consider the seeding of XUV lasers by high

harmonics as a future high-repetition-rate, spatially and temporally coher-
ent, source of subpicosecond XUV-pulses of very large intensity (up to 1020

W/cm2).



8. Recombination Lasers

The principle of pumping using the large cascading stream of electrons
resulting from fast plasma recombination has been shortly presented in Sec-
tion 4.2. The first theoretical approaches date from the early seventies [22, 302]
and experimental investigations of recombination techniques applied to XUV
lasers have led to a very large number of works, even before the first demon-
stration of collisional pumping in 1985. One reason for this success is that the
production of plasmas suitable for recombination studies requires much less
energy than collisional pumping. Thereby laboratories could work on X-ray
lasers with nanosecond lasers providing a few tens of Joules per pulse only.
Recombination studies largely contributed to the development of XUV

laser beam characterization techniques, especially for gain measurements, be-
fore the advent of collisional lasers. However, to this day it has not been
possible to reach laser saturation from recombinational pumping, even by us-
ing ultrashort pulses. In most cases the gain–length product is found to be
between 3 and 6. Notwithstanding recent stimulating works [303, 304]. The
way to large output and laser saturation does not clearly appear to be opened
yet. In this section we will present a short survey of the achievements of exper-
imental and theoretical research on recombination lasers. We will first consider
long pump pulse systems, where “long” is to be understood as involving dura-
tions from tens of picoseconds to several nanoseconds. More recent works using
picosecond and femtosecond pulses will be presented in a separated section.

8.1 Long Pump Pulses

From the beginning, two main isoelectronic sequences have been explored,
those of hydrogen-like [25,44,305] and of lithium-like ions [17,306–310]. In the
long pulse regime (τ � 100 ps) electrons are heated by inverse bremsstrahlung
in the pump laser field (cf. Section 5.1.1). Then ion–electron collisional pro-
cesses enhance the plasma ionization up to a degree directly depending on
the maximum electron temperature. At sufficiently high electronic density,
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ionization and recombination mechanisms involving two free electrons, namely
the mutually reciprocal processes of ionization by electron impact and three-
body recombination, become dominant. When the temperature starts falling
as a consequence of plasma expansion, radiative losses and pump intensity
diminishing, the three-body recombinations induce a fast increase of those
populations high lying below the ionization limit, while lower level popula-
tions grow more slowly by cascades from upper levels and radiative recombi-
nation. That is why the fast cooling of a dense plasma can generate population
inversions between the discrete levels of highly charged ions.

8.1.1 Hydrogen-Like Ions

Hydrogen-like ions, for which accurate transitions rates and energy level data
are available, provide the simplest atomic system to investigate the production
of population inversions by plasma recombination. The diagram of levels for
the ions of this series is recalled in Figure 8.1. The highest level populations,
near the ionization limit, are thermalized by ion collisions with free electrons
and therefore are in LTE with the plasma free electrons (cf. Section 5.1.2).
Below this “thermal band,” plasma cooling makes electron cascades to pop-
ulate lower levels. Population dynamics leads to a time-varying distribution
where population inversions may appear.
Inversion is especially promoted between levels 3 and 2 (Balmer α line)

because, while recombination increases the population of the n = 3 level, the
n = 2 level is rapidly depleted thanks to its very large radiative decay rate
to the ground state. That is why the highest gain generally occurs on the

Fig. 8.1. Diagram of the energy levels of H-like ions. The fast radiative decay of the
Lyα line contributes to the creation of a population inversion between the levels 3
and 2.
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Fig. 8.2. Calculated H-like ion 3–2 population inversions in a recombining plasma
[310]. Populations are in steady state at t = 0 for 200-eV (dashed lines) and 2000-eV
temperatures (solid lines). Temperature decreases exponentially with a half-life of
0.1 ps. The self-absorption in the Lyα line is fixed at 90%.

3–2 transition, i.e. the first line of the Balmer series (Hα), whose wavelength is
given by λ = 656.3/Z2 nm, where Z is the ion charge. For plasmas of large vol-
ume, reabsorption (also known as “photon trapping” in X-ray lasers physics)
of the 2–1 decay radiation can reduce the population inversion.
The calculation of 3–2 population inversions is illustrated in Figure 8.2 for

two electron temperatures and a constant self-absorption of Lyα, arbitrarily
fixed at 90% [311]. The plasma was assumed in steady state at time t = 0 and
electron temperature decreased exponentially with a half-life of 0.1 ps while
the electron density remained constant for t > 0.
Two types of calculation models, accounting for initial conditions fixed

by different laser configurations, have been developed: (1) a cylindrical fiber
model [18, 312–317]; (2) a magnetically confined plasma column [25, 44]. Ex-
ploding foil targets have also been considered for recombination lasers. How-
ever, experiments and calculations performed for H-like magnesium showed
difficulties demonstrating gain in this way in the case of long laser pulses
[318].
An advantage of starting from a cylindrical thin fiber to produce the

amplifying plasma column (cf. Fig. 5.6 in Section 5.2.1) is the means of giv-
ing the same simple symmetry to experiments and theoretical models. This
makes easier the use of calculated scaling laws to choose the values of the
experimental parameters, as well as the comparisons between experimental
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results and theoretical predictions. The hydrodynamic expansion of the thin
fiber may be described with the help of a self-similarity model (cf. Section 5.1.1
and Ref. [18]). This model, combined with collisional–radiative atomic calcu-
lations, has been extensively used in investigating the lasing performances of
thin carbon fibers at 18.2 nm, that is the wavelength of the 3–2 line of H-like
carbon. Typical information given by these calculations about the conditions
for efficient lasing refers to the optimum conditions for gain along the fiber
axis. Let R, in cm, be the initial radius of the plasma cylinder, namely its ra-
dius after the heating phase, before the plasma starts to cool and recombine,
ne, in cm−3, be the electron density at the same instant. The optimum peak
gain scales as [319]

g � 6.5× 107
n0.23
e R1.6

cm−1 (8.1)

and it is shown to occur for the total initial energy per ion

ε � 3.6× 10−29n1.618
e R2.35 eV/ion (8.2)

Another example is given in Figure 8.3 which shows two calculated time-
dependent gain curves of the 18.2 nm line, the first one taking into account
a possibly strong radiation trapping by reabsorption in the 2–3 transition,
whereas the second one assumed such reabsorption to be negligible. Calcula-
tions are made for a 2.77-mm fiber heated by a 70-ps pulse. The comparison of
these curves with the experimental results clearly answers the question of the
role of photon trapping in the gain of this laser. One sees that trapping would
significantly delay the onset of the gain, which is not observed. Moreover the
agreement of the experimentally measured gain values are significantly better
with the curve given by the free-from-trapping model.

Fig. 8.3. Gain coefficients calculated versus time for the 18.2 nm, 3–2 line of H-like
carbon ions, in a recombining plasma (solid lines) compared with experimental
results (dashed line) [319]. The agreement is better when no trapping is included in
calculation.



Recombination Lasers 239

Fig. 8.4. Values of gain–length product, obtained from the comparison of the trans-
verse and the longitudinal intensities of an amplifying plasma column, as a function
of the pump laser energy for various carbon fiber diameters.

Significant gain measured at 18.2 nm is shown in Figure 8.4 for various
values of the fiber diameter and of the pump laser energy [320]. The Nd pump
laser produced pulses of 180 ps up to 10 J energy. A 20% prepulse preceded
the main pulse by 200 ps. The fiber was positioned horizontally along the line
focus, with its open end directed toward the axial spectrometer. The fiber
diameters were ranging from 2μm to 6 μm.
The intensity of the Hα line was simultaneously measured in the axial

and the transverse directions by two grazing incidence spectrographs. In the
transverse direction the intensity Itran is proportional to jr, where j is the
emissivity function and r the radius of the cooling plasma column. In the axial
direction the intensity Ilong is proportional to j × (egl − 1) /g, where l is the
plasma column length and g, the gain coefficient (cf. Section 1.2). Comparing
these two formulae gives Ilong = Itran × Al/r with A ≡ (

egl − 1) /gl. Knowing
l, r, and measuring Ilong and Itran, one obtains the “amplification factor” A,
from which the gain–length, gl, can be deduced for any value of l. Subject
to suitable calibration of the two spectrographs, it is thus possible to obtain
the gain–length factor from the comparison of the transverse and the axial
intensities. The values of gain–length product, gl, directly deduced from the
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Fig. 8.5. Measured and calculated time dependence of the gain coefficient of the
18.2 nm carbon line. The time profile of the pump laser pulse is shown on the
left of the figure. Notwithstanding the large discrepancy between experiments and
calculations, the recombining character of the lasing process is evident from gain
occurring mostly after the end of the laser pulse.

values obtained for A in various experimental conditions, are those plotted in
Figure 8.4.
The six-beam target irradiation facility of Rutherford Appleton Labora-

tory, previously described in Section 5.2.1 (cf. Fig. 5.6), has given the op-
portunity to perform accurate gain measurements for carbon fibers of 7-μm
diameter and up to 9.5 mm in length. The pump pulse duration was about
70 ps. The absorbed energy of 2.6∓ 0.6 J/cm was a tenth of the incident en-
ergy. The gain for the 18.2-nm line has been measured from the exponential
increase of the line intensity as a function of the fiber illumination length. The
gain value has been found to be of 4.1∓ 0.6 cm−1 at time 1 ns after the peak
of the laser pulse [321]. It has been also possible to observe the variation of the
gain as a function of time with a 400-ps time resolution. The result is shown
in Figure 8.5 together with a calculated curve that exhibits higher peak gain
and faster decay than observed in experiments. The discrepancy may result
from calculations assuming a perfectly regular medium and returning local
gain coefficients, whereas experimental results involve ray path integration in
a more or less homogeneous medium.
The gain in the Hα line of fluorine at 8.1 nm has been measured using

the same target system and coating the carbon fiber with 0.5 μm of LiF
[322]. Table 8.1 displays the gain coefficients measured for three values of the
absorbed energy. The target length varied from 1.5mm to 5.8 mm. The results
clearly show an optimum pump energy value of 9–10 Jcm−1.
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Table 8.1. Gain coefficient for the
8.1-nm line of H-lile fluorine for three
different values of the effectively
absorbed pump energy Ref [322]

E (Jcm−1) g (cm−1)

5∓ 0.7 −1.8∓ 0.2
9∓ 2 4.4∓ 1
16∓ 1 2∓ 1

It is believed that, at low energy, the ground state population of H-like
F is relatively high, causing radiation trapping of the Lyα line radiation,
thereby reducing the population inversion (cf. Fig. 8.1). On the other hand,
at high energy, the effect of increased temperature results in the reduction
the population of the n = 3 upper level of the lasing transition which, in
turn, reduces gain. Figure 8.6 shows the temporal variation of the measured
gain for the optimal absorbed energy of ∼10 Jcm−1 and the corresponding
calculated curves with and without line-trapping. The results are similar to
those previously shown in Figure 8.3 for H-like carbon. This confirms that
gain will be observed only under conditions where the Lyα-line trapping is
moderate.
At shorter wavelengths, gain has been observed at 5.42 nm for the Balmer

α line of hydrogenlike sodium [323]. One hundred and thirty picoseconds du-
ration pulses of 0.351 μm laser radiation were focused on planar stripe and
foil targets, coated with NaF. A time-resolved peak gain of 3.2∓ 1 cm−1 has
been obtained.
We come now to the pumping method that makes use of a strong external

magnetic field (B ∼ 100 kG) to confine the plasma column (cf. Fig. 5.8, Section

Fig. 8.6. Measured and calculated gain of H-like fluorine ions.
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Fig. 8.7. Calculated populations of the lasing line levels of H-like carbon in a mag-
netically confined plasma as a function of time. Population inversion is found to
start 40 ns after confinement onset [25].

5.2.1). The confined plasma is heated by a CO2 laser, and then cools rapidly
by radiation loss [25, 44, 324, 325].
If one assumes the plasma to consist in H-like ions and free electrons only,

with electron density ne and temperature Te, energy conservation suggests
that the radiative decay time amounts to τrad ≈ [neTe(t)/n2A21hν21]. For a
carbon plasma with ne = 5× 1019 cm−3, Te = 500 eV, N2 ≈ 5× 1014 cm−3

,
A21 = 7× 1011 s−1, hν21 = 320 eV one obtains τrad ≈ 4× 10−8 s, from which
it appears that typical lasing times will be longer than for other laser-pumped
recombination lasers.
Since the three-body recombination, which strongly contributes to the

C5+-ion high-lying level populations, is proportional to n2
e , population inver-

sions will take advantage from the magnetic confinement keeping ne at a high
value for a long time. A model calculation, including ionization, radiative, and
three-body recombination gives level populations as a function of time. The
results are illustrated by the curves of Figure 8.7, which show the onset of
a population inversion of the Balmerα line levels occurring about 30 ns after
the end of plasma heating and then lasting several tens of nanoseconds.
Figure 8.8 shows the carbon target used to produce the plasma in the

experiments corresponding to this scheme. The CO2 laser beam is focused on
the surface of the disk by a 3-m focal-length spherical mirror. Carbon blades
may be added to create a more uniform plasma in the axial direction and to
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Fig. 8.8. Carbon target used to produce the plasma to be confined in a magnetic
field. The solenoid used to produce the axial magnetic field is not represented. The
target includes disk and blades of carbon. One or more blades are added to improve
uniform plasma uniformity. The CO2 laser beam is focused onto the disk surface of
the by a 3-m focal-length spherical mirror.

provide additional cooling by heat transport from the plasma to the blade.
The low inductance solenoid used to produce the axial magnetic field is not
represented in the figure.
It can be shown that the electron density profile has an off-axis ring-

shaped maximum while the temperature is at a maximum in the center.
Therefore the maximum gain should be off axis too, which must be considered
when choosing the parameters of the XUV beam detection. Optimum ampli-
fication conditions for the 18.2-nm line, leading to a gain–length gl ∼ 6.5,
have been obtained with a magnetic field B ≈ 90 kG and a pump intensity
≈ 5× 1012 W/cm2 provided by a 300-J laser pulse of 75-ns FWHM. The XUV
laser pulse duration was quite similar. The beam divergence is measured to
be 9 mrad for B = 20 kG and 5 mrad for B = 35 kG, which indicates that
the gain region becomes tighter with higher magnetic fields [326]. The XUV
pulse energy was estimated at 1–3 mJ and its peak power to 100 kW. The
gain–length has been somewhat enhanced to 8∓ 2 cm−1 by replacing the CO2

laser by a Nd–glass laser that gives a higher electron density in the center of
the plasma. In this case a magnetic field of 50 kG was sufficient to optimize
the gain [324,327].
Quite an original arrangement, whose principle was suggested by observa-

tions made in other respects on investigating pumping by ultrashort pulses
in microcapillary plasmas, is displayed in Figure 8.9 [327a] (see next section).
In the present case a boron plasma is created by longitudinally focusing the
beam of a KrF laser at the entrance of a B2O3 microcapillary, with a pulse
duration of 20 ns. The pulse energy is of 0.2 J. After delay times varying be-
tween 1 and 1200 ns a second low energy, 0.45-J, 8-ns Nd:YAG laser is fired on
the entrance of the microcapillary through the same focusing lens. The shot
repetition rate is of 1 Hz. The rapid intensity increase of the Balmerα line of
H-like boron, at 26.2-nm wavelength, with the length of a 0.35-mm diameter
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Fig. 8.9. Boron plasma pumped in microcapillary. A KrF laser pulse focused at
the entrance of a B2O3 microcapillary generates the plasma. A second low energy
Nd:YAG laser is fired on the entrance of the microcapillary. The Balmer-α line of H-
like boron (λ = 26.2 nm) shows a gain ∼14.3 cm−1 with a maximum of gain–length
of ∼5 for a 3.5-mm length.

capillary denotes amplification. The gain coefficient is measured to be ∼14.3
cm−1 for a plasma length of 3.5 mm. Thus the gain–length product in this
configuration is ∼5. Further increase of the plasma length up to 4 mm shows
that gl starts to decrease.

8.1.2 Lithium-Like Ions

Figure 8.10 shows the diagram of levels and the radiative transitions of in-
terest for amplification in a recombining Li-like aluminium plasma. Let us
assume that the population of the thermal band, composed of all levels of
main quantum numbers n ≥ 6, the population of the ground state n = 2, the
free electron density ne, and the electron temperature Te have constant fixed
values in time, and that radiative decay and electron collisions distribute the
electrons over the bound levels n = 3, n = 4, and n = 5. The time-dependent
populations corresponding to a “pure” atomic relaxation may be obtained
from the collisional–radiative model (cf. Section 5.1.2). Figure 8.11 illustrates
the results of this calculation [38] and shows that a few tens of picoseconds are
sufficient to reach stationary populations involving inversions between levels
4 and 5 and level 3.
A number of theoretical gain studies exploit this effect to investigate lasing

conditions in Li-like ion plasmas [328–335]. An early example of gain calcu-
lation results is given in Figure 8.12. An aluminium target is supposed to be
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Fig. 8.10. Level diagram of Li-like ions of aluminium. The wavelengths of the four
lines subject to amplification are given in nanometers.

irradiated by a 2-ns FWHM Gaussian laser pulse of 1.06-μm wavelength with
1.3× 1012 W/cm2. Initial conditions assume a cylindrical plasma of 100-μm
radius. The figure displays the population inversions for the 5f–3d and 4f–3d
lines as a function of the distance to the target and at several moments be-
tween 4 and 6 ns after the top of the laser pulse. Gain clearly occurs during
the plasma cooling time, which is easily understandable for recombinational
pumping. Furthermore, owing to a larger transition probability, the gain de-
clines more rapidly for the 4f–3d than for the 5f–3d transition.
As in the case the Hα-line of the hydrogen-like carbon, scaling laws can

be found to determine the optimum gain conditions for the two 4f–3d and
5f–3d doublet lines of Li-like aluminium [319]. They have forms similar to
those obtained for carbon, i.e.

g = αnβeR
γ(cm−1) (8.3)

for a total ion energy

ε = AnBe R
C(eV/ion) (8.4)

where ne and R are the initial electronic density (cm−3) and the initial plasma
radius (μm,) respectively. The numerical coefficients are displayed in Table 8.2.
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Fig. 8.11. Calculated relaxation of Li-like ion level populations in presence of a gas
of free electrons of constant density and temperature. The populations of the thermal
band and of the ground level are assumed to be constant as it is approximately the
case in plasmas of slowly varying ion populations. Populations inversions appear,
especially between the 5f and the 4f level, on the one hand, and the 3d level, on the
other hand.

From equation (8.3) it is easy to see that the gain of the 4f–3d line should
be larger than that of the 5f–3d line. The calculated curves of Figure 8.13
from Ref. [336] show a similar effect. However they show the gain ratio of the
two lines to overturn for small gain and long pulse durations (Fig. 8.13a) as a
consequence of the faster decay of the 4f states. This inversion could explain

Table 8.2. Numerical coefficients of the optimum gain scaling law (Ref. [316])

Transition A B C α β γ

3d3/2–4f5/2 9.1× 10−27 1.519 2.444 9.0× 104 −0.16 −1.22
3d5/2–4f7/2 9.3× 10−27 1.519 2.444 4.6× 105 −0.16 −1.63
3d3/2–5f5/2 1× 10−28 1.609 2.534 5.6× 104 −0.16 −1.49
3d5/2–5f7/2 1× 10−28 1.609 2.534 6.2× 104 −0.16 −1.49
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Fig. 8.12. Population inversions calculated as a function of the distance to the
target, at three moments after the top of the laser pulse of 2-ns FWHM duration.
Inversions are expressed as the difference between the upper and the lower level
populations (Ref. [325]).

measurements leading to small gain coefficients apparently inconsistent with
each other.
For the gain measurements on Li-like aluminium, whose results are dis-

played in Figure 8.14, the target was a massive aluminium slab [337]. The
1.06-μmwavelength laser provided pulses of 3.7-ns duration and∼1012W/cm2

intensity. The gain onset for the 5f–3d line at 105.7 nm happened t � 5 ns af-
ter the top of the laser pulse, which is consistent with the curves of Figure 8.12.
For a plasma length of ∼1 cm the maximum gain was found at a distance of
0.3 mm from the target surface, between t = 7.0 and t = 7.5 ns and with a
value of 2.7 cm−1. No measurable gain could be observed for the 4f–3d line
at 15.4 nm.

Fig. 8.13. Gain calculated for the Li-like aluminium 4f–3d and 5f–3d transitions as
a function of pump pulse duration (a) and laser intensity (b).
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Fig. 8.14. Gain of the Li-like aluminium 5f–3d line (λ = 10.57 nm) measured as a
function of time, at 0.3 and 0.4 mm from the target (solid lines). The dashed lines
represent the soft X-ray laser intensity for two different plasma lengths l.

Similar measurements performed during the same experiment with a 2-cm
long plasma showed the gain coefficient to be reduced by a factor ∼2. More-
over, with a plasma length of 6 cm and a pump intensity of 2× 1012 W/cm 2

the gain was measured to be only of 0.5 cm−1 [338]. Table 8.3 exemplifies the
tendency of the gain coefficient to lessen while the plasma length increases,
which will be discussed later on.
A better agreement with theoretical predictions was obtained with a larger

laser intensity and a flat target consisting of a 0.5 μm layer of Al and a 0.01μm
layer of Au on a 10-μm thick Mylar backing [339]. The 0.351-μm wavelength
laser intensity was of 8× 1013 W/cm2 with a 650-ps pulse duration. The
time-averaged gain coefficients for a 6-mm long plasma were measured to be
g = 4.1∓ 1.2.cm−1 for the 4f–3d line, g = 4.5∓ 1.3 cm−1 for the 4d–3p line,
and g = 3.5∓ 0.8 cm−1 for the 5f–3d line.

Table 8.3. Experimental data from Li-like Al gain measurements, for plasma
lengths from 3mm to 60 mm

Experiment

LULI LULI RAL LULI RAL LULI
Facility target slab slab fiber slab stripe slab

l(mm) 3 8 11 18 23 60
Line λ (nm) Gain coefficient (cm−1)

5f–3d 10.57 ∼3 2–2.5 1.63 0.8–1 1.09 0.5
4f–3d 15.47 2.56 0.61

Note. The laser facility used for each of the measurements is indicated. The table shows the
marqued tendency of the gain coefficient to decrease for increasing plasma length.
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Table 8.4. Time-averaged gain of the 4f–3d line
of lithium-like Ca (5.77-nm wavelength) as a
function of the distance to the target

x (μm) 150 170 210 350
g (cm−1) 4.3 3.8 2.6 0.9

Plasma produced by a CO2 laser and confined by a strong magnetic field
(cf. Fig. 5.8, Section 5.2.1 and Fig. 8.8, previous section) also demonstrated
Li-like ion gain [327]. In this case, with a lasing duration of about 20 ns,
the 4f–3d gain calculation predicts the aluminium gain peak to occur 87 ns
from the beginning of the laser pulse. Experiments demonstrated gain–length
products of 3–4 at 15.4 nm in aluminium and of 1–2 at 12.9 nm in silicon.
Li-like laser investigations have been extended to shorter wavelengths by

the group of the Shanghai Institute of Optics and Fine Mechanics, using
silicon [340], calcium, and fluorine plasmas [341]. For silicon, the targets were
thick Si slabs with polished surfaces. The maximum length of the focal line
was �8 mm. Laser intensity at the target surface was of 1.5× 1012 W/cm2.
Time-integrated gain coefficients were measured to be 1.5 cm−1 and 1.4 cm−1

for the 5f–3d line, at 8.89 nm, and the 5d–3p line, at 8.73 nm, respectively.
In similar conditions a gain of 3.1 cm−1 was observed for the 5f–3d line of
aluminium at 105.7 nm.
As for the measurements with Li-like calcium, they have been performed

with thick CaF2 slab targets. The laser intensity was about 4× 1013 W/cm2

and the maximum plasma length, 10 mm. Time-integrated measurements were
performed at four distances, x, from the target for the 4f–3d line of 5.77-nm
wavelength. The results are displayed in Table 8.4. An additional measurement
of gain for the Balmerα line of H-like fluorine returned a value of 1.4 cm−1.
The time-resolved intensities of the these two laser lines are shown in Figure
8.15, as also the laser-pulse intensity.

Fig. 8.15. Intensity of the soft X-ray Li-like calcium laser at 5.77-nm wavelength
as a function of time, measured using a CaF2 slab target (Ref. [340]).
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To complete this survey of experimental results in recombination pumping,
let us also mention that target irradiation by laser pulse-train also showed gain
for the 5f–3d lines of lithium-like Al, Si, and Mg [342–345]. The pulse-train
consisted in 16 pulses of 100 ps FWHM separated from each other by a 200-ps
interval. The total output energy was 4–6 J and the line focus, 23 mm in length
and 20 μm in width. The gain coefficients were of 2.8, 2.0, and 1.1 cm−1 for
3d–5f transitions of Mg, Al, and Si, respectively. A gain–length product of 5.8
has been obtained with the help of multiple amplification in a cavity [346].

8.1.3 Gain–Length Product Limitation

From the whole of these results one has to accept that, notwithstanding the
relatively low energy required to produce lasing action in Li-like ions, it has
not yet been possible to achieve large gain–length products and XUV laser
saturation in this way. This limitation is unlikely to be merely caused by
radiation trapping in the 2p–3d resonance line because detailed calculations
show gain coefficients to be reduced by no more than 20% for the 3–4 and
10% for the 3–5 transitions when reabsorption is taken into account [347].
Even stronger radiation trapping could not explain the effect consisting in
gain coefficient growing gradually less when plasma length increases, so that
the gain–length product remains limited to a small value of the order of 4–5.
On the other hand it has been directly demonstrated that plasma irradi-

ation irregularities can considerably reduce the gain within the plasma col-
umn [348]. Therefore let us assume that a plasma column consists of N small
elements, 1, 2, . . . , n − 1, n, n+ 1, . . . , N, of length Δl and with gain coeffi-
cients, gn, distributed along the column owing to irradiation irregularity. The
output In at the exit of the nth element is given by (see Section 1.2)

In =
jn
gn

(
egnΔl − 1)+ In−1e

gn−1Δl (8.5)

where jn is the emissivity given by equation (1.17). The averaged gain at the
end of the column is

〈G〉 = 1
N

N∑
i=1

gi

If we fit an exponential function I(l) to the sequence of the calculated values,
In, as if we were estimating gain from experimental intensity measurements,
we obtain a curve representing the intensity as a function of l

I (l) = Seffe
Geff×l

where the effective gain Geff is different from the averaged gain 〈G〉 and Seff

is an effective source function. Calculations performed from experimentally
measured irregular irradiation distributions showed that Geff was systemati-
cally smaller than 〈G〉 [348]. Moreover a dilatation of the plasma column, that
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increases its length keeping the map of the irregularities unchanged, namely
a dilatation that keeps 〈G〉 constant, was found to generate a decrease of
the effective gain Geff . Therefore gain irregularities coming from nonuniform
plasma irradiation or possibly from plasma instabilities could, at least par-
tially, account for the drop of gain in longer plasmas. The nonuniformity of
the focal line, inherent to the geometrical aberrations of the focusing sys-
tem, may also contribute to the observed gain decrease at large plasma length
[349].

8.2 Short and Ultrashort Pump Pulses

Numerical modeling predicts that saturated output could be achieved for
the Balmerα line of hydrogen-like carbon in less than 1-cm plasma using a
driver laser of picosecond duration [350]. As a matter of fact a large gain
coefficient of 12.5∓ 1.5 cm−1 has been achieved at 18.2 nm in a hydrogen-
like carbon recombination laser, driven by a 20 J, 2 ps Nd–glass laser line-
focused on a 7-μm diameter, 5-mm long carbon fiber, i.e. a gain–length prod-
uct ∼6 which is exceptionally large for recombination lasers [351]. However
the output intensity was estimated at 1.4× 105 W/cm2, whereas the satura-
tion intensity is calculated to be 2.5× 109 W/cm2, which would require to
extend the same lasing conditions to a 8-cm long plasma. Implementing a 1-
cm long, very thin fiber target, supported at one end only, positioned with a
1–2 μm spatial accuracy and 1-mrad angular accuracy is extremely difficult.
One cannot recommend to try it. Let alone 8 cm! Let us mention though that
the scaling laws 8.3 and 8.4 have been extended to short pulses under the
form

g = 1.1× 10−12(λ/t)1.21 (8.6)

ε = 2.9× 106t0.648λ−3.7 (8.7)

where the laser wavelength λ is in μm, the pulse duration, t in s, g in cm−1

and ε in eV/ion.
On the other hand, computational simulations of the recombination of

initially fully stripped ions surrounded by a dense gas of free electrons show
that it is possible to obtain transient population inversions, not only for the
Lyα line but also for the ground state n = 2–1 transition of hydrogen-like ions
[352]. Furthermore optical field ionization induced by very short laser pulses
can produce suitably cold fully stripped ions that are allowed to recombine
on a time scale less than picosecond. This led to consider the feasibility of
recombination ground-state XUV lasers pumped by very short laser pulses
[353]. An interesting property of these lasers would be to lase at wavelengths
shorter than using the standard quasi-static recombination scheme.
Detailed calculations performed for Li-like neon ions, involving parametric

mechanisms of plasma heating, such as stimulated Raman effect, led to define
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Fig. 8.16. Calculated efficiency of Li-like neon laser as a function of electron tem-
perature for three microcapillary radii (a in the figure). The decrease of efficiency
with the temperature increase is found to be very rapid.

the main conditions of laser operation when ultrashort pump pulses are used
[354,355]. It is shown that the 3d–2p gain is very sensitive to the initial n = 2
population. It requires this population not to exceed 3× 10−3 times the He-
like ion density.
Considering a Gaussian ionizing laser pulse of radius a and wavelength λ,

the effective propagation distance, z, is diffraction-limited to two times the
Rayleigh length 7.25, i.e.

b =
2πa2

λ
(8.8)

where b is known by the name of confocal parameter [300 p. 669]. This dis-
tance may be reduced to less than 1 mm on account of the refraction in
transverse density gradient regions. Ionizing gas within a microcapillary wave-
guide might be required to overcome this difficulty. An example of calculation
results is given in Figure 8.16. One can see that the energy efficiency of the
laser, i.e. the ratio of the XUV laser output to the input pump energy strongly
decreases with the electron temperature which, therefore, is to be reduced by
minimizing electron heating. It is thus clear that, contrary to collisional OFI
lasers, recombination lasers rather requires the linear polarization of the short
pulse radiation (see Section 7.6 and Fig. 7.93).
Amplification has been observed for the 13.5-nm Lyα-line of hydrogen-like

lithium ions by using a subpicosecond KrF laser focused at 1017 W/cm2 [356].
The singly ionized lithium ions were initially prepared by a nanosecond KrF
excimer laser and further fully stripped by a 0.5 ps high intensity KrF laser in
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Fig. 8.17. Diagram of a setup designed for lasing on the 2–1 transition of H-like
lithium. The Li plasma is produced by capillary wall ablation.

order to improve the definition of the initial conditions. This 20-ns KrF laser
was line focused onto a flat solid Li target at an intensity of 109 W/cm2. The
estimated electron temperature was of 1.5 eV. The 50-mJ, 500-fs high-power
KrF laser pulse was then focused 0.5 mm above the target.
Measuring the intensity of the H-like lithium 13.5-nm line versus the delay

between long and short pulse showed that 700 ns was the optimum value of
the delay. Gain measurements have been performed for this optimal delay. A
strongly nonlinear increase of the line intensity up to a 2-mm long plasma
indicated the possibility of gain coefficient ∼20 cm−1 and gl ∼ 4. Attempts
to increase line intensity with length beyond 2 mm were unsuccessful, indi-
cating the propagation length of the short pulse laser to be likely limited by
refraction.
This difficulty encouraged investigating amplification in plasmas produced

in wave-guiding microcapillary. An experimental arrangement, in which a
lithium plasma is produced by capillary wall ablation, is shown in Figure 8.17
[357]. A low power Nd/Yag laser (1.06 μm, 100 mJ, 5 ns) is focused on the
entrance of the microcapillary. The powerful short pulse laser (0.248 nm, 50–
60 mJ, 250 fs) is focused onto the lithium plasma at the entrance of the
capillary, providing a power density close to 2× 1017 W/cm2. The repetition
rate of both lasers is 2 Hz. The mirror M2 is transparent to the 1.06 μm wave-
length of the low power laser. Microcapillaries of 1mm to 5 mm in length and
∼300 μm in diameter were made by drilling holes in solid LiF. A delay of a
few hundred of nanoseconds separates the two pulses.
In Figure 8.18 the intensity of the 13.5-nm ground state line is plotted ver-

sus microcapillary length for a delay of 800 ns. Each point corresponds to an
exposure of 20 shots onto a microchannel detector. Fitting the points by a least



254 Coherent Sources of XUV Radiation

Fig. 8.18. Exponentially increase of the 2–1 (ground state) line of H-like lithium
pumped in a microcapillary.

square root method with the Lindford formula [see Eq. (1.43)] indicates gain
g ≈ 11 cm−1 and gain–length gl ≈ 5.5. It has been observed that the 13.5-nm
line intensity for a single shot is subject to large fluctuations, indicating pos-
sible gain fluctuations due to initial plasma conditions. However the intensity
for capillary lengths shorter than 4 mm was too low to allow measurements
from a single shot exposure for each length. Attempts to increase the length
of the microcapillary up to 8 mm showed that, beyond length of ∼5 mm, one
could not create a uniform plasma along the axis of the microcapillary.
In a new development of this work on lasing to the ground state of LiIII

ions, the plasma has been produced by electric discharge in the capillary
before rapid heating by a short laser pulse [303]. Electric discharge is expected
to provide radial distribution of electron density suitable for wave-guiding
effect, this allowing for XUV amplification in longer capillaries [304,358]. The
principle of the experimental arrangement is similar to that of the hybridly
pumped Ne-like sulfur laser described in Section 7.5 (Fig. 7.92) but here it is
applied to recombination pumping. The discharge system makes use of three
electrodes dividing the length of the 14-mm long capillary in two regions,
the trigger gap and the main gap of lengths 4mm and 10 mm, respectively.
The laser delivered 0.5–0.6 J in 500 fs (1.05-μm wavelength) which led to an
intensity of 5× 1017 W/cm2 in the focal plane of the focusing lens. Optimum
gain was obtained in a 600-μm diameter capillary by applying voltages of 10
keV on the trigger gap and 1 keV only on the main gap. The gain–length
product was estimated at gl ∼ 7 though the lack of reproducibility of the
discharge conditions did not make it easy to perform regular gl measurement.



9. Schemes for Future Soft
X-Ray Lasers

In addition to the lasers presented in the previous chapters, we briefly describe
hereafter two schemes of short-wavelength lasers that might contribute in the
future to extend laser capabilities to shorter wavelengths, higher intensity,
and full coherence.

9.1 Inner Shell Photopumping

A key to shorter wavelengths could be to succeed in pumping neutral atoms
by inner shell ionization. The formidable difficulty on the route of inner-shell
pumping comes from the very short life-time of the inner-shell vacancies due
to the fast radiative decay from upper levels as well as to Auger transitions
and other similar processes. The durations of population inversions would
lie in the fs range. However the recent progresses in the technique of ultra-
fast, high-intensity lasers promote new efforts to realize inner-shell pumped
lasers.
For example, Moon et al. investigate a scheme where carbon (1018cm−3

foam) is used as the lasant material and gold as the incoherent X-ray pumping
source [359, 360]. Photo-ionization of the K shell (286 eV) leaves a hole state
1s2s22p2 in the singly ionized carbon ion, C+, leading to a possible 1s–2p
lasing line at 4.5 nm. On account of the very short pump time, an optical
arrangement provides a traveling wave along the 10-mm long line focus, at
the carbon target surface. From preliminary experiments, the intensity of
the ultrashort pulse laser on target is estimated to be as high than 6.9×
1017 W/cm2 in a ∼30-μm diameter spot, what is significantly larger than the
1× 1017 W/cm2 value used in model calculations. Preliminary X-ray spectra
of the back-side emission of the carbon target have been obtained between
2.5- and 5.4-nm wavelength, in various experimental conditions.
Another ambitious project investigates conditions of generating population

inversion on an inner-shell transition in cobalt [361, 362]. The laser radiation
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of a Ti:sapphire laser is converted into pump X-rays in a thin copper foil
placed a short distance before the cobalt foil to be pumped in the Kα-shell.
This arrangement realizes a longitudinal configuration, where the radiation
emitted by the lasant propagates in the same direction as the X-ray pump
radiation.
The cobalt K-edge is at 7.7 k eV, the copper Kα-line at 8 k eV. The cobalt

foil can be replaced by a nickel one. The energy of the K-edge of nickel being
of 8.3 k eV, the nickel foil cannot be pumped by the cobalt radiation. Hence
the comparison between copper and nickel emissions will show the amount
of photopumping. Considering only the very first layer of the cobalt foil, the
photopumped fraction was measured to be 91% of the total cobalt emission.
This was not enough to achieve gain but more sophisticated target designs
and higher intensities appear to be able to improve upon this result.

9.2 Free Electron Lasers

Free electron lasers offer quite a different way to achieve short wavelength
coherent sources (see for instance [363–366]). When highly relativistic elec-
trons traverse a periodic magnet structure, their transverse oscillations are the
source of the emission of “ondulator” radiation. Let us consider an electron
bunch, provided by a radio-frequency photocathode electron gun, propagat-
ing through the ondulator. If the motions of the various electrons within the
bunch are not correlated, the radiated power will increase proportionally to
the number of electrons in the bunch, ne. If the motions become correlated,
the fields of the electrons will add in phase. Hence, seeing that the radiated
power is proportional to the square of the total electric field, it will rather grow
as the square of the electron number, n2

e , what is characteristic of a coherent
emission. This emission process is generally called Self-Amplified Spontaneous
Emission (SASE).
In the ondulator, amplification starts from noise and produces intense but

wide-band radiation. To reduce the bandwidth and the shot-to-shot varia-
tions, the amplifying line of the TESLA Test Facility Free-Electron Laser at
DESY includes two successive ondulators [364]. The energy of the electrons at
the entrance of the second ondulator is about 240 MeV. An optical system,
including a diffraction grating and grazing incidence mirrors, select a narrow
band of radiation at the exit of the first ondulator and recombines it with the
electron bunch at the entrance of the second ondulator, where it is amplified
to saturation.
In the present state of art, the spectral range of tunable radiation at satu-

rated power runs from 95 nm to 105 nm [366]. The pulse energy is of 30–100 μJ
with 30–100 fs duration, 1% bandwidth, and 260 μrad angular divergence.
Repetition rate is of 1 Hz. Wavelengths down to 30–40 nm are expected to
be available at the term of developments presently in progress at the TESLA
Test Facility.
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134. F. Albert, D. Joyeux, P. Jaeglé, A. Carillon, J.P. Chauvineau, G. Jamelot,
A. Klisnick, J.C. Lagron, D. Phalippou, D. Ros, S. Sebban, P. Zeitoun, Opt.
Comm., 142 (1997) 184.

135. B. Rus, C.L.S. Lewis, G.F. Cairns, P. Dhez, P. Jaeglé, M.H. Key, D. Neely,
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329. A. Sureau, H. Guennou, C. Möller, Europhysics. Lett., 5 (1988) 19.
330. D. Kim, C.H. Skinner, A. Wouters, E. Valeo, D. Voorhees, S. Suckewer, SPIE

Proc., 875 (1988) 20.
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Part III. High Harmonic Generation



10. Introduction

When the radiation pulse of an intense laser propagates in gas, the atoms of
the gas emit odd harmonics of incident radiation. If λ is the incident wave-
length, the outgoing radiation consists in a superposition of λ, λ/3, λ/5, . . . ,
components. The experimental environment of high harmonic generation is
similar to that described for OFI soft X-ray lasers in Section 7.6. The only
important difference is that OFI lasers requires circularly polarized pump
in order to strongly heat the free electrons produced by interaction with
laser field, while high harmonic generation (HHG) is produced by linearly
(or elliptically) polarized radiation which generates a low electron energy dis-
tribution (cf. Fig. 7.93, Section 7.6). Whereas OFI laser emission is a collective
nonlinear response of gas to an intense pump beam, harmonic emission is a
coherent nonlinear response of individual atoms [1]. The possibility to go from
OFI laser to harmonic emission by a simple π/2 rotation of a λ/4 thin plate
has been experimentally demonstrated [2].
The diagram of Figure 10.1 schematically depicts the experimental setup

used to generate high order harmonics. The beam of a short-pulsed laser
of frequency ωL is focused across an atomic jet of rare gas. Harmonics of
frequency qωL, generated in the direction of the incident beam, are spa-
tially separated by an optical grating. A photon detector performs intensity
measurements. An example of experimental spectrum obtained in Ne, at a
pressure of 40 Torr, is displayed in Figure 10.2. Laser intensity at the beam
focus was of 1.5× 1015 W/cm2 [3].
Figure 10.3 illustrates the main characteristics of high harmonic spectra,

namely the harmonic odd parity, the rapid intensity decrease of the lowest
order harmonics, followed by a long horizontal plateau and an abrupt cutoff
to higher energies [4]. Odd parity is inherent to photon absorption in dipolar
interaction because absorption of two (or any even number) photons cannot
provide the simultaneous conservation of global energy and of global momen-
tum, whereas absorption of three (or any odd photon number) can do it. The
reader may find a number of high harmonic spectra obtained from atoms
([5–11]) and atomic ions ([12–19]) in published papers.
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Fig. 10.1. Principle of an experimental for high harmonic generation. An intense
pulsed laser beam is focused near a gas puf. The harmonic spectrum is analyzed and
detected thanks to a diffraction grating and a photon detector.
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For the position of the cutoff at plateau end, it is determined by the atom
ionization potential, Ip, and by the additional ponderomotive potential, Up.
We have seen in Section 7.6 that Up as form [Eq. (7.24)]

Up =
e2E2

4mω2
(10.1)

for a linearly polarized oscillating field, E sin ωt. Replacing E and ω by laser
intensity, IL, and wavelength, λ, equation (10.1) reads

Up � 9.33× 10−14ILλ
2 (10.2)

Now the initial velocity of an ionized electron varies, with the same frequency
ω as above, as a function of the time t0 at which this electron has been released
in the electric field. Therefore the time-averaged kinetic energy of electrons
must be a function of the phase ωt0 of the field at time t0. This energy is
calculated to be [20] 〈

1
2
mv2

〉
=

e2E2

4mω2

(
1 + 2 cos2 ωt0

)
(10.3)

from which one sees that the energy gained by electrons oscillating in the
field should be distributed between Up and 3Up. Consequently the maximum
energy of harmonic photons is expected near a value Emax given by

Emax = Ip + αUp (10.4)

where

α = 3

in the present classical model. Quantum calculation will confirm the linear
scaling of the cutoff energy with both ionization potential and laser intensity
and provide a better accuracy of the value of α. Single-atom calculations lead
to [21, 22]

α = 3.17 (10.5)

which agrees with a large number of experimental observations. Nevertheless
propagation effects for very high laser intensity have been shown to possibly
reduce α up to a value of ∼2 [23].
Another important parameter is the Keldish parameter

γ =
(

Ip
2Up

)1/2

(10.6)

which limits the tunneling ionization regime to experimental conditions where
γ � 1. Subject to this condition, the ionization rate is essentially determined
by the instantaneous field strength.



11. Survey of the Theoretical
Background

High harmonic generation is a process in which an atom absorbs q photons
of energy ωL and emits one photon of energy qωL. Harmonics are emitted by
electrons which (i) tunnel through the atomic potential barrier, (ii) are accel-
erated by the laser field toward the nucleus and recombine. The theory of the
whole process involves a microscopic level, relative to the nonlinear behavior
of single atoms in strong fields, and a macroscopic level which deals with the
coherent propagation of harmonic radiation in the excited medium. It is clear
that the HHG study is an appealing topic for improving the understanding of
strong radiation–matter interaction. Neverthless, the goal of this section is no
more than a brief introduction to both microscopic and macroscopic aspects
of HHG considered as a coherent source of XUV radiation. The reader can
access original works (see for instance [4, 24–28]).

11.1 Atoms in Strong Field

Calculation of classical trajectories of one electron in the field of a proton,
on which superposes an oscillating laser field, provides a simplified but easily
understandable description of the physics involved in HHG (see for instance
[29]). An intense laser field increases considerably the eccentricity of an initial
periodic Kepler orbit. Moreover electron trajectories involve oscillations at the
laser frequency which modify the time-dependence of the dipole moment. Then
several types of orbits appear according to initial conditions. Some trajectories
rapidly lead to atom ionization while others remain bound during a long time.
Calculation of time-dependent dipole for a number of trajectories (e.g. 10000),
followed by time averaging their squared Fourrier transform, provides the
spectrum of emission frequencies. Applied to a classical hydrogen atom, this
model remarkably predicts the plateau where photon yield is roughly constant
between the harmonics n◦. 7–27 [30].
In terms of quantum mechanics, the description of the same process

discerns three stages: tunneling ionization, electron propagation according
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to discrete above-threshold ionization (ATI) channels, possibly terminated
by laser-induced recombination with emission of harmonic radiation (see for
instance [31]). In addition, the existence of macroscopic fields, one driving the
above-threshold ionization, others being produced by electron recombination,
requires that there be proper phase matching between these fields.
Let us start with the calculation of quantitative conversion efficiencies for

each component of harmonic spectrum, which calls on quantum approach. In
the case of weak fields (IL <≈ 1013 W/cm2) where the lowest order perturba-
tion theory can be used, harmonic spectrum is described by an expansion of
induced polarization in odd powers of electric field. The term corresponding
to the qth harmonic is [24]

Pq = 21−qχqEq (11.1)

where χq is the qth order nonlinear susceptibility (or atomic polarizability).
Using the right term of equation (11.1), multiplied by N for a collection of
atoms of density N, as source term in propagation equations shows that the
harmonic intensity Iq follows the variation of the driving laser intensity IL,
according to relation

Iq ∝ |Fq|2 |Nχq|2 IqL (11.2)

Equation (11.2) involves the nonlinearity of single atoms and of macroscopic
medium as well. Fq is the so-called phase-matching factor which introduces
the difference with the case of N independent atoms in this equation. Elements
of phase matching theory shall be presented in the next section.
Weak field calculations shows that |Fq|2 decreases rapidly with q. This

can be observed in the left part of the curves in Figure 11.1, where intensities,
calculated by L. Krause et al. for helium [32], are plotted versus harmonic
order for two values of the excitation intensity IL. A steep intensity decrease
occurs before the plateau.
The N2 factor in equation (11.2) accounts for the coherent character of

harmonic emission. This N2 dependence of harmonic intensities has been
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Fig. 11.1. Calculated intensity of harmonics produced in He (Ref. [32]).
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experimentally confirmed measuring the number of photons in the 17th har-
monic emitted by krypton as a function of gas pressure [33]. However, the
lowest order perturbation theory does not predict the experimentally observed
plateau of conversion efficiency. The main reason for this failure is that, un-
der strong field, electrical susceptibilities acquire a laser intensity dependence,
which perturbation calculations does not account for.
At very large laser intensity, a relevant method of HHG calculation is the

direct integration of the time-dependent Schrödinger equation [34,35]. In the
case of single-electron atomic calculations this equation can be written as

i
∂

∂t
Ψ(r, t) =

(
− 1
2
d2

dr2
+

l(l + 1)
2r2

− 1
r

− E0f(t)z sin(ωLt)
)
Ψ(rt) (11.3)

where E0 is the laser peak-amplitude. The field is polarized in z direction
and f(t) is the laser pulse envelope. For many-electron atoms, this equation
allows separate calculations of l-dependent effective potentials as functions of
the radial coordinate [4]. Time-dependent calculations treat the excitation of
a single electron in the mean field of nucleus plus remaining electrons assumed
to be frozen in their ground state. Let

P (t) = 〈Ψ∗(r.t) |z|Ψ(r.t)〉 (11.4)

be the time-varying induced dipole. The intensity of the harmonic spectrum
is obtained by Fourier transform of P (t), i.e.

P (ω) =
1

T1 − T2

∫ T2

T1

dte−iωt 〈Ψ∗(r.t) |z|Ψ(r.t)〉 (11.5)

where the T1 − T2 interval covers a few cycles of laser pulse, and calculating

I(ω) ∝ |P (ω)|2 (11.6)

Figure 11.1 shows that the spectral characteristics summarized in the intro-
ductory section (Chapter 10) are well reproduced by this theoretical approach,
though propagation effects are not yet included in calculations. As expected
the height of the plateau and the energy of the cutoff increase strongly with
excitation intensity.
Another effect of excitation intensity increase is to ionize more neutral

atoms, whose population thus decreases. Therefore higher intensities make to
appear a saturation regime in which the fast increase of harmonic intensity
comes to its end. For an example of detailed experimental study of saturation
effects, in the case of Xe, the reader may refer to [36].
Results of calculations performed for the 13th harmonic produced in Xe,

focusing the Gaussian beam of a 1064-nm wavelength laser into a 15-Torr
jet, are shown in Figure 11.2 [45]. For the dashed curve, only single-atom
effects, i.e. the dependence of atom polarizability on laser field intensity, and
the phase mismatch between the 13th harmonic and the fundamental field,
are considered. The solid curve is obtained by adding the ionization of the
medium to other effects. The comparison of the two curves clearly shows
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Fig. 11.2. Output of the 13th harmonic produced by Xe, as a function of the laser
intensity, calculated including single atom effects and the phase mismatch between
the harmonic and the fundamental field (dashed line) and adding the ionization of
the medium (solid line).

that ionization, which results in the production of free electrons and in the
corresponding depletion of the neutral atom population, originates the most
part of saturation effect.
The path-integral approach recently developed [37–39], describes many in-

teraction processes of strong-field with atoms in terms of “quantum orbits,”
i.e. space–time trajectories of participating electrons. In the first step of HHG,
a bound electron undergoes tunnel ionization. In a second step it is acceler-
ated by the laser field. The last step may be either electron recombination
or rescattering. Therefore the probability amplitude of HHG (or ATI) can be
represented as the sum of three terms corresponding to (1) the bound electron
up to ionization at time ti, (2) the ionized free electron between the times ti
and tf , (3) the final process (recombination or rescattering) at time tf . For
each harmonic (or each high-order ATI), the total action S, which determines
the phase of the amplitude probability, a exp [iSr(t)/h], is represented by the
sum

Sr(t) =Sbound(ti) + Sfree(tf , ti) + Sfinal(tf ) (11.7)

By requiring the action (11.7) to be stationary, one obtains equations which
describe the dynamics of HHG.
A somewhat surrealist representation of HHG may help us to picture

the second steps. In the space–time reference system of an electron freely
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Fig. 11.3. Representation of the electron main quantum paths in the space–time
reference system of an electron freely oscillating in the laser field. The trajectory of
the emitting atom is the sine curve.

oscillating in laser field, the emitting atom has a sinusoidal trajectory along
the vertical t axis. This is represented in Figure 11.3. Free electrons follow
straight lines whose slopes correspond to electron drift-velocity. Ionized elec-
trons appear in this space with a zero absolute velocity, which implies that the
electron straight line is tangential to the atom sine trajectory at the moment
of ionization.
One observes from this graph that an electron ionized before the maximum

of the laser electric field during optical cycle will not re-encounter its parent
ion. In contrast, an electron ionized after the top of the cycle will collide
with ion, what involves a finite probability of radiative recombination. The
repetition of this process every half-cycle results in a high-harmonic spectrum
[40]. Moreover, one can observe that two trajectories will result in identical
velocities at the moment of the collision. These trajectories are known as the
two “main quantum paths” which contribute to harmonic generation. The
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quantum interference between both paths induces laser-intensity-dependent
oscillations in the field strength as well as in the phase of the harmonic.
HHG theory can be extended to an elliptically polarized laser field (see

for instance [41] – [44]). It is not surprising that the harmonic strength may
be found to decrease rapidly with ellipticity. The macroscopic fields generated
by beam propagation are polarized with polarization degree close to unity.
Numerical calculation of the rotation angle of the ellipse with respect to laser
light gives an angle of ∼30◦ in the case of neon [42].

11.2 Phase-Matching

Single-atom calculations are not sufficient to interpret all experimental data
such as angular distributions, temporal and spectral profiles, and coherence,
nor are they sufficient to optimize the generation of high harmonics. The
coherence of the driving laser in a way is transferred to harmonics. However,
far from being simple, this transfer has intermediary agents as the phases of
the excited dipoles, which are laser-intensity-dependent, and the macroscopic
properties of the emitting medium, in which harmonic beams will be built by
a coherent addition process of the fields produced by the different atoms.
It has been established that, for each harmonic, both dipole and propa-

gation effect can be accounted for by a field propagation equation in which
the dipole is taken as source term [45]. In the paraxial approximation, namely
assuming that fields propagate close to the laser axis oz, the equation corre-
sponding to the qth harmonic has the form

∇2
⊥Eq + 2ikq

∂Eq

∂z
= −4π (qω/c)2 Pq exp

[
−i

∫ z

−∞
Δkq (z ′) dz ′

]
(11.8)

where Δ2
⊥ operates on the transverse coordinates. In this equation Pq is the

induced polarization [Eq. (11.1)] and kq(z) = nq(z)qωq/c where nq(z) is the
refractive index for the qth harmonic. Let us recall that a constant difference
Δk between the wave vectors induces a phase difference

Δφ = zΔk (11.9)

after propagation along distance z. Therefore the term

Δkq = kq − qk1 (11.10)

in equation (11.8) characterizes the phase mismatch at a given point.
By replacing ω by 2πc/λ in the expression of k equation (11.10) becomes

Δkq = 2π
[
nq(z)
λq

− q
n(z)
λ

]
(11.11)

where λ is the wavelength of the driving laser and n is the refractive index
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for this wavelength. In the weak field limit nq(z) is defined by

nq(z) = 1 + 2πNa(z)χq (qω) (11.12)

where Na(z) is the atom density. From equation (11.1), the atomic dipole
polarizability χq (qω) in the last term of equation (11.12) is given by

χq (qω) = 2q−1Pq(qω)/Eq (11.13)

where Pq(qω) is the Fourier coefficient of the qth term of the P (ω) expansion
(11.5).
An important fact is that, for strong fields, the polarizability be-

comes dependent on the field intensity. Then χq (qω) is to be replaced by
χq(qω, |E1|2) in equation (11.12), what means that phase mismatch becomes
a function of the laser intensity. Furthermore, at very large intensity, atoms
start to ionize and free electrons appear in gas. Corresponding terms are to be
added to the atomic contribution in the second member of equation (11.12).
Intensity and phase calculations performed versus laser intensity by using

the time-dependent Schrödinger equation (11.3) are illustrated in Figure 11.4
for the 45th harmonic of the 825-nm radiation generated by neon atoms [46].
For laser intensities �2× 1014 W/cm2 the harmonic intensity collapses. This
is the cutoff region. One sees the dipole phase, also called atomic phase φat,
to vary more rapidly in the plateau than in the cutoff region. Intensity os-
cillations, which appear for I � 2× 1014 W/cm2

, i.e. in the plateau region,
are quantum interference effects. When the beam propagation effects are in-
cluded in intensity calculation, by using Equation (11.8) and (11.11), these
oscillations are greatly reduced, what results in smoothing the intensity curve.
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Fig. 11.4. Intensity and phase of the dipole emitting the 45th harmonic in neon,
represented versus laser intensity (λL = 825 nm). The cutoff occurs at an intensity
of ∼2× 1014 W/cm2. Note the change of the phase variation slope near the cutoff
(Ref. [46]).



288 Coherent Sources of XUV Radiation

-4 -2 0 2 4

O

60

-60

-120

20

40

-20

-40

-80

-100

z position (mm)

P
o

la
ri

za
tio

n
p

h
a

se
 (

ra
d

)
2

3

4

5

6

102

103

104

N
u

m
b

e
r 

o
f 

p
h

o
to

n
s

Fig. 11.5. Total polarization phase in the region of the laser focus (z = 0) for five
laser intensities between 2 and 6× 1014 W/cm2 (thin continuous lines) and total
number of photons for the 45th harmonic (dashed line); data from (Ref. [46]).

By showing the behavior of phase and intensity in the region of the
beam focus, Figure 11.5 lets anticipate the great practical importance of phase
calculations for the optimization of harmonic emission. In this figure, one can
see the 45th harmonic-phase variation over 8 mm along the z-axis, for val-
ues of laser intensity standing from 2× 1014 to 6× 1014 W/cm2

. The laser is
focused at z = 0. One observes that, for the largest intensity, the phase vari-
ation reaches the very large value of ∼180 rad. The dashed curve represents
the conversion efficiency for the same harmonic as a function of the position
of the center of the nonlinear medium relative to the laser focus.
A generalization of the study of phase-matching conditions leads to

characterize the spatial dependence of the atomic phase φat by means of the
gradient ∇φat and to define an effective wave vector such that [47]

K(r, z) = ∇φat(r, z) (11.14)

where r is the radial coordinate. The gradient ∇φat(r, z) is shown to represent
the momentum gained by the electron in the continuum due to the pondero-
motive force and others field gradient effects. The condition for optimum phase
matching reads

kq = qk1 +K (11.15)

Spatial maps of the beam wave vector k1(r, z) and of the effective atomic
wave vector K(r, z) may be obtained by calculation. Searching how the wave
vectors and the electron momentum gain combine shows two geometries for
which good phase matching are achieved. One of them, that corresponds to a
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collinear phase-matching, results in a Gaussian-like beam and the second one,
corresponding to a noncollinear phase-matching, yields an annular beam.
It is also shown that the phase-matching diagrams depend on the quantum

paths defined in Section 11.1 (see Fig. 11.3). Since the return time of the
electron—i.e. the timespan between the time where the electron is released
in the continuum and the time of recombination—depends on the trajectory
which is followed, the gain of momentum differs from a path to another one.
This time is smaller along the trajectory with a small return time. The phase-
matching condition (11.15) may thus turn out to be fulfilled for one quantum
path only, which will dominate the propagation effects.



12. General Characteristics
of High-Order Harmonic Emission

Radiation provided by high harmonics generation results from the addition of
fields emitted by individual atoms, among which the propagation of the driv-
ing laser beam introduces phase relations. Therefore coherence is an original
property of high harmonics (see for instance [48]). This has been brilliantly
illustrated by the demonstration that two harmonic sources, generated inde-
pendently in a gas jet using the same picosecond infrared laser, are locked in
phase [49]. Nevertheless, as we saw in Section 11.2, the phase transfer from
the laser to the emitting atoms occurs via a medium of space–time varying
refraction index where, in addition, the phase-matching conditions strongly
depend on the laser intensity. Therefore phase-matching optimization has a
great part in the ultimate harmonic properties, especially coherence, angular
distribution, intensity, and energy cutoff.

12.1 Coherence

12.1.1 Coherence Control

To optimize the coherent addition of atom emissions it is necessary to reduce
the phase mismatch Δkq [Eqs. (11.10) and (11.11)] where the refractive index
nq(z) is a fast-varying function of the laser intensity. As the intensity variation
along the propagation axis is particularly large in a small region on each side of
the laser focus, it is clear that phase-matching optimization will considerably
depend on the focusing conditions [50].
In the framework of Gaussian beams theory, the sharpness of the focaliza-

tion is characterized by the confocal parameter 8.8 (Section 8.2)

b =
2πa2

λ

where a is the radius of the focal spot. Let L be the length of the portion
of excited gas. If b > L the experimental conditions are those of a “weak
focusing.” Oppositely, for b < L , they are those of a “tight focusing.”



292 Coherent Sources of XUV Radiation

Table 12.1. Phases yielded by Gaussian beam focusing; b is the confocal
parameter; a is the associated beam radius at the focus position; 0 mm is the
position of the focus

b (mm) a (μm) φgeo (3 mm) φgeo (2 mm) φgeo (1 mm) φgeo (0 mm)

10 36 31.0 rad 21.8 rad 11.3 rad 0
5 26 50.2 rad 38.7 rad 21.8 rad 0
1 11 80.5 rad 76.0 rad 63.4 rad 0

Let us recall that the surface of the beam transverse section increases by
a factor 2 from the focus to points placed at distance b/2 on each side of the
focus. For geometrical reasons, the phase of the beam, φgeo, also known as
the Gouy phase, is a function of the position along the z axis. This function
reads [51]

φgeo (z) = −arctan
(
2z
b

)
(12.1)

where the focus position is z = 0. For a point situated at distance r from the
axis the function is complex and takes the form

φgeo (r, z) = arg
[

1
b+ 2iz

exp
(

− k1r
2

b+ 2iz

)]

When the interaction length L between laser and nonlinear medium is much
larger than b, the system is said to operate in weak (or loose) focusing condi-
tions. The opposite geometry is that of tight-focusing. Table 12.1 illustrates
the magnitude of the laser-beam phases yielded by this effect as a function
of the distance z, for three different focalizations. The laser wavelength is
0.825 μm.
In Figure 12.1 the phase distribution corresponding to the confocal pa-

rameter b = 5 is represented by the short dashed curve, that is symmetrical
about the origin. This phase is to be added to the dipole phase represented, for
a peak intensity of 6× 1014 W/cm2

, by the long dashed curve. The excited
gas is neon and the atomic density profile along the z-axis is a Lorentzian
function with a 0.8-mm FWHM, truncated at z ∓ 0.8 mm. The total phase is
represented by the solid curve. The best phase-matching conditions are such
as the polarization phase variation over the medium length is minimal. Figure
12.1 shows a region of the total phase curve where the phase varies slowly,
namely the portion of the curve running from 3 mm to 4 mm from the focus.
In all other regions the variation is significantly faster. The conclusion is that
phase-matching on axis will be optimum for ∼1 mm long generating medium,
the laser focus being situated ∼3 mm before the medium. Thus one sees that
both the medium length and its distance to the focus are important for an
efficient generation of coherent high harmonics. As for off-axis propagation,
it reveals favored directions which lead to the formation of relatively intense
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Fig. 12.1. Polarization phase in Ne on the propagation axis. Short dashed line:
geometric (Gouy) phase of the fundamental; long dashed line: dipole phase; solid
line: total polarization phase (data from Ref. [50]). The laser intensity is represented
in the upper part of the figure. The laser propagates from the left to the right.

annular beams. For a more detailed discussion of coherence effects, the reader
is recommended to refer to Ref. [50].
Figure 12.2 shows the transverse harmonic intensity profile for two dis-

tances of the laser focus, z = 3 mm (solid line) and z = −1 (dashed line). The
frame (a) corresponds to the near field, at the very exit of the generating gas
(z + 0.8 mm), and the frame (b) to the far field, at the output of the exper-
imental device for instance. One sees that, when the laser is focused 3 mm
before the medium, the harmonic profile is very regular. The half-width of
the near-field profile is calculated to be 18 μm compared to 45 μm for the
fundamental. When the laser is focused 1 mm after the medium, the spatial
profiles become annular with an external radius of about 25 μm, which is as
large as the fundamental one in the same conditions. Comparison of the curves
of frames (c) and (d) shows the temporal emission profiles to be regular and
very similar for both z = −1 mm and z = 3 mm while the spectral profile is
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Fig. 12.2. Spatial, angular, temporal, and spectral profiles of the 45th harmonic
for the positions z = 3 mm (solid line) and z = −1 mm (dashed line).

largely broadened for z = −1 mm compared to its width for z = 3 mm. This
is shown to be an effect of the phase modulation induced by the phase dipole
dependence on the fundamental intensity. For z = 3 mm the FWHM of the
profile is 0.04 nm, which corresponds to about four times the Fourier limit.

12.1.2 Spatial Coherence Measurements

Whatever convincing predictions are provided about harmonic coherence by
the phase-matching theory, experimental measurements remain necessary to
determine up to which point the coherence of the fundamental laser radiation
is preserved in HHG. Two methods have been used.

12.1.2.1 Young’s Slit Method

The experimental arrangement is similar to the one represented in Figure
10.1 with the addition of a pair of thin slits 4 cm away from the gas jet
plume, before diffraction of the harmonic radiation by the grating. The spatial-
coherence length determination from Young’s fringe visibility needs to vary
the slit separation. Slit pairs of 28, 50, 75, and 100 μm separation have been
used. The width of the slits was of 8∓ 1 μm.
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Fig. 12.3. Interference fringes obtained near the focus of the laser by the Young’s
slit method for 11th to 19th harmonics (Ref. [52]).

Harmonics were generated with a frequency doubled Nd:glass laser
yielding 2-ps, 0.5-J radiation pulse of 1.054-μm wavelength. The focusing op-
tics aperture was reduced in order to produce a uniform, near flattop profile in
the focal area. The Gaussian beam was focused into a helium gas plume pro-
duced by a pulsed jet backed with 50 bars of pressure. The estimate density
in the gas plume was of 5× 1018 cm−3. The spatial profiles of harmonics, ob-
served between 27 and 48 nm wavelength, were found to be roughly Gaussian
with an FWHM about 200 μm at a laser intensity of 4× 1015 W/cm2

.
Typical interference patterns obtained on the 11th to the 19th harmonic

with a pair of 50 μm spaced slits are shown in Figure 12.3, i.e. quite close to
the focus [52]. One sees that the fringe visibility, defined from the maximum
intensity at the top of fringes and the minimum intensity between two suc-
cessive fringes by using equation (3.6) (Section 3.1), decreases with increasing
harmonic order. In addition, for the same 50-μm slit spacing, Figure 12.4
shows the fringe visibility for the 15th harmonic (λ = 35.1 nm), chosen as an
example, to decrease with laser peak intensity. This visibility is seen to be
pretty good (0.7–0.8) before that the intensity reaches the saturation value,
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Fig. 12.4. Fringe visibility for the 15th harmonic as a function of the laser intensity.

for which gas ionization becomes significant, and falls down to ∼0.4 above this
value.
For the same harmonic and the same spacing, the equivalent incoherent

source diameter, calculated by using the van Cittert–Zernike theorem [cf.
Section 3.1 and Eq. (6.56) in Section 6.4.1], should be of 16 μm. On the
other hand, the actual harmonic source size is roughly equal to the laser spot
size, i.e. about 70 μm, what would lead to an almost zero fringe visibility for a
50-μm slit spacing. Therefore the observed harmonic coherence is much better
than that yielded by radiation propagation from an incoherent source of the
same diameter.

12.1.2.2 Fresnel Bi-Mirror Interferometry

A diagram of the Fresnel bi-mirror interferometer has been shown previously
in Figure 6.35 (Section 6.4.2). Here we recall the principle of this device so as
to show how it supplies a direct access to the spatial coherence of a XUV beam.
Figure 12.5 shows the bi-mirror separating the incident beam into two reflected
beams, which then recombine thanks to a suitable choice of the angle between
the mirrors. Interference fringes are formed in the recombination space of the
ray-pairs.
A very interesting feature of the bi-mirror system is that only these pairs

of rays, which are separated by a constant distance d in the transverse sec-
tion of the incident beam, will interfere. As examples, three interfering ray
pairs, respectively generated on points (P0, P2), (P1, P3), and (P2, P4), such
as P0P2 = P1P3 = P2P4 = d, are displayed in Figure 12.5. Looking at Figure
12.6, one can see that the size of the investigated field increases with the dis-
tance d, which can be thus easily changed by varying the distance between
the detector and the interferometer.
So long as d remains smaller than the coherence length, the fringe visibility

is kept essentially constant. The fringe contrast is weaker on both sides of
the fringe pattern because the electric field along asymmetric rays interfere
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Fig. 12.5. This diagram of the bi-mirror interferometer shows three pairs of rays,
originating from P0 and P2, P1 and P3, P2 and P4, respectively, and recombining
in the observation plane.

with different amplitudes, one of which decreasing to zero on each side of
the fringe pattern. When d becomes longer than the coherence length, the
fringe visibility decreases and the fringes may finally disappear. Therefore
the interference pattern can be read as a single-shot mapping of the spatial
coherence throughout the beam. In contrast, the Young’s slit system needs
as many shots as necessary to map the coherence and requires the slits to be
moved throughout the beam section after each shot.
A sketch of the experimental setup is displayed in Figure 12.7 [53]. Har-

monics are generated in a xenon gas jet from the 60-fs, 800-nm radiation pulses
of a Ti:sapphire laser. The intensity focused into the gas is 1013–1014 W/cm2.
Harmonic selection is achieved by reflection on a Mo/Si multilayer mirror
and a 100-nm thick aluminium filter. The harmonic profile is close to Gaus-
sian, with a full width of about 3 mm at 1/e2. The two-dimensional detector
is placed at a distance Zd from the exit of the interferometer. Changing Zd

between 1 and 3 m, the transverse coherence can be probed for transverse dis-
tances d � αZd, i.e. d � 1–3 mm in the present case. As the spatial resolution
of the two-stage microchannel plate (MCP) detector, coupled to a phosphor
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Fig. 12.6. This diagram of the recombining rays shows that the ray separation
distance d before reflection varies proportionally to the distance Zd, between the in-
terferometer and the observation plane. Therefore, changing the distance of the de-
tector to the interferometer produces a proportional change of the coherence length
probed in the beam.

Laser (800 nm)

Gas jet

Multilayer
mirror

Fresnel-mirror interferometer
Detector

Fig. 12.7. Experimental setup for spatial coherence measurements of high-order
harmonics using a Fresnel bi-mirror interferometer.
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Fig. 12.8. Transverse section of the interference pattern obtained in the observa-
tion plane with the bi-mirror interferometer. Thin line: fringe spatial profile in the
observation plane; thick line: contribution of the diffraction by the bi-mirror edge
to the observed spatial fringe profile.

screen, is about 90 μm, it is necessary to tilt the screen up to a grazing angle
of 8◦ in order to magnify the fringe spacing by a factor 7, which provides a
∼450-μm spacing on the detector.
Figure 12.8 displays a transverse section of the well-contrasted fringe pat-

tern recorded by the detector in the observation plane. This pattern involves
the contributions of two components, the 13th and the 15th harmonics, called
H13 and H15, of wavelengths λ13 = 61.53 nm and λ15 = 53.33 nm and a con-
tribution from the diffraction by the edge of the bi-mirror.
Fourrier analysis allows to subtract unwanted components which other-

wise induce fringe modulations. The contribution from the edge diffraction,
obtained by spectral rebuilding after substraction of harmonic contributions is
shown by the thick line curve in Figure 12.8. The superposition of two fringe
patterns, which have slightly different spacings, namely ∼0.06 for H13 and
0.05 nm for H15 induces a beat modulation of the fringe contrast. However,
for the three spacings, d = 1, 2, and 3 mm, well-contrasted fringes have been
obtained in the full investigated space, indicating a good spatial coherence
throughout the full beam diameter. After calculation, the degree of coherence
γd(x, y), at a point of coordinates x, y, is found fluctuating slightly around
an average value of 0.6, with a standard deviation of 0.06, throughout the
full 2-mm × 2.5-mm coherence map achieved in the transverse section of the
harmonic beam.
To investigate the influence of the harmonic generation parameters, the

2D-averaged degree of coherence γd has been determined for H13 as function
of the position of the laser focus before the gas jet (cf. Section 10.2) at fixed
backing pressure and as a function of the backing pressure at fixed jet/focus
position. We recall that the pressure in the gas jet is about 10 times lower than
the backing pressure. Calculations have been made for pairs of rays separated
in the incident beam by d = 1 mm and 2 mm, respectively. The results are
displayed in Figure 12.9. For d = 1 mm the degree of coherence is found �0.7
in the whole rang of parameters. In Figure 12.9a one can see that γd reaches 1
for P = 1000 Torr, d = 1 mm, the focus being placed at 40 mm before the jet.
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Fig. 12.9. (a) and (b) Degree of coherence as a function of the jet/focus position
z, for a backing pressure P = 1000 Torr and two separation distances between the
rays, d = 1 mm and d = 2 mm; (c) and (d) Degree of coherence as a function of the
backing pressure P, for a jet/focus position z = 23 mm and for the same d values as
in (a) and (b) (data from Ref. [53]).

For d = 2 mm (Fig. 12.9b), γd increases from 0.3, when the beam is focused
in the jet, up to 0.7 when the laser is focused at 100 mm before the jet.
These results clearly illustrate the importance of the choice of the focus-to-
jet distance, in agreement with the calculations performed in phase matching
theory (cf. Section 11.2). Figure 12.9d shows γd decreasing almost linearly
as the pressure increases from 200 Torr to 1000 Torr. This effect is imputed
to gas ionization which increases with pressure: the enhancement of the free
electron density induces more decorrelation of the time dependent fields which
propagate in the gas (see for instance [54,55]).
In Figure 12.10, the values of γd, measured with the beam focus placed 60

mm before the jet, are plotted as a function of the diameter d of the cell in
which the coherence of the H13 harmonic is probed. The degree of coherence
obtained from an incoherent source placed at the same distance (1.30 m) and
of the same radius (100 μm) is plotted for comparison in the same figure. This
comparison shows that the diameter of the cell in which γd ∼ 0.4 is ∼10 times
larger for the harmonic beam than for the incoherent source.

12.1.3 Temporal Coherence

The temporal coherence of high-order harmonics has been investigated using
an artful method, in which a Michelson interferometer yields two spatially
separated sources, close to each other, with a small time interval. Each source
interacts with the gas jet and generate an harmonic beam. After reflection
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Fig. 12.10. Experimental values of the degree of coherence γd (squares) as a func-
tion of the diameter d, of the coherence probe cell. For comparison the dashed line
shows the degree of coherence provided by the propagation of radiation from an
incoherent source of same diameter and situated at the same distance.
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Fig. 12.11. AMichelson interferometer introduces a well-defined delay between two
pump pulses. A small misalignment of the second arm allows to focus the beams
into two separate positions of the argon jet. The gas jet transfers the time delay
between the infrared pulses to two harmonic beams whose interferences reflect the
properties of the harmonic beam temporal coherence (Ref. [38]).

on a concave grating, the two beams recombine and far field fringes can be
observed in the space where the two beams converge beyond the focal zone.
Figure 12.11 shows the principle of the experimental arrangement. The

laser is an amplified Ti:sapphire system delivering 100 fs pulses in a 14-nm
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bandwidth around 790 nm. The Michelson interferometer produces pairs of
pump pulses whose relative delay can be accurately adjusted by means of
a computer-controlled stepping motor which slightly modifies the length of
one the arms of the interferometer. A small misalignment of the second arm
allows to focus the beams into two separate positions of the argon jet. In
this way one obtains two sources separated from each other by ∼50 μm and
temporally separated by a well-defined time interval. The jet is placed near the
entrance slit of a 1-m vacuum UV monochromator. The fringes of the spatially
overlapped beams are detected 50 cm after the exit slit of the monochromator,
on a Micro Channel Plate detector (MCP) coupled to a phosphor screen which
is read by a CCD camera.
The whole system works primarily with the harmonics as the Michelson

interferometer does it with the infrared laser. The gas jet is like an interface
between infrared and harmonic beams, which transfers the time delay between
the infrared pulses to two harmonic beams. The last step is the detector
recording the fringe pattern, which appears in the far field, as a function of
the time delay. Therefore, what is probed by this setup is the correlation time
between the same spatial areas in the two beams, i.e. the temporal coherence
of the harmonic radiation.
The result is that, when the two pulses overlap in time, interference fringes

appear for all the observed harmonics, from the 7th to the 21st, with a con-
trast up to 0.6. The fringe visibility V (τ) = (Imax − Imin) / (Imax + Imin) is
measured as a function of the time delay, τ. At the center of the spatial pro-
file, the coherence time is obtained as the half-width at half-maximum of the
curve V (τ). These coherence times vary from 20fs to 40 fs, which is of the same
order as the duration of the harmonic pulses. The corresponding bandwidths
are comprised between 0.1 and 0.2 nm.
A remarkable feature of the fringe patterns consists in the presence of two

well spatially separated region according to the radial coordinate r, around the
center of the interferogram. For the 15th harmonic for instance, one observes
intense fringes for τ = 0 fs and r < 2 mm, viz. in the central interferogram
region. In the outer region (2 mm < r < 8 mm ) the fringes are much less
intense although their contrast is practically unchanged. However, for a time
delay τ = 15 fs, the fringes completely disappear in the outer region while
the loss of contrast remains moderate in the central region. Figure 12.12,
which shows the fringe visibility around r = 0 mm and around r = 5 mm
as a function of the time delay, clearly shows a temporally coherent region
observable with a contrast decreasing up to τ ∼ 50 fs (full circles) and an
almost incoherent outer region (open circles).
Calculation of the fringe patterns well accounts for this difference between

the central and outer regions. The difference is shown to originate from the
presence of two “main quantum paths” for the harmonic emission (Section
11.2, Figure 11.3). Two main trajectories of recombining electrons contribute
with different phase properties to the dipole moment of any given harmonic. A
consequence of this difference is the “short” trajectory to emit well-collimated
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Fig. 12.12. Fringe visibility versus the temporal delay between the two pump
pulses. In the center of the beam, the fringe visibility decreases slowly when the
time delay increases. Conversely, in the outer part of the beam, the fringe visibility
falls in even for very short delays.

radiation with a long coherence time, whereas the “long” trajectory gives rise
to a strongly divergent emission with a short coherence time.

12.2 Conversion Efficiency

The conversion efficiency for a given harmonic is the ratio of the absolute
energy yielded by this harmonic to the pump laser energy focused into the
nonlinear medium. Thus the determination of harmonic generation efficiencies
requires an absolutely calibrated detection device as, for instance, an X-ray
CCD (charge-coupled device) preliminarily calibrated with the help of syn-
chrotron radiation.
Examples of output energy measurements performed with the CCD de-

tector are shown in Figure 12.13 [56]. Pump pulses of 650-fs duration were
produced by a Nd:glass laser, on the one hand, and by its frequency doubled
harmonic, on the other hand, in a neon gas-jet. The confocal parameter was
of 2.5 cm and the interaction length, 0.8 mm. Fifty milli Joules of the 526-
nm light were focused within a 140-μm spot size and 90 mJ of the 1053-nm
light, in a 180-μm spot size. The measurements were conducted with an atom
density of 2× 1019 atoms cm−3 ∓ 30% and a peak intensity of 1× 1015 cm−3.
The conversion efficiencies of the plateau harmonics, deduced from the en-

ergies reported in Figure 12.13 for the 526-nm pump light, are (2–5)×10−8.
Efficiencies decrease by almost three orders of magnitude on using the 1053-nm
pump light. This collapse can be ascribed to the deterioration of the phase-
matching factor resulting from the wavelength doubling (cf. Section 11.2).
However, the cutoff of the 1053-nm harmonics occurs at much shorter
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Fig. 12.13. Harmonic output energy measurements performed for two exciting laser
wavelengths. These measurements show that the cutoff is at a much shorter wave-
length for the long-wavelength driving laser (1053 nm) but that the conversion
efficiencies are much larger for the short-wavelength driving laser (526 nm).

wavelength than in the case of the 526-nm harmonics because, according to
equations (10.2) and (10.4), the decrease of the exciting wavelength reduces
the ponderomotive energy and consequently the maximum energy of the har-
monic radiation also.
Recent experiments with long focal length (2 m) and high pump energy

raised the conversion efficiency to 10−5 for the 15th harmonic in xenon (λ � 53
nm) with a number of photons per pulse about 5× 1011, i.e. a pulse energy of
∼1 μJ [57]. Energies about 6 μJ per pulse at 73.6 nm , 0.7 μJ per pulse at 42.6
nm and 0.3 μJ at 29.6 nm have been obtained in similar experiments [58,59].

12.2.1 Scaling Law in the Plateau Region

The plateau region of the high-order harmonic spectrum is characterized by
a nearly constant conversion efficiency up to an abrupt cutoff to the shorter
wavelengths. As previously mentioned the width of the plateau varies, in the
single atom response, as Ip + 3.17Up where Ip is the field-free ionization po-
tential of the atom and Up, the ponderomotive energy which is proportional
to the intensity and to the squared wavelength of the laser (cf. Chapter 10).
In most experimental situations, where the interaction length is smaller

than the length of the medium, harmonic intensities in the plateau region are
observed to scale as

Iq ∝ b3 × τ (12.2)

where b = 2πa2/λ is the confocal parameter and τ the driving laser pulse



General Characteristics of High-Order Harmonic Emission 305

duration [36, 60]. The relative harmonic intensities and the position of the
cutoff are unchanged over a large variation of the parameter b.
It is shown that the b3 dependence results from the proportionality of the

harmonic field strength to the length over which the field can be coherently
built up. This length is proportional to b. Thus the harmonic intensity is
proportional to b2. The total number of photons is proportional to the spatially
integrated intensity, i.e. to b3. Oppositely, in the case of weak focusing, the
harmonic field would remain in phase with the driving polarization term over
the full length of the medium and the integrated intensity would be then
proportional to b. As for the τ dependence, it simply results from the temporal
integration of intensity.
To extend harmonic emission to shorter wavelengths, i.e. to increase the

conversion efficiency in the cutoff region, it is necessary to choose light atoms
for the target gas, in order to increase Ip, and high-intensity, low-frequency
driving lasers, in order to increase Up. Let us recall that the ionization poten-
tials for Xe, Kr, Ar, Ne, and He are 12.13, 13.99, 15. 76, 21.6, and 24.6 eV ,
respectively. This has led to chose helium to investigate HHG in the “water
window,” i.e. the 2.28–4.47 nm wavelength interval. Discrete harmonics peaks
have been observed up to order 221 (λ = 3.6 nm) with using the 26 fs pulses
of a 800-nm wavelength laser [61].
At higher intensities, gas ionization depletes neutral atoms which induces

harmonic emission saturation. However, shorter duration of the driver pulses
increase the critical intensity for saturation [62, 63]. This is why the high-
energy end of the unresolved coherent continuum spectrum could be extended
up to 2.5 nm using a helium gas jet irradiated by sub-10-fs laser pulses
[64, 65].

12.2.2 Influence of Atomic Density

The coherent character of harmonic emission let expect harmonic intensity to
vary as the square of the atomic density of the gas jet (cf. equation (11.2)
in Section 11.1). Nevertheless, the fall of the harmonic coherence observed at
high gas pressure (cf. Fig. 12.9) shows that, due to the increasing ionization,
the higher the pressure, the more perturbed the building of a squared-density
dependence of harmonics.
Measurements of harmonic intensity, as a function of the pressure in the

gas jet, require to characterize the atomic density in the interaction region, for
various backing pressures and various focus-to-nozzle distances, with sufficient
time resolution. Let us recall that the backing pressure is the gas pressure
applied to the valve before its opening and jet emission. First of all we need
to know the pressure distribution and the peak pressure within the jet. For
the results presented below the jet diagnostic method is based on optical
interferometry [66]. The gas was flowing through a 6-mm long tube of 0.9-mm
diameter and the valve was opened 750 μs before the laser pulse.
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Fig. 12.14. Pressure in the gas jet: (a) peak pressure as a function of the backing
pressure for a fixed distance from nozzle; (b) peak pressure as a function of the
distance from nozzle for a fixed backing pressure (Ref. [66]).

It has been found that

(a) the spatial profile of the gas distribution has a Lorentzian-like shape,
except in the wings and there is no significant profile dependence on gas
species, Ar or Ne, at the same backing pressure.

(b) at fixed backing pressure, the width (FWHM) of the profile increases
approximately linearly as a function of the laser-to-nozzle distance within
an experimental range of 0–1.2 mm.

(c) at fixed distance from the nozzle orifice, the shape of the normalized spa-
tial profile is almost independent of the backing pressure within the ex-
perimental range of 3–80 mbar.

(d) as shown in Figure 12.14a, peak pressure increases almost linearly versus
backing pressure.
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Fig. 12.15. Harmonic yield in neon versus peak pressure: (a) for harmonics 57–71
for a fixed laser intensity; (b) for harmonic 67 and four laser intensities from 6 to
1014 W/cm2.

Furthermore, Figure 12.14b shows the behavior of the peak pressure when
the distance from the nozzle varies, for three fixed values of the backing pres-
sure.
Experimental results show that the cutoff region is considerably affected

by the gas pressure. This appears clearly in Figure 12.15a, which shows the
harmonic yield as a function of the peak pressure for H57, H61, H63, H65,
H67, and H71 at a laser intensity of 6× 1014 W/cm2

. Each measured point
is an average of 100 shots. While in the plateau region (harmonics below
the 55th) the photon yield had been found increasing as the square of the
atomic density in the whole pressure range (3–80 mbar), for harmonics of the
cutoff region, the photon yield goes through a maximum and then decreases.
Moreover the optimum yield occurs at decreasing pressure when the harmonic
order increases, which means that the extent of the plateau falls off at high
pressure.
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Figure 12.15b, which displays the variation of the photon yield of the 67th
harmonic for several laser intensities from 6× 1014 to ×1015 W/cm2, shows
the optimum pressure to increase with the laser intensity. Therefore, to keep
constant the extension of the plateau to higher harmonic orders when the pres-
sure increases, it should be necessary to make a corresponding enhancement
of the laser intensity. Similar effects are observed with argon.
From numerical simulations performed in the framework of atomic dipole

calculation and propagation equations (cf. Sections 11.1 and 11.2), the main
effect responsible for the observed effects is the laser field defocusing, due
to the presence of an increasing number of free electrons in the partially
ionized gas at high pressure. Plotting the map of the laser electric field at
fixed time shows that the maximum intensity occurs near the entrance of
the medium, viz. in a region of a rather low atomic density, and falls down
quickly moving off because the beam immediately started to defocus. Thus the
harmonics in the cutoff region, which are produced at the highest intensity
only, are strongly reduced, while the harmonics in the plateau, which are
produced even at lower intensities, i.e. when the defocusing of the laser beam
is not as important, increase with the atomic density in a larger pressure
range.

12.2.3 Influence of the Length of the Pumped Medium

Harmonic signal measurement versus the length of the nonlinear medium, at a
constant pressure, is necessary to investigate the effects limiting the efficiency
which are not pressure dependent.
A windowless gas cell, shaped like an arrowhead, as represented in Figure

12.16, makes it possible to vary the medium length, keeping the pressure
constant [67]. The gas is injected, with a backing pressure of 0.5 bar, through
a 1-mm diameter hole thanks to a pulsed piezoelectric valve. The entrance
and exit holes of the laser beam are made by letting the laser burn them
in the 50-μm thin copper foil which constitutes the sides of the cell. They

Cell length

Laser

Pulsed gas

To detector

Fig. 12.16. Gas cell, shaped like an arrowhead, used to vary the medium length by
vertical translations, keeping the pressure constant.
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Fig. 12.17. Harmonic yield as a function of the nonlinear medium length. Solid
curves: experimental results: broken curves: numerical simulations. Absorption has
no significant part to the observed fall of the conversion efficiency for longer medium
length. The efficiency maxima are due to good phase-matching conditions for the
corresponding length (Ref. [67]).

have a diameter of ∼0.5 mm. The pressure in the gas is estimated at ∼5
mbar. Vertical translations of the gas cell allows the medium length to vary
according to the experimental process. Holes are sealed after each operated
position, and new ones are made, so that the pressure in the cell may be kept
constant.
For the results presented here, the fundamental beam was provided by a

10-Hz terawatt Ti:sapphire laser operating at a wavelength of 800 nm. The
pulse duration was 110 fs. A small optical aperture was obtained limiting the
beam diameter to 20 mm and choosing a lens of 2-m focal length, placed into
the vacuum chamber. With an energy per pulse of ∼9 mJ, the laser peak
intensity was estimated ∼4× 1014 W/cm2

.
The experimental results for argon and neon harmonics are summarized

in the solid curves of Figure 12.17. Harmonics H17 of argon and H29 of neon
belong to the plateau region whereas H29 of argon and H51 of neon are close
to the cutoff region. On the other hand, for the two argon harmonics, the
pump intensity was above the saturation threshold, which did imply gas ion-
ization and presence of free electrons. Conversely, for the neon harmonics, the
measured intensities were significantly weaker than the saturation intensity
and one did not expect large phase mismatch coming from free electrons.
The curves show the number of photons obtained for each harmonic to

increase with increasing length up to 10–15 mm for argon and somewhat
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Table 12.2. Calculated longitudinal coherence length
(mm) for the geometrical phase, dispersion due to neutral
atoms, and dispersion due to free electrons

Ar H17 Ar H29 Ne H29 Ne H51

Lgeo −3.8 −2.2 −2.2 −1.3
Ldisp −23 −17 −40 −22
Le 1.3 0.8 13 7.3

more for neon. These results are compared with numerical simulations (broken
curves in Fig. 12.17) making use of atomic dipole calculations and numerical
solution of the propagation equations. Simulations show a similar trend to the
experiments except for medium lengths around 20 mm in the case of neon.
To discuss the different contributions to the phase mismatch along the z

axis, δφ(z), between the polarization due to the laser field and the harmonic
field, it is useful to define a coherence length Lc by relation

Lc = π/
dδφ(z)
dz

(12.3)

The value of Lc is an indicator of the growth velocity of the phase mismatch
δφ(z). For large Lc the phase mismatch grows only slowly along the axis.
Processes that generate the highest values of Lc have thus the largest con-
tribution to the harmonic photon yield. Therefore Lc can be considered as a
local coherence length in the propagation direction.
In the present case Lc has been calculated including three processes: (1)

the variation of the geometrical phase of a Gaussian beam in the region of
the focus [Eq. (12.1)] Lgeo, (2) the dispersion due to refraction in the neutral
atom gas, Ldisp, (3) the dispersion due to free electrons, Le. Table 12.2 gives
the values of Lc for the four harmonics experimentally investigated.
In addition, one has to consider the change of the dipole phase (or

atomic phase) with the laser intensity δφat(z) = −αI(z) (see Fig. 11.4 in
Section 11.2). Phase addition for the four processes gives the total coherence
length

Ltot =
[
L−1

geo + L−1
at + L−1

disp + L−1
e

]−1

(12.4)

where

L−1
at = −α

π

dI (z)
dz

(12.5)

The absolute value of Ltot is represented for the harmonic H29 of neon in
Figure 12.18. The figure shows that a region of good phase-matching, with
a coherence length larger than 10 mm (hatched area), appears not far from
the focus, over a length of at least 5 mm. Examination of the different contri-
butions to the coherence length shows that the good phase matching in this
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Fig. 12.18. Variation of the length Lc, which defines the growth velocity of the
phase mismatch, with the increase of the medium length.

region is due to the large values of
∣∣L−1

at

∣∣, namely to the strong variation of
the dipole phase across the focus in this region.
Finally estimation of the e−1 absorption length of the investigated har-

monics, at a pressure of 5 mbar, shows that absorption has no significant part
to the conversion efficiency variations experimentally observed.

12.2.4 Influence of the Diameter of Apertured Beam

Aperturing the laser beam proves to be a simple and efficient way to opti-
mize the production of harmonics. As an example Figure 12.19 shows the
measured and the calculated variation of the harmonic n◦21 of Argon as a
function of the aperture diameter [68]. Both curves show a sharp rise for nar-
row diaphragms followed by a slower decrease when the aperture diameter
tends to the value of the full aperture. Calculation shows that the effects
of the truncated aperture are multiple and their combination is complex.
The increase of the aperture carries an increase of the laser flux, but this
dependence is altered by the variation of the aperture transmission accord-
ing to the waist of the laser beam. Moreover the Gouy phase length and
the wave front are also modified. Comparison between the calculated and
measured curves in Figure 12.19 shows that the introduction of these effects
in calculations well accounts for the main characteristics of the role of the
aperture.

12.2.5 Phase-Matching by Wave Guiding

Generally speaking, phase-matching consists in minimizing the differ-
ence of phase between driving polarization and induced harmonics fields
over the interaction length. Exact phase-matching would correspond to
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Fig. 12.19. Effect of the increase of the aperture diameter d on the harmonic
intensity. Solid line: experimental measurements; broken line: calculated curve (Ref.
[68]).

Δk = kq − qklaser = 0, where q is the harmonic order [see. Eq. (11.10)]. Now
the divergence of the laser beam implies the decrease of the driving intensity
in the propagation direction. This intensity decrease results in a corresponding
dipole phase change and is thereby a cause of phase mismatch. A reduction
of the beam divergence beyond the focus ought to enhance the conversion
efficiency and the beam quality. Wave guiding techniques have been thus in-
vestigated theoretically and experimentally in many works with a view to
achieve efficient phase-matching in the interaction region (see for instance
[69–78]).
One can use two methods to obtain nearly uniform intensity distributions

in the interaction region. One of them applies to the self-channeling induced
by self-focusing of Gaussian beams of high peak intensity due the nonlinear-
ity of refractive indexes [cf. Eq. (11.12)] [79]. The other one is wave guiding
in hollow fibers [70]. Hollow fibers confine the beam by repeated grazing in-
cidence reflections of the coherent radiation on the inside walls of the fiber.
The phase velocity of the laser light can be adjusted by changing the inside
diameter of the fiber or by changing the gas pressure.
For both methods the gas jet is replaced by a gas cell in which the atom

density distribution is uniform. Figure 12.20 shows experimental arrangements
corresponding to the two techniques. Self-channeling is obtained by simply
focusing the laser in the cell. Regarding a hollow fiber, it must be placed
within the cell so that the pressure in the fiber may be the same as in the cell.
In both cases one uses short laser pulses which reduce the gas ionization as
well as the resulting dispersion.
Midorikawa et al. compared the high-order harmonic generation obtained

with argon in hollow fiber and with neon in self-guided channel [71,72,75,80].
The results are displayed in Figure 12.21.
Argon was excited by a 80-fs duration pulse with 4-mJ energy, generated

by a Ti:sapphire laser (λ = 800 nm) at 10-Hz repetition rate. Laser pulses
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Fig. 12.20. Wave guiding harmonic sources using (a) hollow fiber and (b) self-
channeling.

were focused in front of the fiber. The focal length was 50 cm, the diame-
ter of the focal spot 90 μm, and the confocal parameter 0.4 cm. The hol-
low fiber had a bore diameter of 126 μm in fused silica with a length of
3 cm.
For the results presented in Figure 12.21a, argon pressure in the gas cell

was 5 Torr. The laser intensity in the interaction region was estimated at
5× 1014 W/cm2. The harmonic spectrum was time integrated over 10 s. The
spectral lines appearing in the region around the 11th to the 13th harmonic
are the second-order diffraction of the 21st to the 27th harmonics. The com-
parison of the spectrum presented in Figure 12.21a with that obtained in
the same conditions, but without wave-guide, confirmed that the intensity
enhancement around the 25th harmonic was a marked effect of the hollow
fiber.
The measured enhancement factors are plotted in Figure 12.22. One can

see a rapid increase of the intensity enhancement from the 21st to the 25th
harmonic where it reaches a factor ∼100. For comparison, calculations of the
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Fig. 12.21. Comparison of high-order harmonic generation obtained in hollow fiber,
with argon, and in self-guided channel, with neon. The lines appearing in the region
of the 11th to the 13th harmonic in Ar are the second-order diffraction of the 21st
to the 27th harmonics.

phase mismatch Δkq = 2π (nq/λq − qn/λ) [(Eq. (11.11)], for argon in the mi-
crofiber, provides the enhancement distribution represented by the solid curve.
There is a good agreement between calculations and experimental measure-
ments.
Removing the hollow fiber from the gas cell, self-channeling could be ex-

perimented in neon in order to extend the phase matched harmonics to shorter
wavelengths. As shown in Figure 12.20b, the experimental geometry is nearly
the same as in the previous experiment, except for the removal of the fiber. The
focused laser beam diameter was measured to be 40 μm instead 90 μm in the
hollow fiber experiment. Transverse observation of the laser pulse propagation
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Fig. 12.22. Harmonic intensity enhancement factor provided by wave guiding in
a hollow fiber. Argon pressure: 5 Torr; laser intensity: 5 × 1014 W/cm2. Circles:
experimental points; solid curve: calculation results.

showed a column of orange light, which denoted a plasma channel of length
∼8 mm. Self-guiding effect was deduced from the observation of a decrease of
the beam divergence when the pressure increased above 10 Torr. The distance
between the two 300-μm diameter pinholes, mounted at the ends of two bellow
arms, determined the propagation length. The interaction intensity had been
estimated at 1.5× 1014 W/cm2 and the value of pulse duration at 100 fs.
For a 1-mm interaction length, on pressurizing the gas cell from 10 Torr to

40 Torr, the observed high-order harmonic spectra exhibited a plateau type.
Moreover, at a pressure of 30 Torr, all the harmonics from the 23rd to the
51st were equally magnified when the interaction length increased from 1 mm
to 4 mm. Changes in the harmonic intensity distribution emerged after the
interaction length has been increased beyond 4 mm. Harmonics near the cutoff
order still increased, whereas the harmonics in the plateau region started to
diminish. From 4 mm to 7 mm length, harmonics near the cutoff increased by
a factor of 4 whereas the plateau harmonics decreased by a factor of 10. The
harmonic spectrum obtained with a 30 Torr neon pressure and an interaction
length of 7 mm is shown in Figure 12.21b.
From equations (11.1) and (11.2) the intensity of the qth harmonic varies

according to relation Iq ∝ N2χ2
qF

2
q where N is the atom density, χq is the qth-

order nonlinear susceptibility (11.1). Fq is the z-dependent phase-matching
integral between the fundamental and the qth-harmonic field, which results
from the exponential term in the second member of equation (11.8). There-
fore, one can estimate the phase-mismatch by fitting Iq to the experimentally
intensities measured for 30-Torr neon as a function of the interaction length.
The values of Δk obtained for the harmonic spectrum of Figure 12.21b were
8, 6, 4, and 0.1 cm−1 for the 25th, 37th, 43rd, and 49th harmonics, respec-
tively. Thus phase-matching was almost complete for the 49th harmonic. As
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a result the conversion efficiency around the 49th harmonic was found to be
∼10−6, which is significantly larger than that obtained from standard gas jet
experiments.

12.2.6 Emitters of Complex Structure: Molecules,
Clusters, Solid–Vacuum Interfaces

12.2.6.1 Molecules

There are significant potential differences expected for harmonic generation
between atoms and molecules on account of the additional complexity intro-
duced by the molecular structure. The geometry of the molecule can be linear
of variable chain length, bent or cyclic. According to the character of molecular
orbitals, the initial electronic state may show nonatomic features. Therefore,
there are many possible causes of change in harmonic conversion efficiency in
comparison with atomic gases. Harmonic generation in molecular systems has
been studied in a number of works to answer questions about harmonics pro-
duced in molecules as also in the fragments following molecule dissociation, or
about particular electronic structures potentially able to produce larger har-
monic yield [81–93]. However experiments did not yet reveal any significant
improvement of the general characteristics of harmonic emission compared
with noble gases.
Figure 12.23 shows harmonic spectra for two groups of molecules (ioniza-

tion potentials from 10.9 to 12.9 eV and from 13.8 to 15.8 eV, respectively)
obtained with a 150-ps pulse of 800-nm laser radiation [83]. Xe and Ar spectra
obtained in the same experimental conditions are represented for comparison.
The backing pressure was kept constant at 1300 mbar. The number density in
the jet was found of the order of 1018 atoms/cm3. The laser focus was placed
at the centre of the gas jet. The focused intensity was 2× 1014 W/cm2 with
an uncertainty of about 50%.
Spectra exhibit the characteristic plateau and cutoff behavior for both

atomic and molecular gases. It also shows that the plateau is wider for the
gases with a high ionization potential (Fig. 12.23b) than for those with a low
ionization potential (Fig. 12.23a). On the other hand one does not observe
any significant difference between the behaviors of diatomic and more com-
plex molecules and, regarding the conversion efficiency in the plateau region,
molecules do not show advantage over the atomic gases. Measurements per-
formed with 400-nm wavelength laser radiation lead to results which present
the same characteristics as those of the spectra obtained at 800 nm. It is
also observed that, in the case of the SF6 molecule, which is not represented
in the figure, dissociation taking place at an early stage might contribute to
harmonic generation.
Insight into the role of fragmentation in the case of complex molecules

has been obtained using of two different pulse lengths to produce harmonics
[86]. With short pulses (70 fs) the variation of harmonic intensity in benzene
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Fig. 12.23. Harmonic spectra of two groups of molecules. Ionization potentials are
comprised between 10.9 and 12.9 eV for the group (a) and between 13.8 and 15.8 eV
for the group (b). Xe and Ar spectra obtained in the same experimental conditions
are represented for comparison (Ref. [83]).

(C6H6) and cyclohexane (C6H12), as a function of the laser intensity, had
exactly the character expected from atoms, i.e. a rapid initial increase and
then saturation for all the orders observed (q = 7–13). The intensity range
for these observations was 5× 1013–2× 1015 W/cm2

. Saturation is ascribed
to the depletion of neutral species following ionization at high intensity.
With longer pulses (240 fs) the intensity curves do not show any trace

of saturation up to the laser intensity upper limit of 5× 1015 W/cm2. This
result suggests that the dissociation of benzene and cyclohexane molecules,
which occurs at an increasing rate during the laser pulse, is accompanied by
the transfer of harmonic generation from molecules to fragments.
Investigating harmonic generation efficiency with a direct control of

molecule dissociation confirms clearly that dissociation enhances the harmonic
conversion efficiency [91]. To perform such a control, the experimental ar-
rangement used consisted of two laser pulses separated in time, both focused
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into the gas, one to generate the photodissociation of iodine molecules, the
other to excite harmonic generation. The duration of the preparation pulse
(molecule dissociation) was 300 ps with 60-mJ energy, while the harmonic ex-
citation pulse duration was only 70 fs with 40-mJ energy. The relative delay
Δt between the two pulses varied over a range of 700 ps, with a resolution
<100 fs. The focused intensities in the interaction region could vary in the
range of 5× 1013– 5× 1014 W/cm2 for the 70 fs pump pulse and of 1× 1011–
2× 1012 W/cm2 for the 300 ps preparation pulse (below the threshold for
HHG).
Conversion efficiency measurements have been performed for the 9th har-

monic from Δt = −200 ps (pump pulse preceding the preparation pulse) to
Δt = 500 ps (preparation pulse preceding the pump pulse). The efficiency was
found to increase nearly linearly in the interval −150 ps�Δt� 150 ps, i.e. as
long as the pump pulse reaches the gas during the dissociation induced by the
300-ps pulse. The maximum enhancement factor was ∼1.8. For Δt > 150 ps
harmonics were generated entirely from atomic iodine and their intensities
remained approximately constant. A final measurement point obtained for
Δt = 9 ns showed the same behavior to continue.
Very interesting are the observations of change of harmonic intensity as

a function of pump intensity, with and without dissociating pulse. For the
results presented in Figure 12.24, the dissociating pulse interacted with the I2
molecules 170 ps before excitation pulse coming. The figure shows a practi-
cally constant enhancement factor due to molecule dissociation, through the
excitation intensity range, with an averaged value of 2.6. This result suggests
that the observed enhancement has its origin in a fundamental difference be-
tween the responses of single atoms compared to molecules. Considering that
the dipole phase depends upon the angle between the molecular axis and
the pump laser polarization, an additional dephasing mechanism would exist
between the emitters in randomly aligned molecular media, which induces a
worse phase-matching compared with the atomic case [91]. This explanation
could account for the general observation of a less efficient harmonic gener-
ation from molecular species than from atoms. Further works in harmonic
generation in laser-aligned molecules support this interpretation [92].

12.2.6.2 Clusters

At a certain critical value of the backing pressure above the gas jet, atoms
begin bunching together owing to cooling and fast expansion. They form Van
der Waal bonded clusters of a few nanometers in diameter. Clusters under
consideration in this section hold several hundreds to several thousands atoms.
Since clusters are smaller than the laser wavelength, the individual atomic

electrons may oscillate coherently in the laser field so that they contribute
to a global cluster electric dipole, which will modify the nonlinearity of the
medium. The impact of a short laser pulse on clusters produces microplasmas
which remain compact by inertia for time scales of the order of the laser pulse
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Fig. 12.24. Enhancement factor due to molecule dissociation, through the 4× 1014–
2× 1015 W/cm2 excitation intensity range. The dissociating pulse precedes the excit-
ing pulse by 170 ps. The enhancement, of 2.6 mean-value, proves to be independent
of the excitation intensity (Ref. [90]).

(�100 fs). Therefore, investigation of high harmonics generated from clusters
will show properties that will differ from those of atoms in gas [94–98].
Experimental conditions of harmonic generation from argon clusters illus-

trate this difference. The experimental arrangement comprises a pulsed-gas
jet fed under 7.3-bar Ar backing-pressure, with a 600-μm diameter aperture,
which produces clusters containing approximately 500 atoms (radius ∼2 nm),
and alternatively a static gas cell (∼30 mbar) which contains only monomer
atoms [94]. The average atom density is about 1018 cm−3 in both monomer
and cluster gas.
Figure 12.25 shows the yield of the 23rd harmonic from (a) monomers and

(b) clusters as a function of pump intensity (140-fs pulse duration, 825-nm
wavelength laser pulses). One sees that the harmonic emission outset needs
much higher pump intensity for clusters than for monomers.
To explain this observation, one considers clusters as dielectric spheres in

which the laser electric field is shielded by a factor depending on a dielec-
tric constant which reflects both contributions of bound and free electrons.
Calculation shows that shielding results in a time-averaged decrease in the
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Fig. 12.25. Measured harmonic signal for Ar gas (right line a) and for Ar clusters
(right line b). For clusters the harmonic appearance intensity is larger and the slope
is stiffer than for atoms. Static gas cell pressure, 70 and 40 Torr; backing pressure
of sonic jet, 115 and 135 psi.

laser intensity within clusters. This may explain that the laser intensity ought
to be enhanced in clusters, compared with monomers, in order to reach the
harmonic emission intensity threshold.
Moreover the power law of yield increase versus laser intensity is calculated

to be I17 for clusters while it is I9 only for monomers. The stiffer slope in the
case of clusters is assigned to the difference of the atomic potential experienced
by a bound electron in a cluster, where it is modified by the nearest neighbors
(three-well potential), compared to an isolated atom (single-well potential).
Though subject to some noise, calculations performed by using a semiclassical
model for the 19th through the 23rd harmonics, indicate a power law I20 for
the three-well potential versus I15 for the single-well one.
Figure 12.25 also shows differences in harmonic intensity saturation,

strongly marked in the case of monomer atoms, especially at a pressure of
∼53 mbar, but much less manifest in the case of clusters where the power law
reduces from I17 to I4 above 2× 1014 W/cm2

. Besides the cutoff in harmonic
spectra obtained from clusters is observed to somewhat shift to higher energy
with respect to the cutoff in monomer atom spectra [94]. It is suggested that
both these experimental facts should be attributed to the increase of the ef-
fective binding energy, i.e. of the ionization potential IP in the cutoff law 10.4
in clusters compared with isolated atoms.
At this point remains the question of the comparison of harmonic yields

between clusters and monomers. A direct comparison has been made possible
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Fig. 12.26. Intensity comparison of harmonics produced with clusters (white cir-
cles) and with atomic gas (black squares) and for two backing pressures.

by using an Xe gas-jet with high backing pressure (1–4 bar) yielding clusters,
and UV prepulse (266-nm wavelength, 7-ns duration) that disassemble the
weakly bounded clusters at will [95]. A Raylegh scattering diagnostic is ap-
plied to the gas-jet to ensure that no cluster remain in the interaction region.
Comparison of harmonic intensity is made for the fifth harmonic of 390 nm
light (λ5 = 78 nm) in Xe with prepulse (no clusters) and without prepulse
(clusters). Figure 12.26 shows the results for two values of the backing pres-
sure, 1 bar, near the threshold of cluster formation, and 4 bar. For the lower
pressure (Figure 12.26a), the harmonic yields with and without prepulse are
almost identical. However for a 4-bar backing pressure one observes in Figure
12.26b a three- to five-fold intensity enhancement without the prepulse, i.e.
when the 160-fs, 780-nm laser is interacting with clusters of ∼2500 atoms. This
gives the magnitude of the increase of conversion efficiency from isolated Xe
atoms to clusters in the 2.5× 1014 to 5× 1014 W/cm2 laser intensity range.

12.2.6.3 Harmonic Generation from Solid–Vacuum Plasma Interface

The mechanism of HHG by strong laser interaction with solid targets is phys-
ically different from that based on the nonlinear dipole interaction with single
atoms. However here we give a general outline of investigations about this
new HHG mechanism because it is a part of the effort to increase harmonic
generation efficiency, especially to shorter wavelengths.
We recall that the impact of an intense laser-pulse on a solid target surface

in vacuum generates a thin plasma layer, whose density varies from vacuum
to solid density over a short length of a few microns (cf. Fig. 5.2 in Section
5.1.1). Without going into the details of the processes that determine the steep
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Fig. 12.27. Oblique incidence reflection at the critical surface of the plasma. s-
Polarized radiation is specularly reflected. p-Polarized radiation has a longitudinal
Ez component which induces resonant absorption and plasma oscillations in regions
where the electron density increases above the critical value.

density gradient at the boundary of laser light absorption, we will show the
origin of the nonlinear response of the plasma to excitation by laser radiation.
For detailed presentations of theoretical investigations on this subject the
reader is recommended to refer to original papers [99–106].
A process which plays an important role in laser-plasma interaction is the

so-called resonant absorption. Lets us consider the plasma surface for which
the free electron density Ne equals the critical density (Eqs. 2.19, 2.20)

Nc =
4π2c2ε0me

e2λ2
L

� 1.1× 1021
λ2
L[μm]

[
cm−3

]
where λL is the laser light wavelength. Laser light does not penetrate into
the plasma beyond the surface of critical density. Figure 12.27 shows, for p
and s polarizations, the sketch of the electric field components corresponding
to a beam arriving under oblique-incidence onto the critical surface, where
specular reflection occurs. For s-polarization, the field vector is parallel to the
critical surface. There is obviously no field component in the direction of the
propagation axis, OZ. Conversely, for the p-polarized field, the oblique inci-
dence induces two components, Ex and Ez, the second of which penetrating
the plasma beyond the critical surface.
Therefore, the interaction of a linearly polarized oblique beam with a

plasma depends strongly on the direction of the incident light polarization.
This remains partially true for a beam focalized in normal incidence since, in
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this case; the ray paths are oblique excepted near the axis of the focal cone.
If the critical surface is perfectly plane, a s-polarized beam is specularly re-
flected, without excitation transfer to plasma electrons. If the critical surface
is rippled by plasma instabilities, as for instance Rayleigh–Taylor instabilities,
multiple local penetrations of a s-polarized wave become possible. This may
contribute harmonics to the generated spectrum.
Concerning the Ez component of the electric field, it induces oscillations

of plasma free electrons (plasmons) perpendicularly to the critical surface.
The source of the nonlinear response to plasmon excitation is the longitudinal
variation of the restoring forces acting upon the charge perturbation, which
results from the density gradient along the OZ axis. A first consequence of
this dissymetry of electron oscillations is an effect of laser–matter interaction,
well known in inertial confinement fusion research, that is the ejection of fast
electrons and of accompanying ions from plasma toward vacuum. The second
consequence is that these electrons that keep their periodic motion across
the interface give rise to radiation at harmonic frequencies of the driving
fundamental laser frequency [99].
Following P. Gibbon (Ref. [102]) the harmonic generation in solid–vacuum

interface plasma can be described via a linear mode coupling occurring in
the steep density gradient region, beyond the critical density, Nc. The in-
cident laser electromagnetic wave (ωL,kL) creates plasmons (ωp,kp), with
ωp = ωL. As illustrated in Figure 12.28, the laser photon and the plasmon
mix to produce a second harmonic ω2 = 2ωL. A nonreflected part of the ω2

wave propagate to the 4Nc surface, that is to the critical density for ω2, cre-
ating a plasmon of frequency 2ωL. This generates in turn a third harmonic
at 3ωL, which is resonant at 9Nc and so on. It is clear that, to extend this
process to higher harmonics, the laser field must be strong enough to allow
its Ez component to reach denser plasma regions.
One sees that both odd and even harmonics can be generated by this

mechanism. Furthermore, calculations predict a flat harmonic spectrum with
a cutoff fixed by the plasma frequency corresponding to the upper level density,
Nu, of the steeply rising density profile. Substituting λ = 2πc/ω in Eq. 2.20,
Figure 12.28 shows that the maximum harmonic order should be

qmax�
√

Nu

Nc
(12.6)

where numerical simulations of the pressure balance between laser light and
cold dense plasma lead to the approximative relation

Nu ∼ E2
0

8πTc
(12.7)

In this equation, E0 is the incident laser electric field and Tc, the background
temperature [107].
For very high laser intensities, the relativistic electron velocity, v, makes

it necessary to take into account not only the force e·EZ but also the force
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Fig. 12.28. Generation of harmonics near the plasma critical surface. Ne is the
rapidly varying electron density in the region of the plasma critical density Nc. Ez is
the longitudinal component of the laser electric field reaching the plasma in oblique
incidence. Successive mixings of Ez-excited plasmons and laser photons generate
harmonics. Nc, 4Nc, 9Nc, . . . are the successive critical densities corresponding to
the fundamental and the 2nd, 3rd, . . . harmonics. The upper density Nu is fixed by
the pressure balance between light and cold dense plasma.

(e/c) · v × B where B is the magnetic field [108]. Harmonics may thus be
generated by nonlinear mixing of transverse and longitudinal oscillations. This
opens the way to the generation of even harmonics from s-polarized incident
radiation. As for p-polarized radiation at 45◦ incidence, numerical simulations
predict the conversion efficiency for high orders ( q � 1) to vary according to
relation [102]

ηq � 9×
[
Iλ2

L

(
1018 W/cm2

μm2
)]2

q−5 (12.8)

An important fact is that the maximum observable harmonic order, qmax, is
shown to scale as

(
Iλ2

L/T
1/2
e

)
, where Te is the electron temperature, without

any effective harmonic cutoff. In other words, at a given laser wavelength, there
would be no other limit to the extension of harmonic to shorter wavelengths
than the available laser intensity. Whatever it may be, calculation predicts
that, for Iλ2

L > 1019 W/cm−2
/μm2 and Nu/Nc = 10, at least 60 harmonics

can be generated with power efficiency >10−6 (see for instance [110, 112]).
The investigation of harmonic properties emitted by solid–vacuum

interface has been made easier by the demonstration that harmonic gener-
ation can be interpreted as a reflection of the driving beam on a relativistic
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Fig. 12.29. Diagram of an experimental setup generating high harmonics in the
thin plasma layer produced by laser impact at the surface of a solid material.

oscillating mirror [104]. It is assumed that the duration of the light pulse is
sufficiently short for the motion of the ions to be neglected. Then the collective
oscillating motion of the electrons is represented by the motion of the critical
surface (cf. Fig. 12.27), which behaves as an effective reflecting surface. The
periodic change of electron density associated to this motion induces a phase
modulation of the reflected wave. Let s(t) = s0 sinωmt be the displacement of
the reflecting surface in the z-direction. The phase shift of the reflected wave
resulting from this displacement is given by

φ(t) =
2ωLs0

c
cos θ sinωmt (12.9)

and the electric field , ER, of the reflected wave satisfies

ER ∝ e−iLteiφ(t) = e−iLt
n=∞∑
n=−∞

Jn

(
2ωLs0

c
cos θ

)
e−inωmt (12.10)

where J is the Bessel function. Now it is shown that the periodic motion of
the reflecting surface is produced at frequency 2ωL, or at a superposition of
ωL and 2ωL, depending on the polarization and on the angle θ. Therefore
the second member of equation (12.10) represents even and odd harmonics of
the incident laser light. This model is very useful when discussing harmonic
selection rules.
The diagram of a typical experimental setup for the investigation of HHG

by solid–vacuum interface is shown in Figure 12.29. It is similar to the
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Fig. 12.30. Harmonic of 800-nm laser radiation produced from a 200-nm aluminium
layer. Odd and even harmonics are observed (Ref. [109]).

standard setup (see for instance Fig. 10.1), excepted for the obliquity of the
incidence angle on the solid target surface. A small disk blocks the center of
the incident laser beam in order to suppress the specularly reflected funda-
mental radiation. An aperture is used to block the reflected laser beam while
passing harmonics in the center of the beam. All the elements displayed in
the figure are enclosed in a nonrepresented vacuum chamber.
Figure 12.30 shows a harmonic spectrum obtained from the 800-nm wave-

length light of a titan sapphire laser of 130 fs duration [109]. Targets were
optical flats coated with a 200 nm aluminium layer. The available energy was
30 mJ and the peak intensity was estimated at ∼1017 W/cm2

. The pressure in
the vacuum chamber was 10−3 mbar. The spectrum extends between 40 nm
and 100 nm. Both odd and even harmonics are observed. The highest order is
the 15th harmonic at a wavelength of 53.3 nm. An order of magnitude estimate
of the photon yield gives ∼2× 109 and ∼108 photons per pulse for the 10th
and the 15th harmonic, respectively. This corresponds to photon conversion
efficiencies of ∼2× 10−8 and ∼10−9 respectively. Experimental conditions do
not allow one to decide wether the shortest wavelength of observed harmonics
corresponds to the cutoff law of equation (12.6) or to a limit simply fixed by
the laser intensity according to the Iλ2 scaling.
A number of experimental investigations have been performed with pi-

cosecond instead of femtosecond pulses [110–113]. Norreys et al. observed up
to the 75th harmonic of the p-polarized 1052-nm infrared light of a Nd-laser
yielding 2.5 ps pulses, without any evidence of a clearly defined cutoff [110].
The angle of incidence on the target was 54◦. Target consisted of a 2 μm CH
plastic coated on 200-nm thick 15-μm wide Al cross wires on optically polished
glass slabs. The intensity on target was estimated at ∼9× 1018 W/cm2

.
The harmonic emission exhibits a significantly larger angular distribution

than the cone angle of the laser beam. Detailed investigation of the third
harmonic angular distribution, over a 103◦ angle, did not show any inten-
sity change. The assumption of isotropic harmonic emission was thus made.
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Fig. 12.31. (a) Third and fourth harmonic intensities plotted versus Iλ2L. A
drop occurs at Iλ2L ∼ 1016 W/cm2μm2. (b) Conversion efficiency deduced from
the measured Iλ2L values after intensity integration in 2π sterad when Iλ2L >
1016 W/cm2μm2. The results are consistent with the assumption of an essential
change of reflection processes when Iλ2L is above the limit of 1016 W/cm2μm2.

Similar observations were made also with s-polarized light. The lack of differ-
ence between s- and p-polarization relatively to harmonic emission suggested
that the critical surface was rippled, likely by instabilities of the Rayleigh–
Taylor type. Owing to the isotropic angular distribution, the radiated powers
for single harmonics were calculated assuming a constant yield into 2π stera-
dian. Energy conversion efficiencies ≥ 10−6 were so obtained into each har-
monic up to the 68TH. Nevertheless it would be hazardous to compare these
values to those obtained when the emitted beam divergence is a few mrads
only.
Insight in harmonic angular distribution in various experimental conditions

has been provided by the systematic study of the Iλ2 scaling of the conversion
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Fig. 12.32. Angular profile of the third harmonic for Iλ2L ∼ 6.1014 W/cm2μm2. The
emission of the same harmonic is found nearly isotropic for Iλ2L ∼ 2.1017 W/cm2μm2

(Ref. [113]).

efficiency [cf. Eq. (12.8)] [112] . Experiments were performed using a KrF laser
providing 1-ps pulses at 248.6 nm. Targets consisted in optically polished slabs
of fused silica. The incident radiation was p-polarized. A first result of this
choice was the harmonic intensity to exhibit an extremely strong dependence
on laser radiation incidence angle, with a peak occurring around 30◦.
Harmonic intensities measured as a function of Iλ2

L are displayed in
Figure 12.31 for the third (83 nm) and the fourth (62 nm) harmonics. One
can see in Figure 12.31a that the harmonic intensity increases till Iλ2

L reaches
a value ∼1016 Wcm−2 μm2 and drops significantly near this point. The au-
thors suspected that this feature was due to a transition from specular to
diffuse emission of harmonic radiation. Therefore they deduce the conversion
efficiencies from the measured intensities, assuming that the corresponding
emission was confined in the f/3.3 cone angle of the reflected laser pulse for
Iλ2

L < 1016 W/cm2
μm2 but that, for Iλ2

L ≥ 1016 W/cm2
μm2, emission was

distributed into 2π steradian. Figure 12.31b shows that this assumption leads
the linear Iλ2

L-scaling of the efficiency to cover the full investigated range of
intensities, what is consistent with numerical simulations for low harmonics
orders [101]. This result clearly supports the interpretation of the observed
drop of the intensity in terms of a transition from specular to diffuse reflection
between 4× 1015 and 2× 1016 W/cm2

μm2, likely owing to surface rippling at
higher irradiance.
The direct observation of the transverse profiles of harmonic emission con-

firms the strong increase of the beam divergence for increasing laser intensity
[113]. Angular profile measurements have been performed with the p-polarized
radiation of a 2.2 ps, 1024 nm Nd-laser. Figure 12.32 shows the rather nar-
row profile measured for the third harmonic with Iλ2

L ∼6× 1014 W/cm2
μm2.

Similar profiles, of FWHM ∼20 mrad, are also obtained for the second,
fourth, and fifth harmonics, showing the harmonic divergence to be simi-
lar to that of the laser at this level of irradiance (Ref. [113a]). In contrast
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Table 12.3. Experimental parameters for the three sets
of measurements presented in Figure 12.33. Contrast
ratios have been evaluated 1 ps before the peak pulse

I II III

λ (nm) 395 790 790
Contrast 10−6 ∼5× 10−3 10−3

L/λL ∼0.2 �0.4 �0.8

with these results, the divergence increases considerably for the same har-
monics as Iλ2

L is between 1× 1015 and 1× 1016 W/cm2
μm2. Furthermore,

at 2× 1017 W/cm2
μm2, the harmonic emission is found nearly isotropic

([113b]).
Face to the limit assigned, by critical surface instabilities, to the increase

of irradiance in the case of long laser pulses, the remedy appears being to
turn again to femtosecond pulses in order to shorten the time for instabilities
to develop. However it is not sufficient that, strictly considered, the pulse is
short. A possible pedestal before the pulse, as well as poor contrast ratio, may
have a detrimental effect on harmonic emission by creating plasma before the
onset of the short pulse, what modifies plasma conditions at the onset of the
pulse.
To investigate these effects, Zepf et al. [114] realized three experimental

cases differing from each other by the contrast ratio of a 150-fs driving pulse.
The contrast ratio at 1 ps before peak was deduced from autocorrelation
measurements of the pulse temporal profiles. Moreover, using the temporal
profile data to feed a hydrodynamical code allowed for estimating the density
scale length L/λL, where L defined by equation

dne(z)
dz

=
nc

L
(12.11)

determines the slope of the ne(z) curve near the critical density nc, namely the
steepness of the density profile. The Ti:sapphire laser produced 150-fs, 200-mJ
pulses at 790 nm with a contrast ratio Ifoot/Ipeak of 10−3. The laser light was
incident onto an optically polished glass target at 45

◦
. A slight change in

the grating setting of the pulse compressor unit provided an enhancement of
the contrast ratio to ∼5× 10−3. Frequency doubling of the pulses in a KDP
crystal resulted in 60-mJ, 395-nm pulses with a contrast of 10−6, 1 ps before
peak pulse. Table 12.3 summarizes the experimental characteristics for the
three experimental cases. The density scale length has been estimated for
Iλ2

L = 1.6× 1018 W/cm2
μm2.

The only observable harmonic with s-polarized light was the third har-
monic of the 790 nm radiation and the efficiency was three orders of magni-
tude lower than with p-polarization. Its angular distribution was concentrated
in the specular direction.
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Fig. 12.33. Scaling of harmonic efficiency as a function of Iλ2L for the experimental
parameters described in Table 12.3. For low contrasts (frames II and III) the long
time between the onset and the peak of the pulse prevents the density length scale
L/λ, to be represented by a constant value. These results show that high efficiencies
need ultrashort clean pulses.

Harmonic efficiencies presented in Figure 12.33 have been measured for
p-polarized laser light. In the high contrast case (Fig. 12.33-I) the figure shows
the Iλ2

L scaling of the efficiency for a fixed value of the density length scale,
L/λL = 0.2. Numerical calculations show this value to correspond to the range
of the optimum of conversion efficiency. The white symbols are the experimen-
tal points for the 4th, 5th, and 6th harmonics. The solid lines give the slope of
the scaling predicted by the numerical code. The slopes are 1.5, 2.2, and 2.6
for the 4th, 5th, and 6th harmonics, respectively. One observes an excellent
agreement between simulations and experiments over a large range of inten-
sities. A single density scale length (L/λL = 0.2) is sufficient to obtain this
result because, at high contrast, the peak intensity only has an influence on
the onset of plasma formation and consequently on the density scale length.
For lower contrasts (Fig. 12.33 II and III), one cannot fit the experimental

data with the Iλ2
L intensity scaling, using a single value of L/λL, because the

scale length itself strongly depends on the time interval between the onset of
the plasma formation and the peak pulse. In this case the scale length of the
plasma increases with increasing intensity. The dashed lines are thus simply
power law fits to the experimental points. The solid lines, at the bottom of
each frame, represent the set of the values that L/λL should have in order
that the experimentally observed slopes might be reproduced by the numeri-
cal simulations. The increase of the density scale length to higher irradiance
results from the plasma formation onset occurring earlier in time, what gives
more time before the peak pulse for a longer density gradient to develop via
hydrodynamical expansion.
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Fig. 12.34. Harmonic spectrum obtained by focusing a 35-fs p-polarized laser pulse
onto polished optical glass. The pulse contrast ratio is 10−6.

A clear conclusion of this study is that the lower the contrast of the laser
pulse, the weaker the I/λ2 scaling of the harmonic conversion efficiency. There-
fore the pulse “cleanness,” i.e. no pedestal and high contrast ratio, is a very
important factor of progress toward high efficiencies of short wavelength har-
monics. This is illustrated by the example of the harmonic emission obtained
with an ultrashort 35-fs pulse of 10−6 contrast ratio 1 ps before peak, displayed
in Figure 12.34 [40]. The intensity of the∼800-nm incident laser beam, focused
onto an optically polished glass target, reached 5× 1017 W/cm2, close to the
relativistic regime. Harmonics are clearly observed from 8th to 22nd orders,
i.e. from 100 nm to 36 nm. A signal was observed to shorter wavelengths down
to ∼18 nm. Measurement of the reflected beam angular distribution through
an aluminium filter showed the divergence to be between 50 and 100 mrad,
that is slightly smaller than that of the laser.

12.2.7 Two-Color High Harmonic Generation

New important capabilities of operating the conditions of high harmonic
generation are provided by replacing the driving field

E(t) = E0 sinωt

by a bichromatic driving field, which reads

E(t) = E1 sinω1t+ E2 sin(ω2t+ ϕ) (12.12)

when both fields are linearly polarized in the same direction. ϕ is the relative
phase between the two fields. Experiments and calculations show that the
relative field intensity E2/E1, and the phase term ϕ, are efficient parameters,
actually relevant to the control of harmonic spectra.
Calculation of the single atom interaction with the bichromatic field is

performed solving the time-dependent Schrödinger equation (11.3), where the
usual monochromatic laser field is replaced by the new expression (12.12) of
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the field (see, e.g. [115–121]). According to Ref. [118], the expression of the
time-dependent dipole moment of an atom in a field of arbitrary temporal
shape reads

x(t) = i

∫ t

0

dt′
∫

d3pd∗x [p − A(t)] exp [−iS (�p, t, t′)] (12.13)

×E(t′)dx [p − A(t′)] + c.c. (12.14)

where d(p, t) is the field-free atomic dipole moment, E(t), the bichromatic
field (12.12) and

A(t) = [−(E1/ω1) sin(ω1t)− (E2/ω2)Sin(ω2t+ ϕ), 0, 0] (12.15)

is the corresponding vector potential.
In this equation E(t′)dx [p − A(t′)] represents the probability for an

atomic electron to carry out a transition, at time t′, from the ground state to
a continuum state with momentum p. The term exp [−iS (p, t, t′)] where

S(p, t, t′) =
∫ t

t′
dt′′

(
[p − A(t′′)]2

2
+ Ip

)
(12.16)

is the phase factor acquired by the electronic wave function propagating from
time t′ until time t [cf. Eq. (11.7)]. The term d∗x [p − A(t)] described the
electron–ion recombination at time t.
Concerning the propagation equations, for each harmonic they ought to

include the polarization induced by each of the frequencies contained in the
incident field. Let ωi be the frequency of a given harmonic, defined as

ωi = q1ω1 + q2ω2 (12.17)

where the integers q1 and q2 denote the total number of photons absorbed
or emitted. Note that this expression includes the case of incommensurate
incident frequencies. The nonlinear polarization induced at the frequency ωi
by the two-colors field has the form

Pi(r, t) =
1
2

∑
q1,q2

Pq1,q2(r, t)e
i(q1k1z−q1ω1t+q2k2z−q2ω2t) + c.c. (12.18)

The propagation equation takes a form similar to equation (11.8) established
in the case of a monochromatic incident laser field. According to Ref. [118]
this equation reads

∇2
⊥Ei(r, t) + 2iki

∂Ei(r, t)
∂z

= − 1
ε0

(ωi
c

)2 ∑
q1,q2

Pq1,q2(r, t)e
−iΔkq1,q2z

(12.19)
where Ei(r, t) be the envelop function of the field and

Δkq1q2 = ki − q1k1 − q2k2 (12.20)

is the phase mismatch.
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Fig. 12.35. Experimental setup used to generate harmonics from ω − 2ω mixing.
The wave plate is used to match the beam polarizations.

The diagram of Figure 12.35 shows the principle of an experimental setup
for two-color harmonic generation, corresponding to the ω − 2ω mixing. A
portion of the laser light is frequency doubled when flying across a KDP crys-
tal. The beam is then spited into two beams of frequencies ω and 2ω respec-
tively. A wave plate in inserted across one or two of the beams to match po-
larizations. The delay between beams is adjustable. The fundamental and the
second harmonic are recombined by a second beamsplitter and then focused
close to the gas jet. For incommensurate frequency mixing, the second beam is
produced by an optical parametric generator—or amplifier—(OPG or OPA)
consisting in a laser-pumped nonlinear material which produces a tunable
coherent light beam (see for instance [122,123]).
Figure 12.36 shows partial harmonic spectra obtained from the fundamen-

tal (ω) and the second harmonic (2ω) of a Nd glass laser (1053-nm wave-
length) [124]. The spectrum of the 2ω field (526-nm wavelength) is shown in
the upper frame. The ω + 2ω mixing, with orthogonal polarizations, provides
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Fig. 12.36. ω + 2ω harmonic spectra of Nd-laser radiation focused in helium for
parallel and perpendicular polarizations, compared with the 2ω spectrum in the
same energy range.

the spectrum of the middle frame and the one with parallel polarization pro-
vides the spectrum of the bottom frame. Spectra were obtained with a strong
2ω-field (1× 1016 W/cm2) and a much weaker ω-field (2× 1013 W/cm2). This
large difference was due to fundamental and second harmonics not being spa-
tially separated. The two fields were thus focused in the helium jet by one
and the same optical lens of very different chromatic dispersions for each of
the two frequencies.
Comparison of upper and middle spectra shows the injection of the ω -

field to introduce three additional peaks between pairs of the odd harmonics
of the 2ω-field. The peaks which are immediately on either side of these odd
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Fig. 12.37. Demonstration of strong harmonic intensity enhancement by interfer-
ence of ω and 3ω fields (Ref. [125]).

harmonics have an energy equal to the odd multiples of the ω-field. However
they are not considered as simple harmonics of this field because they appear
only when both fields are present. They are rather attributed to sum- and
difference-frequency processes where (q − 1)× 2ω-photons plus 1× ω-photon,
or (q + 1)× 2ω-photons minus 1× ω-photon, are absorbed, leading to the
2q − 1 and 2q + 1 odd frequency signals.
In addition, the figure shows peaks in between the odd harmonics of the

2ω-field, which appear at energies corresponding to even multiples of the fun-
damental frequency. For parallel polarization, the generation efficiency of these
peaks is far above that of the ordinary odd harmonics of the 2ω-field. They
may appear owing to the ω-field breaking the symmetry of the Hamiltonian
of the 2ω-field interaction with atom. Alternatively they can result from the
sum of an odd number of 1× 2ω-photons plus 2× ω-photons. More details on
these processes may be found in Ref. [124].
Figure 12.37 shows the harmonic distribution of an ω + 3ω field obtained

in Ne, compared with that given by the ω field [125]. In this experiment,
focusing is achieved with the help of an off-axis parabolic mirror so that the
chromatic aberration is eliminated. The confocal parameter is of 0.5 mm,
which gives rise to a tight focusing. The fundamental radiation is provided
by a 100-fs Ti:sapphire laser (745 nm) with an intensity of 5× 1014 W/cm2.
The amplitude ratio E3ω/E1ω is estimated at 0.4. The relative phase between
the two fields can be adjusted by a delay line with the help of a piezoelectric
transducer. In the distribution obtained for the ω-field, the usual plateau is
clearly observed (open symbols) from 27th to∼35th orders. However the cutoff
is out the observation range. For the ω + 3ω mixed field the figure shows three
experimentally measured points (filled symbols) for each harmonic intensity.
The outstanding result, in the plateau region, is the one-order-of-magnitude
enhancement of the harmonic intensity due to the two-color interference.
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Fig. 12.38. Possible ways to generate a given harmonic (7ω) by mixing 1ω and 2ω
fields with linear and circular polarizations.

More generally, when both pump fields act simultaneously with parallel or
perpendicular polarization, a number of nonlinear processes may contribute
radiation at a given harmonic wavelength. This is illustrated in Figure 12.38
which shows the generation of 7ω harmonic photons by mixing 1ω and 2ω
fields with different polarizations [116]. Experiments confirm the efficiency of
polarization combinations made available by frequency mixing.
Figure 12.39 displays the measured intensities of harmonic signals pro-

duced in argon by combining linear or circular polarizations. The experimental
setup is similar to that displayed in Figure 12.35, but two MgF2 wave plates
are now inserted into the beams, one for each color, to manipulate polariza-
tions. The birefringent axis are perpendicular to the plate surfaces. By tilting
the plates, the phase difference between the ordinary and the extraordinary
polarization can be changed continuously from zero to λ/2. The driving laser
is a 150-fs Ti:sapphire operating at 773 nm. The focused intensities are nearly
the same for the 773-nm and the 386.5-nm colors. Argon is injected into the
vacuum chamber with a backing pressure of 2 bar. The atom density in the
interaction region is of 1017–1018 W/cm2

.
Figure 12.39a shows the spectra separately provided by 1ω and 2ω linearly

polarized pumps. For the 1ω-field the harmonic spectrum has a clear plateau
structure from the argon ionization energy (15.76 eV corresponding to the
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Fig. 12.39. 1ω + 2ω frequency mixing signals for different polarizations of the fields.
ω1 is the laser frequency (data from Ref. [115]).

value 9.75 on the ωq/ω1 scale) up to a cutoff energy of ∼40 eV, i.e. ωq/ω1 � 25.
For the 2ω field, harmonics up to the seventh order (14ω) were observed
with no plateau structure as the seventh harmonic is already at the cutoff
energy. It should be noted that neither field generates 2p2ω even harmonics
but only (2p+ 1)ω and (2p+ 1)2ω harmonics. Focused intensities were about
3× 1015 W/cm2.
In Figure 12.39b, 1ω-field odd harmonic intensities are seen to be en-

hanced by up to two orders of magnitude in comparison with Figure 12.39a.
As a matter of fact, these harmonics can be now generated by different non-
linear processes such as 2(2ω) + 3(1ω) or 4(2ω)− 1(1ω) mixing represented in
Figure 12.38 for the case of the 7th harmonic. Besides, harmonics generated
by two perpendicular fields prove to be less intense than those generated by
the parallel fields. According to the semiclassical model, this property should
be ascribed to the smaller probability that an ionized electron returns to the
ion and thus emits harmonic photons in the case of perpendicular fields.
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For corotating circularly polarized beams, all pω-frequencies can be gener-
ated but the number of participating processes is limited by the requirement
(p ∓ 1)(2ω)− (p ∓ 2)((1ω) = pω, as indicated in Figure 12.38. This restriction
reduces the harmonic intensity compared with harmonic generation by coun-
terrotating fields. The location of the white-circle marks in Figure 12.38c illus-
trates this effect very clearly. In this case a given frequency can be generated
by the sum-mixing process p(2ω) + (p ∓ 1)ω giving (3p ∓ 1)ω frequencies.
This excludes the frequencies pω.
As for the cross (×) mark in Figure 12.39c, it indicates a low intensity

3(2ω) harmonic. This anomaly is reasonably ascribed to the incomplete cir-
cularly polarization of the beams. An ellipticity of 0.9 would be sufficient to
explain the appearance of this nonallowed harmonic. Most of experimental
data reported above agree with the theoretical results of a model calculation
of the single atom interaction with field (see [116]).
An interesting challenge consists in using the additional parameters result-

ing from bichromatic excitation to realize phase matching to the benefit of
an unique harmonic of large intensity [126]. The experimental setup is similar
to the one of Figure 12.35. The pump is a 150-fs, 770-nm laser. The energy
of the ω beam is 25 mJ, which provides an intensity of ∼1016 W/cm2 in the
40-μm diameter focus. The energy of the 2ω beam is 5.5 mJ only. The two
beams are parallel polarized. The nozzle is equipped with three aligned holes
so that the length of the nonlinear medium can be approximately tripled.
Examination of the different components of the phase mismatch shows

that the case of difference-frequency mixing is much more favorable than the
case of sum-frequency mixing process for which both the geometric and the
dispersive terms of the phase mismatch are generally positive. In the case of
a difference-frequency mixing processes

ωq = qω = m(2ω)− lω (12.21)

favorable conditions occurs when m = 2l because the dispersive phase mis-
match is negative and is given by

Δkdq = −1
q

ω2
p

2ωc
= − e2

mec2
Ne

λ

q
(12.22)

On the other hand, the value of the geometrical phase mismatch for the case
of weak focusing can be estimated from equation

Δkgeo
q = 2(m − l − 1)/b (12.23)

Thus the total phase mismatch

Δkq = Δkgeo
q +Δkdq (12.24)

depends on the free electron density. Free electrons appear because, due to the
high intensity of the fundamental beam (1016 W/cm2), a plasma is formed at
the front of the laser pulse and serves as the nonlinear medium. Thus there
exists an optimum electron density, depending on the harmonic order, where
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Fig. 12.40. Demonstration of phase-matching for a unique harmonic by frequency-
difference mixing (Ref. [125]).

the mismatch is equal to zero. The corresponding harmonic signal is expected
to dominate the spectrum.
This occurs indeed for the 9th harmonic at 85.5 nm, as shown in Fig-

ure 12.40 where the 9th harmonic is orders of magnitude stronger than in
case (not represented in the figure) where it is directly produced by the fun-
damental radiation. This behavior provides evidence for phase-matched dif-
ference frequency-matching mixing, 9ω = 6(2ω)− 3ω, in the two-color field.
Moreover, it is observed that the intensity of the 9th harmonic has a sharp
maximum as a function of the backing pressure, as this can be expected from
equations (12.22) and (12.24).

12.2.8 Tunability

12.2.8.1 Tunability Using Frequency Mixing

Intense tunable XUV radiation sources are desirable for many applications.
In the case of harmonics, the tunability might be directly obtained from the
pump laser since titan–sapphire lasers are tunable by themselves. However the
adjustment of the chirping and pulse-compression unit, which is an essential
part of an ultrashort terawatt pulse system, is uneasy and difficult to achieve
for continuously varying wavelengths. Therefore it is more practical to mix the
radiation frequency (ωL) of the pump laser with the easily tunable frequency
(ωOPG) of an OPG.
The diagram of an experimental setup for producing tunable XUV pulses

is shown in Figure 12.41 from Ref. [127]. In the OPG, a baryum borate crystal
(BB0) is pumped by the 2nd harmonic of the Ti:sapphire laser, a small change
of the incidence angle allowing for the variation of the secondary radiation
wavelength between 520 and 650 nm. A description of the OPG can be found
in [128]. The Ti:sapphire pump laser provided 150-fs laser pulses with an
energy up to 100 mJ. Sum and difference mixing signals, nωL ∓ ωOPG (n pair),
appeared in argon, krypton, and xenon, with the strongest signals down to
40 nm in xenon. Figure 12.42 shows as an example the tuning, between 85.6
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Fig. 12.41. Experimental arrangement for the generation of tunable harmonics.
The OPG generates tunable radiation in the 520–650 nm wavelength interval from
the 2nd harmonic of the pump laser. Frequency mixing with the fundamental
(810 nm) provides tunable EUV harmonics.

and 88 nm, of a sum-frequency mixing signal near the 9th harmonic. Moreover,
sum mixing signals were observed to increase linearly with OPG energy from
100 μJ to 350 μJ, which is the maximum OPG energy. About one third of the
spectral range between two harmonics was covered.
Tunability has been extended to 70% of the spectrum between two

subsequent harmonics and up to 70 eV (λ � 15 nm), thanks to a larger tuning
range of the OPG and to the inclusion of ∓2ωL and ∓ωOPG into the mixing
process [117,129]. Further extension to shorter wavelengths, in neon or argon,
seems to be possible with a higher OPG energy.
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Fig. 12.42. Example of tunable harmonic provided by laser-OPG radiation fre-
quency mixing (Ref. [127]).

The curves of Figure 12.43 represent the number of photons emitted, in
neon, argon, and xenon, at the wavelengths of the harmonic processes and of
the nearest sum and difference mixing processes. 2N+1 is the label the laser
harmonic order. The peak just to the right (respectively left) of the harmonic
signal corresponds to a frequency of 2NωL + ωOPG [respectively (2N + 2)
ωL − ωOPG] and is referred to as (2N) + 1 [respectively (2N + 2)− 1],
where + (respectively −) denote sum (respectively difference) frequency pro-
cess. For each of the gas, the figure displays the curve corresponding to the
2N+1 harmonics and those corresponding to sum and difference processes, la-
beled (2N) + 1 and (2N)− 1. It is worth noticing that the curves present the
same general features as the harmonics, namely plateau and cutoff. On the
other hand, the comparison of the efficiency of sum and difference processes
shows the relative strengths of the +1 and −1 processes to change from xenon
to neon, that is to say for increasing energy of the emitted photons in each
case. While (2N + 1) processes dominate in xenon (between 15 and 30 eV),
they are dominated by the 2N − 1 processes in neon (between 40 and 70 eV).
No conclusive explanation of this behavior appears from phase-matching con-
siderations. It is thus expected to originate in the single atom dynamics.
A different route to a fully tunable XUV source is opened by the

demonstration of HHG directly produced using a high intensity OPG, without
mixing with fundamental radiation, up to about 80 eV in xenon [130]. This
result has been achieved thanks to the increase of the OPG intensity in the
focus up to ∼3× 1014 W/cm2

. However, an issue in the development of this
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Fig. 12.43. Number of photons for the different processes in xenon, argon, and
neon as a function of photon energy. (2N + 1) refers to the harmonic with frequency
(2N + 1)ωL; (2N)∓ 1 refer to signals of frequencies 2NωL ∓ ωOPG (data from Ref.
[129]).

technique may appear because of the spectral bandwidth of the OPG which
is significantly larger than that of the fundamental and dominates the width
of the harmonic lines.

12.2.8.2 Tunability Using the Blueshift of Harmonic Lines

It is well established that a short-pulse laser focused into a gas medium is
shifted toward the short wavelengths [15, 131–133]. The shift originates from
free electrons created by the laser pulse ionizing the gas. A free-electron
density Ne(r, z, t), where r and z are the usual transverse and longitudinal
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Fig. 12.44. Blueshifts of the 15th harmonic of a 800-nm laser for three laser inten-
sities.

variables, induces a variation of the refractive index [15]

δn1(r, z, t) = −2πe
2

mω2
Ne(r, z, t) (12.25)

where ω is the laser frequency. The temporal variation of the index, i.e. of the
phase of the radiation field, is responsible for the production of the spectral
blueshift which can be estimated by the simple expression (CGS units)

δλ1 = − λ3e2

2πmc3
dNe

dt
L (12.26)

where L is the interaction length previously defined (see Section 12.1.1). The
shift of the fundamental induces a shift of harmonics, which, for the qth har-
monic, is

δλq =
δλ1

q
(12.27)

Another shift can be induced by the propagation of the harmonic in the
medium. However, for harmonics of high orders, this shift is negligible com-
pared to that of the fundamental field. As Ne in equation (12.26) is a function
of gas pressure and of pump intensity, through the tunneling ionization rate,
δλq will vary with these experimental parameters. Figure 12.44 shows for ex-
ample the shift of the 15th harmonic of the 800-nm radiation of a Ti:sapphire
laser in xenon, at 20-Torr pressure, for three laser intensities [15].
A method to vary the effective pump intensity in the gas consists in varying

the position of the gas jet relative to the laser focus along the z-axis. Altucci et
al. [134,135] investigated the dependence of the blueshift of the harmonic spec-
tral peaks upon the distance z, from the laser focus to the gas jet. Figure 12.45
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Fig. 12.45. Tunability of the 73rd harmonic obtained by varying the distance z,
from the laser focus to the gas jet.

shows the detail of the spectral region around the 73rd harmonic of the 793-nm
Ti:sapphire laser in neon. The total shift measured in the interval 0.4 mm ≤
z ≤ 2.2 mm was �0.3 nm, that is approximately the wavelength separation
between the 71st and the 73rd harmonics. The pump intensity variation for
the 0.4–0.2 mm interval was estimated at ≈2.14× 1014–4.9× 1014 W/cm2

.
It has been observed that the blue shift is only weakly dependent on the
harmonic order in the far plateau region (q > 39 in the present case).
Therefore, a blueshift-based tunability of high-order harmonics between

∼20 and ∼8 nm may be obtained by simply adjusting the gas-jet position
relative to the laser focus.
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Part IV. A Survey of Coherent XUV
Sources Applications



13. Introduction

The use of intense coherent sources of XUV radiation is diversified in a large
field of scientific and technical applications: plasma physics, atomic physics,
surface state studies, XUV optics, nonlinear optics, production of ultrashort
(attoseconds) XUV light pulses, physics of ultrafast phenomena, biology and
others. A large number of applications of soft X-ray lasers and high-order har-
monics are already demonstrated. The original properties of coherent sources
that application requirements have to fit, separately or together, concern radi-
ation wavelength, coherence and monochromaticity of the beam, pulse energy,
pulse duration and repetition rate. In addition, the size of the source facility
should be of a usual laboratory scale.
Table 13.1 recalls the magnitude of the main emission parameter values of

X-ray lasers and high-order harmonics. Harmonics exhibit higher repetition
rate, shorter pulse duration but faster decrease of emission intensity toward
short wavelengths than X-ray lasers which, in turn, provide much higher in-
tensities at shorter wavelength, but with a much lower repetition rate than
harmonics. The energy per pulse is larger by several orders of magnitude for
X-ray lasers than for harmonics but the pulse duration is longer, what re-
duces the difference between peak powers. Concerning radiation coherence,
harmonic radiation is fully spatially coherent, while the transverse coherence
length of X-ray lasers is about 100 μm at 1 m from the laser exit. However,
thanks to the longer pulse duration of the laser, the number of “coherent
photons” per pulse is similar in both sources. Therefore, for interferometry
and holography experiments which do not require temporal resolution shorter
than ∼50 ps, both sources may provide similar quality of interferograms, with
the advantage of a better beam monochromaticity in the case of XUV lasers.
In addition, harmonic wavelengths can be made tunable, either by a two
color mixing technique or using the blue shift induced by the presence of free
electrons in the gas. Let us note that the parameter values that appear in
Table 13.1 are subject to change with future source developments. This will
be probably the case of the repetition rate of X-ray lasers, whose potential
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Table 13.1. Emission characteristics of far UV and XUV coherent sources: 1.
Ne-like collisionally pumped lasers with prepule; 2. Capillary discharge lasers in
argon; 3. Transient Ni-like collisional excitation pumped laser; 4. HHG from 1053
nm; 5. 526 nm radiation in neon; 6. 2N+1 sum-frequency process in xenon; 7.
Optimized focal length in xenon; 8. DESY VUV free electron laser

Output Duration λ Δλ/λ Repetition

X-ray lasers
1 0.1−10 mJ 50−100 ps �15 nm ∼10−4 8× 10−4 Hz
2 0.1−0.9 mJ ∼1 ns 46.9 nm ” 1−10 Hz
3 25−100 μJ 2−7 ps �12 nm ” 4× 10−3 Hz

HHG
4 0.01 nJ Sub−ps �25 nm ∼10−3 10 Hz
5 1 nJ ” ” ” ”
6 0.1 nJ ” �20 nm ” ”
7 1 μJ ” �40 nm ” ”

FEL
8 30−100μJ 30−100 fs �95 nm ∼10−2 10 Hz

enhancement is up to 10 Hz with the help of diode-pumped lasers [1]. In the
near future FEL will operate at shorter wavelengths.
Seeing that the time-scale required for each particular utilization of pulsed

coherent XUV radiation is of chief physical importance, we choose this char-
acteristic to sort out a number of already demonstrated applications, at the
cost of other titles in which they could be involved.

13.1 Interferometry of Laser-Created Plasma

Optical interferometry is used long since to investigate electron density pro-
files in high-density plasmas. Experimental measurements of electrondensity
distributions are excellent sources of data for the control of numerical plasma
codes and for the identification plasma instabilities. However, a density limit,
given by equation. 2.20

nc � 1.1× 1021
λ2
[μm]

[
cm−3

]
exists for the propagation of radiation of any wavelength λ. Soft X-ray wave-
lengths will obviously penetrate much deeper in dense plasmas that infrared or
visible light can do. That is why XUV laser interferometry generates interest
as a tool for dense plasma investigation.
DaSilva et al. [2] calculated the parameter space accessible for plasma prob-

ing using the wavelength of the collisionally pumped yttrium laser, namely
15.5 nm. In addition to the critical density, they assume two constraints, which
are the free–free absorption and the limited number of recordable fringes. For
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Fig. 13.1. Limits of plasma electron density reachable by interferometry for two
XUV wavelengths. Dashed lines: XUV absorption in plasma; solid lines: fringe res-
olution by detector.

a 1-KeV plasma temperature and an average ionization 30, the free–free ab-
sorption coefficient is found to be α � 2.6× 10−43n2

e . If one allows for one
optical depth of absorption over a length L (i.e. αL = 1), ne and L must
satisfy the condition

n2
eL � 3.8× 1042

where the length unit is cm. On the other hand, the number of fringes for a
propagation length L is given by

Nfringe =
δφ

2π
=
1
λ

∫ L

0

(1− n)dL ≈ ne

2nc

L

λ

where n is the refractive index, given by relation n =
√
1− ne/nc [see

Eq. (5.2)]. The number of fringes is bounded by the resolution and the size of
the detector. Assuming 50 fringes as a realistic number in the present state of
art for the soft X-ray range, one obtains the space of accessible density and
plasma length limited by the tin lines represented in Figure 13.1.
A similar calculation performed for the 46.9-nm wavelength of the argon

fast capillary discharge laser (cf. Section 7.5) shows an important reduction
of the available space of parameters. Absorption increase is now the main
cause of the lowering of accessible densities. However, below densities about
1021 cm−3 the increase of the number of fringes makes detector resolution to
become the main limit to the investigation of large size plasmas.
Interferograms of a laser-produced plasma presented hereafter have been

obtained using the capillary discharge argon laser [3,4]. The XUV interfer-
ometer consists in Mach–Zehnder configuration modified to use only grazing
incidence optical components (Fig. 13.2). A first grating diffracts the soft
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Fig. 13.2. Grazing incidence Mach–Zehnder interferometer designed for the inves-
tigation of plasma electron-density distribution.

X-ray laser beam into the two arms of the interferometer. The incidence angle
is selected to evenly split most of the radiation between the zero and the first
diffraction orders. Two grazing incidence mirrors redirect the beams toward
the second grating. The investigated plasma is produced on the path of one
of the beams by focusing the 1.06-μm light of a Nd–Yag laser onto a slab
target. The focal spot at the target surface is ∼30 μm wide and ∼2.7 mm
in length. The recombination of the beams, produced thanks to the second
grating, generates the interference pattern. A multilayer mirror yields plasma
interferogram images with 25× magnification onto the detector plane.
The examples of interferograms displayed in Figure 13.3 have been ob-

tained from a Cu target irradiated by pulses of ∼13 ns FWHM duration. As
for the duration of the 46.9-nm probe pulse, it is 1.2 ns. Interferograms corre-
spond to times 0, 3.9, and 16.8 ns, respectively, 0 ns being the starting time
of the 1.06 μm laser pulse. One sees fringes to shift with plasma expansion.
Electron density maps can be computed from the fringe shifts at each location.
Electron densities are found to be measurable at distances as short as 25–30
μm from the target, where they are about 5× 1019 cm−3. Another series of
measurements, for a 18-mm-long line-plasma, probed electron densities up to

Fig. 13.3. Interferograms of plasma produced by focusing a ∼13-ns duration in-
frared pulse on a copper target. The duration of the 46.9-nm probe pulse is 1.2 ns.
The recording times for (a), (b), and (c) are 0, 3.9, and 16.8 ns, respectively. 0 ns is
the starting time of the infrared pulse (Ref. [3]).
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Fig. 13.4. Example of density map obtained from a line focus plasma, 11 ns after
the start of the infrared pulse. A density depression is observed along plasma axis.

1× 10 20 cm−3. For a point-focus plasma with ∼300 μm dimension, the spatial
density distribution has been measured for densities up to ∼6.5× 1020 cm−3.
An interesting example of physical finding provided by plasma interferom-

etry is illustrated in Figure 13.4. This figure shows one of the density maps
obtained from interferograms depicting the evolution of a 30-μm × 1.8-mm
line focus plasma, with the same 13-ns pulse duration as in the previous ex-
periment. The focused intensity is about 1011 Wcm−2 [5]. The map displayed
in Figure 13.4 is computed from an interferogram obtained 11 ns after the
beginning of the 1.06-μm pulse. This map shows that the density distribution
presents a concave shape with a density minimum on axis, the observed asym-
metry being due to a slight target misalignment. Bidimensional hydrodynamic
simulations show that the side-lobes are created outside the laser-irradiated
target region owing to cold material evaporation under the action of XUV
plasma radiation. The lobes have a slower expansion than the hotter central
region. Pressure balances in the lateral direction require a density depres-
sion on axis. Because the evaporation of the off-spot material and the cold
plasma expansion take a relatively long time ∼4–10 ns, such an effect cannot
be clearly identified in shorter pulse experiments.

13.2 Interferometry and Shadography of Exploding
Wire Plasma

Thin exploding metal wires are used to form plasmas capable of generating
extremely high intensity of X-ray radiation (see for instance [6]). Optical in-
terferometry provides mapping of exploding wire in the corona region with
plasma density values of 1017–1018 cm−3. Soft X-ray lasers are required to
probe the plasma at the higher densities that occur on the early stages of the
evolution. Interferograms obtained by Jankowska et al. [7] to this end, shown
in this section, illustrate this capability of X-ray lasers.
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Fig. 13.5. Interferograms corresponding to the early stages of the explosion of a
25-μm aluminium wire. The times indicated are relative to the initiation of the
current pulse which has a 4.7 kA peak amplitude at 155 ns.

The experimental setup is similar to the one of Figure 13.2, the wire as-
sembly replacing the slab target and the Nd laser. The plasma is generated by
heating Al wires, 15 or 25 μm in diameter, with current pulses of 4.7 or 6.0 kA
peak intensity, with an increase rate of the averaged current of 30 Ans−1 and
42 Ans−1 respectively. Measurements are conducted under vacuum pressure
<2× 10−5 Torr.
Figure 13.5 shows examples of interferograms corresponding to the early

stages of the explosion of a 25-μm aluminium wire. The times indicated are
relative to the initiation of the current pulse which has a 4.7 kA peak ampli-
tude at 155 ns. The central part of the vaporized wire completely absorbs the
probe beam. The images can be then treated as shadowgrams from which the
wire-core expansion is observed to reach an asymptotic velocity of 3.4× 105
cm s−1. Near the edge of the expanding wire, interferograms exhibit a fringe
shift which increases with time. For the interferogram corresponding to a 83-ns
delay, the shift can be measured up to a distance of 80 μm from the wire axis.
Thus the refractive index of the plasma can be mapped in the shell around
the colder central matter. However both free electrons and neutral atoms con-
tribute to the refraction with relative parts which vary with the distance to

Fig. 13.6. Image nonuniformity denoting plasma instability produced by a 6 kA,
42 Ans−1 current.
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Fig. 13.7. Si reflection coefficient versus incidence angle. Cross symbols: experi-
mental data; thin line: calculated for a clean surface with Fresnel formula; thick
line: calculated for a transition contamination layer.

the wire axis. Thus the treatment of experimental data is more complex than
for the case of highly ionized plasmas.
Experiments conducted for different excitation currents and wire diameter

show that, for a given wire diameter, the increase of deposited energy generates
expansion instabilities. This perturbed state is obvious from the nonuniformi-
ties observed along the wire axis, as shown for example in Figure 13.6 which
corresponds to a 25-μm diameter wire and a 6 kA, 42 Ans−1 current instead
of the 4.7 kA, 30 Ans−1 current previously used (Fig. 13.5).

13.3 Reflectometry of Solid Materials

The relatively high repetition rate of the fast capillary discharge laser makes
it an efficient tool for measuring the optical constants of solid materials at
46.9-nm wavelength. The reflection coefficients of a set of materials involving
Si, GaP, InP, GaAs,GaAsP, and Ir have been obtained as a function of inci-
dence angle [8]. For example Figure 13.7 shows the measured reflectivity data
for Si (cross symbols) compared with the curves calculated from Fresnel for-
mula for a clean silicon surface (thin line) and for a transition contamination
layer (thick line) [9]. The fitting of theoretical curves on experimental data
provides the optical constants α and β for pure Si [cf. Eqs. (2.8) and (2.9)].



14. Time-Resolution About
100 Picoseconds

About 100 ps is a typical pulse duration for most of the (nontransient) colli-
sionally pumped lasers. Developed since the middle of the nineties, these lasers
already proved to be novel tools in various fields of research. Their main ad-
vantage is to provide a very large amount of monochromatic photons, from
∼25 eV to less than 100 eV energy, in a well-collimated beam. The XUV laser
beam has a good spatial coherence which enables to carry out instantaneous
interferograms from rapidly evolving physical objects. Furthermore, used in
grazing incidence reflection, XUV radiation is a nondestructive surface probe
thanks to the peculiar properties of optical constants in this spectral range.
The only serious limit to the full efficiency of contemporary X-ray lasers

comes from their low repetition rate (cf. Table 12.4). It should be recalled
that the origin of this limit does not rest in the physics of X-ray lasers but in
the time necessary to cool the amplifiers of the infrared pump laser after each
shot. As we mentioned previously, new designs of pump lasers will reduce this
time in the future.

14.1 Characterization of Dense Plasmas

14.1.1 Density Measurements Up To �1021 Electrons cm−3

Figure 14.1 shows the principle of the experimental arrangement for density
measurements used at LLNL (USA) [10]. The plasma to be probed is pro-
duced by focusing the beam of a 0.53-μm wavelength laser on a silicon wafer,
overcoated with 10 μm of CH. The target is in the shape of a triangle to al-
low a range of plasma lengths to be probed simultaneously. The probe beam,
of 15.5-nm wavelength, is provided by a neon-like yttrium laser (cf. Section
7.2.3). The laser has an output energy of ∼3 mJ, a divergence of 10–15 mrad
(FWHM) and an output pulse width of 350 ps. The high brightness of this
laser allows for obtaining single shot exposures. A spherical multilayer mirror
is used to collimate the beam and inject it into the interferometer. The plasma
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Fig. 14.1. Diagram of the plasma production arrangement used with the 15.5-nm
yttrium laser (LLNL, USA) for plasma density measurements. The target is coated
with 10 μm of CH. With the triangular plasma shape, a range of plasma lengths
can be probed simultaneously with a single laser shot.

is placed on one of the arms of the Mach–Zehnder interferometer (nonrepre-
sented in the figure). Each of the two normal-incidence beam splitters of the
interferometer involves 8–12 Mo/Si layer pairs.
For the results presented as example in Figure 14.2, the plasma length

covered by the probe beam was 0.7 mm, that is the width of the triangle
at a distance of 0.35 mm from the tip of the target. The figure shows the
fringe intensity as a function of the distance to the target surface. Similar
curves can be obtained from the same interferogram for distances to the tip
of target comprised between 0.025 and ∼1 mm. The thick solid line shows the
values of the electronic density deduced from the measured fringe shifts. The
dashed line shows the electron density profile which has been calculated by

Fig. 14.2. Fringe intensity as a function of the distance to the target surface for
a 0.7 mm in length plasma. Thick solid line: electronic density deduced from the
measured fringe shifts; dashed line: result of one-dimensional numerical simulation
of electron-density profile.
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Fig. 14.3. Diagram of a plasma collision experiment. Under laser impact the gold
slabs generate two counterstreaming plasmas which collide at late time.

one-dimensional numerical simulation. The discrepancy between the measured
and the calculated density values is observed to increase as one moves away
from the surface. This discrepancy is ascribed to the lateral expansion of the
plasma, which cannot be accounted for by a one-dimensional calculation.

14.1.2 Colliding Plasmas

The understanding of collision of high-density plasmas is important for the
design of the hohlraums used in indirectly driven inertial confinement fu-
sion (ICF) research. Figure 14.3 shows the diagram of a plasma collision
experiment intended to study the part of plasma interpenetration in the
development of the collision [11]. Two gold slabs are aligned at 45◦ with
respect to the symmetry axis, with a gap width �500μm between the tips
of the slabs. A line-focused 0.53-μm driving laser incident to the slabs gen-
erates two counterstreaming plasmas which collide later. The pulse duration
is of 1 ns. The 15.5-nm X-ray laser probe-beam, which is perpendicular to
the axis of the driving laser, allows to obtain interferograms in sub-200 ps
exposures.
Accurate measurements of electron-density profiles can be obtained from

interferograms such as the one presented in Figure 14.4 [12], which shows the
evolution of the counterstreaming plasmas from interpenetration at early time
to stagnation, where significant stable structures of the electronic distribution
are observed in the region of the symmetry axis.
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Fig. 14.4. Interfrogram of colliding plasmas. Electron-density profiles, obtained
from such interferograms, show the plasma evolution from interpenetration to stag-
nation.

14.1.3 Soft X-Ray Radiographic Probing of Laser-Irradiated
Thin Si Foils

In directly driven ICF experiments, high-intensity laser radiation ablates the
surface of a capsule containing the fusionable D–T mixing. This generates
a high pressure on the capsule wall, which is expected to lead to a spherical
implosion. In case of initial roughness of the capsule surface or of nonuniformi-
ties in the laser-driven intensity, Rayleigh–Taylor instabilities develop during
the process, which impedes the material pressure to arrive at the level where
fusion might start. Nonuniformities in the laser intensities are generated by
diffraction of the coherent beam at the edge of apertures in the focusing optics
for instance.
One way to smooth intensity thus consists in destroying the beam coher-

ence before focusing. This can be partially made with the help of random
phase plates (RPP) that introduce randomly distributed phase changes in
the beam. This system generates irradiation speckles. Furthermore the static
speckle pattern can be made rapidly fluctuating by spectral dispersion using
a broad band laser (SSD). With this technique the spatial irradiance profile
undergoes large random fluctuations on picosecond time-scale but is smooth
on long time scales [13].
Soft X-ray laser is used to perform and compare radiographic images of

Si thin foils irradiated through RPP only and RPP–SSD smoothed speckle
pattern [14, 15].
Figure 14.5 shows the X-ray laser system for measuring the density modu-

lations imprinted on a 3-μm thick Si foil by an intense incident laser beam of
0.35-μm wavelength and 400-ps duration. Density modulations are detected
as optical depth modulations thanks to a 15.5 nm X-ray laser beam which
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Fig. 14.5. The beam of a 0.35-μm laser imprints modulations at the surface of a
silicon foil. Foil radiography with the 15.5-nm X-ray laser beam detects the optical
depth changes induced in the foil by density modulations.

traverses the foil perpendicularly to its surface. A thickness variation of only
50 nm results in a 10% change in the transmitted intensity.
Radiography images, at t = 260 ps, of the imprinted modulations of optical

depth in a 100 μm square region of the Si foil are displayed in Figure 14.6.
Figure 14.6a shows the modulations due to static speckle pattern. Translated
in terms of foil thickness, the rms modulation is found to be of 115 nm only at
shock breakout. Figure 14.6b corresponds to the foil imprinted with the SSD
smoothed beam. The rms modulation deduced from the image is reduced to

Fig. 14.6. Radiography images, at t = 260 ps, of the imprinted modulations of
optical depth in a 100-μm square region of the Si foil. (a) The modulations due to
static speckle pattern. (b) The foil imprinted with the SSD smoothed beam.
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72 nm by the rapid fluctuation of the speckles pattern, what assesses the
effectiveness of SSD bandwidth for the suppression of modulation imprint.

14.2 Atomic Physics

14.2.1 Lifetime Measurement of Excited He-States

The emergence of intense pulsed sources of XUV radiation promotes
pump/probe techniques as a tool for atomic and molecular process studies,
including transitions between levels separated by energies of tens of eV. Let
us recall that a pump/probe technique consists in using a first photon pulse—
the pump—to induce a given excited state of the physical system, followed
by a second pulse—the probe—to characterize the evolution of the state after
chosen time intervals.
This technique is illustrated here by the 13th harmonic of a 760-nm beam

used as a pump of 21-eV energy to excite helium in the 1s 2p 1P state and,
subsequently, the 3rd harmonic of a 1.06-μm beam used as a probe of 3.5-eV
energy to ionize the excited He atoms at given times after excitation [16]. The
ionization rate decrease with the pump-to-probe delay increase provides the
lifetime of the excited state.
Figure 14.7 shows the principle of the experimental setup. The second

harmonic of a Nd:YAG laser pumps a dye laser, which generates 80 ps pulses
tunable between 715 and 900 nm. At the same time the third harmonic of the
Nd laser at 355 nm is used as the probe pulse via an adjustable delay line.
The system repetition rate is 10 khz. The 13th harmonic at 58.4 nm of the
rare gas of a pulsed jet is selected thanks to a near normal incidence spherical
grating.

Fig. 14.7. Pump-probe experiment for the measurement of the He 1s 2p 1P state
life-time. The pump is the 13th harmonic, at 58.4 nm, emitted by a gas jet. The
probe is the third harmonic of a Nd laser, at 355 nm. The time interval between
pump and probe is adjusted by a delay line. The ions generated by the probe are
separated in a time-of-flight tube.
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Fig. 14.8. Number of detected ions as a function of the delay time. The slope of
the straight line fit to the data determines the lifetime of the 1s 2p 1P excited state.

The 13th harmonic beam and the 335-nm probe light pulse are approx-
imately focused at the crossing point of the two beams over a ∼0.5–1 mm
diameter. The generated He ions are separated in a time-of-flight tube and
detected by a Micro Channel Plate. Figure 14.8 shows the number of He+

ions as a function of the delay time between the pump and the probe. Each
point is an average of 200 shots. The helium pressure was 7× 10−6 mbar, cor-
responding to an atomic density of 1.4× 1011 W/cm2. One sees the logarithm
of the signal to vary linearly with the delay time over more than 2 ns, that
is about four times the exponential decreasing time. This allows lifetime to
be measured with a good accuracy. Measurements have been performed for
seven different pressures between 2× 10−7 mbar (4× 109 atoms/cm3) and
6× 10−5 mbar (1.2× 1012 W/cm3). From the mean value of this ensemble of
measurements, the lifetime of the 1s 2p 1P state is found to be 0.57∓ 0.03 ns.
This value is in good agreement with those deduced from experimental mea-
surements of the 1s2–1s 2p transition oscillator strength.

14.2.2 Absolute Photo-Ionization Cross-Section
of Excited He-States

A somewhat more complex variant of the same experimental setup was carried
out in order to allow for the measurement of the absolute ionization cross-
sections of the 1s 2p and 1s 3p helium level as a function of the photon
energy. A diagram of the excitation–ionization processes under consideration
is shown in Figure 14.9. [17].
Using the second, third, and fourth harmonics of the Nd:YAG laser, at

532, 355, and 266 nm, provides 70-ps probe pulses with 2.3, 3, 5, and 4.7 eV
photon energy respectively to ionize He excited states. A wavelength of 752
nm obtained by tuning the Dye laser gives a 1.6 eV probe pulse. The photon
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Fig. 14.9. Diagram of the excitation–ionization processes via the 1s 2p and 1s 3p
states. The photon energy necessary to pump He into the 1s 2p 1P state (21.22 eV)
is obtained with the 13th harmonic of a 760-nm laser beam. The seventh harmonic
of a doubled 752-nm beam provides the 23.09-eV energy pulse to pump He into
the 1s 2p 3P state. The second, third, and fourth harmonics of the Nd:YAG laser
provides 70-ps probe pulses to ionize He excited states.

energy necessary to pump He into the 1s 2p1P state (21.22 eV) is obtained
with the 13th harmonic of the 760-nm beam. Doubling the 752-nm beam and
selecting the seventh harmonic of the resulting radiation provides the 23.09-
eV energy pump pulse for the 1s 2p 3P. Both probe and pump beams are
linearly polarized, with the same polarization, set to be perpendicular to the
horizontal plane. The pump pulse duration is ∼30 ps. The delay between
pump and probe pulses is set to 250 ps in order to separate excitation and
ionization steps.
Helium is introduced in the experimental chamber by a synchronized

pulsed gas nozzle. The ions produced by photo-ionization of the preliminary
excited He atoms are collected by a high extraction field and analyzed by
time-of-flight spectrometry. A calibrated photodiode allows for the determi-
nation of the probe energy with an uncertainty estimated at ∓15%.With the
help of a beam splitter, the spatial profile of probe beam is reproduced on a
CCD camera. Measuring the number of produced ions for various positions of
the lens used to focus the probe beam provides the pump beam spatial profile.
Beam radii are estimated about 100 and 500 μm for the probe and the pump,
respectively.
The number of ions produced in the interaction volume V is equal to

NHe+ =
∫
ρH+

e
dV (14.1)

where the ion density ρHe+ , reads

ρH+
e
= ρHeσexcitNpump/S × e−Δτ/τ

(
1− e−σionizNprobe/S

)
(14.2)

where Npump/S (Nprobe/S) represents the number of photon per cm2 for the
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Table 14.1. Experimentally determined absolute photo-ionization
cross-section in megabarn for helium excited states 1s2p (3p), as a function
of the photon energy above the ionization energy of the excited state

λprobe (nm) Eexcess (eV) σionization (Mb)

He 1s2p1P1 355 0.12 16.6
266 1.29 6.6

He 1s3p1P1 752 0.15 24.4
532 0.83 10.5
355 1.99 4.2

pump (probe) beam, σexcit (σioniz), the excitation (ionization) cross-section.
The variable Δτ is the time delay between pump and probe pulses, τ the
lifetime of the intermediate excited state.
The values obtained for the absolute photo-ionization cross-section of ex-

cited helium are summarized in Table 14.1. The total uncertainty is ∼25%.
The agreement of the experimentally measured cross-sections with theoretical
calculations is found excellent. In particular these experimental data confirms
the theoretical prediction of a cross-section energy dependence stronger for
ionization from the 3p than from the 2p state.

14.3 Material Properties

14.3.1 Snapshots of Intense Electric Field Effects
on Metal Surface

Contemporary microscopy techniques make visible nanometer-scale structures
of matter. To obtain images of so small structures it is generally necessary to
spatially scan the investigated surface. However scanning techniques can be
used only with surface structures remaining unchanged all the time necessary
to perform a scan, i.e. a long time compared to the time scale of microscopic
defects evolution.
Therefore a great interest is attached to the development of techniques

allowing for the observation of rapidly evolving microscopic surface structures.
The use of intense visible or ultraviolet laser beam as surface probe comes up
against damages occasioned to the material through the well known effect
of surface-ripple formation (see, e.g. [18]). This effect is a consequence of
interferences between the light diffracted by the residual surface roughness
and the penetrating wave. In the case of X-ray lasers, the reader remembers
that the real part of the refractive index, n = 1− δ [Eq. (2.7)] is close to but
less than unity. Therefore a beam reflected under sufficiently large incidence is
submitted to total reflection, which makes negligible energy penetration into
solid material, as well as subsequent damages. The pulses of XUV lasers are
thus well suited for solid surface probing, more especially as they have the
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Fig. 14.10. Experimental arrangement for the study of nano-defects produced on
solid surfaces by high electric field. The sample is a planar 1-cm diameter polished
metal disk. The electric arrangement is shown in inset.

high spatial resolution, the short duration and the high intensity required to
obtain snapshot data via holography or holographic interferometry.
As a matter of fact, soft X-ray laser interferometry has been successful

used to investigate the microscopic response to a strong electric field applied
on a metallic surface [19, 20]. The metal and the field values were chosen
to roughly reproduce the conditions of a resonant cavity of superconducting
accelerator. The anode metal was niobium and the electric field could vary
from 0 to more than 50 MV/m.
Figure 14.10 shows the experimental arrangement. The 21-nm wavelength,

∼80 ps pulse duration probe beam is produced by a collisionally pumped
Zn laser. After reflection at 45◦ incidence on a flat multilayer mirror, the
laser beam reaches the Nb polished sample surface at 6.5◦ grazing angle.
The sample is a planar, 1-cm diameter, 0.4-nm rms polished, metal disk. The
electric arrangement is shown in inset. The E field is produced by supplying
high voltage between a steel cathode and the niobium sample. The cathode
presents a 0.2× 6 mm rectangular surface in front of the Nb anode. This
surface is situated below one of the halves of the Nb disk, in order to keep
the second half—the reference surface in the figure—outside the strong field
action area. The distance between the two surfaces is ∼750 μm. The vacuum
in the chamber is of 5× 10−6 Torr, which is much higher than the residual
pressure in accelerator cavity. A possible field emission current was dispatched
to a picoamperemeter.
The interferometer is of the Fresnel bi-mirror type, previously described in

Section 6.4.2 (see also Section 12.1.2). The advantage of a wave-front division
interferometer, like the bi-mirror system, is to provide the coherent reference
beam which is necessary to obtain holographic data after beam recombination.
The reference beam makes the phase of the incident wave on reflection on the
unperturbed metal to be the common phase origin of the wave interferences
when the beams recombine. This beam is the half-part of the incident beam
which is reflected by the reference surface (see figure). Each laser shot provides
an interference pattern corresponding to a sample area of 450 μm transverse
size.
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Fig. 14.11. Interferogram corresponding to the unperturbed surface. Data are saved
within the limits of the white rectangle.

Figure 14.11 displays an interferogram corresponding to the unperturbed
surface. The small fringe curvature near the ends is due to a remnant sur-
face convexity. It should be noted that the grazing incidence of the detector
geometry introduces a large difference between vertical and horizontal scales.
The white frame in the figure represents a 0.3× 9 mm rectangle on the sur-
face sample. Owing to the 6.5◦ grazing incidence, the corresponding detector
resolutions are ∼2.5 and ∼170 μm in width and in length, respectively. The
resolution in the direction perpendicular to the metal surface only is obtained
on a nanometer scale.
A succession of laser shots, without E field being applied to electrode sur-

face, gave interferograms very similar to the example given in Figure 14.11,
which confirms that there was no damage caused to the surface by the X-ray
laser. Then the E field has been increased after each shot, the time interval
between shots being of 20 min, that is the cooling time of the Nd pump laser.
Figure 14.12 shows the changes appearing in interferogram under increasing
E-field application. To make them easily visible, each interferogram has been
pixel-by-pixel subtracted from one and the same unperturbed zero-field inter-
ferogram. The remnant unshifted fringes are due to a 1–2 pixel uncertainty
on positioning interferograms before subtraction. An observed 1-pixel fringe
shifts correspond to 6-nm resolution for vertical metal surface shifts. Hologram
reconstruction, which increases the signal-to-noise, then carries the resolution
limit to 2 nm.
Figure 14.12a, obtained when applying an E field of 12 MV/m does not

reveal any significant perturbation on the surface. In Figure 14.12b, E field
increase to 14 MV/m makes to appear a large perturbed zone though no elec-
tric breakdown had yet been detected. In Figure 14.12c a new increase of the
E field to 27 MV/m enlarges and somewhat shifts the visible limit of the per-
turbed area. After a spontaneous microdischarge had occurred, the 37 MV/m
image exhibit diffraction structures which show the surface perturbation to ex-
tend far beyond the interference fringe domain. Later interferograms, obtained
without increasing the field after the first shot at 37 MV/m, showed a new
extension of the perturbed zone toward the right side of Figure 14.12, followed
by a stationary period which did not stop after switching off the E field.
The hologram reconstruction program returns the phase shifts at the metal

surface from the fringe pattern. On the other hand, for pure morphologic
surface perturbations, the phase shifts are proportional to the vertical surface
shift on each point. Then holographic reconstruction allows one to draw 3D
maps of the surface from the interferometric data.
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Fig. 14.12. Effect of increasing electric field application to the metal surface. (a)
does not reveal surface perturbation for E � 12 MV/m. (b) A large perturbed zone
to appear at E = 14 MV/m. (c) A new E field increase enlarges the perturbed area.
(d) Diffraction structures showing surface perturbation to extend far beyond the
interference fringe domain.

Examples of surface maps are shown in Figure 14.13. The vertical res-
olution limit is ∼2 nm. Figure 14.13a–c shows fold-like structures roughly
arranged parallel to the direction of constant applied field. This character is
conserved from shot to shot as long as a large fields were applied. White color
points out the largest altitudes, while black color points to the deepest “val-
leys”. The largest vertical distance between white and black areas is found
to be ∼10 nm in Figure 14.13a, ∼13 nm in Figure 14.13b and ∼16 nm in
Figure 14.13c. The amplitude of local surface shifts from a shot to the next
one can be larger if, for example, the bottom of a valley turned into the top
of a peak. The largest amplitude of vertical shift observed through the whole
experimental run was 19 nm, just after the breakdown at 37 MV/m. The
evolving structures observed in this experiment are believed to mainly occur
in a thin surface layer of niobium oxide and adsorbed gas.

Fig. 14.13. Surface maps obtained by holographic reconstruction. White color
points out the largest altitudes above the sample surface, while black color points
to the deepest “valleys.” The maximum vertical distance between white and black
areas is ∼10 nm. The smallest perceptible vertical shift is 2 nm.
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Similar experiments performed with the soft X-ray laser of PALS fully
confirm the suitability of XUV laser interferometry for the study of nanometer
defects on metal surfaces [21, 22].

14.3.2 CsI Crystal Luminescence Induced by Very
Intense XUV Flux

CsI is an insulating crystal into which low energy photons do not create defects
which would be the sources of crystal luminescence. The UV luminescence
band at 300 nm (E = 4.1 eV) does not start at the fundamental absorption
edge (6 eV) but only at the threshold of the 4d transition of the iodine. On
the other hand the spectrum of the photostimulated desorption of Cs+ has
a maximum at the absorption energy of the 4d level of cesium. These two
effects could be related to the collective relaxation of electronic excitation
created by the hole at the 4d level. Hence the hypothesis was made that the
emission at 300 nm is due to the recombination of the exciton localized at a
site perturbed by a short-lived defect and created by the relaxation of the 4d
hole. Observation of the defect creation in the region of the 4d level was thus
important to support this hypothesis [23–25].
The photon energy of the collisionally pumped zinc X-ray laser is 58.5

eV. This energy is suitable to the selective excitation of the 4d level of iodine
ions. Therefore the high intensity of the XUV laser makes it possible for the
first time to investigate the effect of a high density of secondary electronic
excitations on relaxation process. The principle of the experimental setup is
shown in Figure 14.14.
The luminescence spectrum excited by high energy X-rays consists of two

emission bands peaking at 300 and 400 nm, noted as A1 and A2, clearly
visible in Figure 14.15c which shows a spectrum obtained with synchrotron
radiation. When the spectrum is excited by synchrotron radiation in the
XUV wavelength range, at 58 eV (Fig. 14.15b), the same bands are observed
but with a reversed intensity ratio. This high sensitivity to the excitation

Fig. 14.14. Experimental arrangement for the study of crystal luminescence excited
by very high XUV photon density.
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Fig. 14.15. CsI luminescence spectra excited by soft X-ray laser at 58 eV (a), by
synchrotron radiation at the same photon energy (b), and by synchrotron radiation
at high X-ray energy (c).

energy can be accounted for by the different origins of the two emissions
bands (cf. [23]).
The luminescence spectrum of CsI excited by the soft X-ray laser beam

at 58 eV is noticeably different from those obtained with synchrotron radi-
ation. First of all, a new emission band, A3 in Figure 14.15a, appears with
a maximum at ∼550 nm. Moreover the intensity ratio A1/A2 is significantly
larger as compared to the spectrum obtained at lower flux with synchrotron
radiation. These changes are to be attributed to a substantial increase of the
photon density in the crystal when excitation is provided by soft X-ray laser.
It is a fact that 90% of the incident 58-eV photons are absorbed within the

first 600 nm of the crystal. Hence the incident photon flux can be estimated at
8× 1010 photons/cm2 in the case of X-ray laser excitation (Fig. 14.15a). Then
the distances between the primary electronic excitations are within the range
of 20–200 nm. These values are comparable with the migration lengths of the
defects in the crystal. Therefore the A3 band can been ascribed to complex
defects which occur only if elementary defects are created at small distances
so that they can meet during migration. A similar observation has been made
in the case of γ-excitation of mechanically deformed CsI crystal. These results
demonstrate the novelty of the results that can be provided by X-ray lasers
in this field.

14.4 Production of Highly Focused XUV Beams

Several potential utilizations of XUV radiation, as the study of laser–matter
interaction, the generation of nonlinear optical processes in gas and solids or,
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in another aspect, X-ray microlithography, necessitate sources of very high
brightness. Soft X-ray lasers such as the TCE Ni-like silver laser, for example,
could produce coherent intensity as high as ∼1014 W/cm2, at 13.9-nm wave-
length, in a diffraction-limited focal spot of diameter �1 μm. This requires
XUV beams of very high quality. One is thus led to develop beam quality
control methods.

14.4.1 Method of Wave Front Characterization

If we consider a coherent beam, the wave vector at a given point of the wave
front is the gradient of the phase of the wave at this point. Given that the
wave vectors are supposed to converge toward the focus, the control of focusing
characteristics can be performed through a close examination of the form of
the wave front. That is why the Shack–Hartmann technique, consisting in
sampling the beam by the way of a lens array, is commonly used to investigate
the defaults of large astronomical mirrors in visible light.
This technique can be extended to soft X-rays where the usual optical

lenses are replaced by Bragg–Fresnel lenses (cf. Section 2.4). A small part of a
Bragg–Fresnel lens array is shown in Figure 14.16 [26]. The lenses are typically
of 1-mm diameter for a 0.5 m focal length. The array, which is supported on a

Fig. 14.16. Small part of a Bragg–Fresnel lens array used to closely examine the
wavefront of an XUV beam. The lens diameter is 1 mm. The full array consists of
∼400 diffractive lenses [24].
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Fig. 14.17. Principle of wave-front characterization. The measured distance be-
tween reference spot and actual spot gives the angle of the wave vector with the
reference direction.

SiO2 substrate of 25 mm in diameter, is composed typically of ∼400 diffractive
lenses [28].
Each lens of the array selects a beamlet from the incident radiation. Each

beamlet is focused on a point whose transverse position depends on the di-
rection of the wave vector k corresponding to the plane wave tangent to the
local part of the beam selected by the lens. Comparing the position of the
focal spots with those provided by a reference wave front, one has access to
the aberrations of the investigated wave front. The principle of this method
is illustrated in Figure 14.17. The accuracy and the sensitivity of the method
have been characterized by using the radiation of an ondulator in the 7–25
nm wavelength range. Accuracy measurement better than λ/120 has been
achieved at a wavelength of 13.4 nm [27].

14.4.2 Measurement of the Spatial Intensity Distribution
of a Soft X-Ray Laser Beam

A complete characterization of a soft X-ray laser beam [29] has been made
in the case of the capillary discharge argon laser, which gives a spatially fully
coherent beam at λ = 46.9 nm (cf. Section 7.5). For a laser-pumped soft X-
ray laser, the total beam should be diaphragmed down in order that the
investigated beam may be coherent.
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Fig. 14.18. Wave front calculated from the Bragg–Fresnel lens array data for two
gas pressures in capillary: (a) 420 mTorr; (b) 660 mTorr (left-hand side: phase front
shape; right-hand side: intensity distribution).

The capillary length was 35 cm. The Shark–Hartmann array involved 200
diffractive lenses working in reflection at an incidence angle of 22.5◦. The
lenses, of 700-μm radius, were etched on an 1-in. diameter flat silicate sub-
strate. The focal length was 50 cm, which ensures a resolution of 0.1 μrad on
the wave vector angle. The corresponding accuracy on the wave front charac-
terization is λ/300 � 0.16 nm. The wave front was obtained by the method
described in the previous paragraph. The intensity of the laser beam was
sufficient to record the focal spots in a single shot.
Examples of results are displayed, for two argon pressures in capillary tube,

in Figure 14.18. The wave front was found to be nearly a divergent spherical

Fig. 14.19. Intensity distribution at the focus of the soft-X-ray laser obtained from
experimental data by numerical simulation.



378 Coherent Sources of XUV Radiation

wave of curvature radius ∼13 m for all pressures. This divergence mainly re-
sults from beam refraction induced by the radial electron density gradient in
the capillary plasma column. Refraction is also responsible for the annular
intensity distribution shown in Figure 14.18a. More generally it was observed
that the amplitude wave front defects decreased as the pressure was increased
from 200 to 660 mTorr. This effect is ascribed to the smoother electron den-
sity gradients resulting from a reduced plasma column compression at higher
discharge pressure.
The experimental data collected by the lens array technique have been

used to obtain the intensity distribution at the focus of the soft X-ray laser
by numerical simulation. Examples of results are shown in Figure 14.19 for
the same pressures as in Figure 14.18. Figure 4.19b exhibits the strong peak
corresponding to the nearly optimum laser operating pressure of 420 mTorr.
This peak includes 70% of the total energy in a 0.5 μm focal spot.



15. Time-Resolution About
One Picosecond

15.1 Picosecond X-Ray Laser Interferometry

A first spatial mapping of plasma electron density with temporal resolution in
the picosecond range has been achieved thanks to the COMET laser, pumped
by transient collisional excitation of Ni-like ions of palladium,with a laser line
at 14.7-nm wavelength [30]. This laser provides an energy of ∼25 μJ per shot
(i.e. ∼2× 1012 photons) with a spectral resolution Δλ/λ � 10−4. The time
interval separating the shots is 4–5 min.
A diagram of the interferometry experiment is displayed in Figure 15.1.

The Mach–Zehnder type interferometer represented in the figure is quite sim-
ilar to that previously shown in Figure 13.2. The investigated line-plasma
is focused on one of the interferometer arms. The second arm conveys the
reference beam. An example of interferogram for a 0.5-cm long plasma is
shown in Figure 15.2. The plasma was produced by a 600-ps,1054-nm laser
pulse. The spatial resolution of the CCD detector limited the resolution of
the fringe structure and consequently the maximum measured density which
was ∼3× 1020 cm−3.
Picosecond snapshots of the transverse density distribution of a plasma

column, produced on an aluminum slab target by the 1.2 ns pulse of an in-
frared laser, have also been obtained by using an imaging Fresnel bi-mirror
interferometer [31]. Interferograms were recoreded in a plane perpendicular to
the plasma column axis [32].
The probe beam is the 13.9 nm beam of the Ni-like Ag laser. A variable

delay is introduced between the probe and the heating beam in order to obtain
snapshots of the interferogram separated by 1 ns. The spatial resolution is
about 1.75 mm in both directions of the plasma transverse plane.
1 ns after the heating pulse, a weak curvature of the fringes in the direction

of the probed plasma was observed. In agreement with the simulated fringe
shift produced by the plasma in the same interferometry configuration. How-
ever for the plasma probed 2 and 3 ns later, regions appear where a marked
fringe bending in the opposite direction occurs.
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Fig. 15.1. Experimental arrangement used to investigate laser-produced plasma
evolution with ∼1-ps time resolution.

This inversion is what one can expect if the refractive index in these regions
is greater than the unity while it remains lower than one in other regions. From
Eq. 2.18 (Sec. 2.1), we know that an index lower than one corresponds to the
interaction of the radiation with the free electrons of the plasma. Inversely
Eq. 2.7 and 2.8 show that the contribution of bound electrons to the index
may be positive or negative according to the respective values of the radiation
frequency and the atomic level frequency. This effect is important only if the
two frequencies are very close to each other.
As a matter of fact, Tang et al. notice that a 2p-2d transition of Al2+

ions has an energy very close to the one of soft X-ray laser photons. Moreover
calculations by Nilsen et al. [33] show that bound electrons can dominate

Fig. 15.2. One-picosecond time-scale interferogram of a line focus plasma obtained
with 14.7-nm radiation. The inset shows the higher density plasma interferogram
with an improved contrast.
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the plasma refraction index. Then the index may be made greater than one,
or it may be sufficiently enhanced to retun overestimated values of the free
electron density. Therefore detailed calculations will be necessary to obtain
reliable information from interferometric data.
Regarding the development of new spectrometry techniques, a first ap-

proach of Fourier-transform spectrometry has been achieved by Zeitoun et al.
with the help of a XUV Michelson interferometer [34].

15.2 Material Probe at the Picosecond Scale

15.2.1 Study of the Surface Domain–Structure
of Ferroelectric BaTiO3

Let us recall that ferroelectricity is the property of some crystals that
present spontaneous electric polarization. Ferroelectric polarization decreases
with temperature increase and cancels as the Curie temperature is reached.
Likewise ferromagnetic materials, ferroelectric crystals present regions of con-
stant polarization, the so-called ferroelectic domains, whose size varies with
the temperature.
The dynamic of the process, that leads from the ferroelectric to the para-

electric phase beyond Curie temperature, is not yet fully understood be-
cause detailed experimental data about the variations of the domain surface-
structure are still missing. Techniques based on scanning probe microscopy,
for example, give only long-time averaged observation results. Polarizing mi-
croscopy in visible light provides relatively low resolution because of the long
radiation wavelength. However, seeing that the electric polarization of the
surface domains directly affects the amplitude and the phase of the reflected
XUV radiation, the intense short pulses of coherent photons provided by X-ray
lasers may be used to probe the domain surface–structure of such materials.
As a matter of fact the formation of speckles is a general feature of coherent
beams, when they are transmitted through a medium (or reflected by an inter-
face) which generates randomly distributed phase shifts into the wave front.
Therefore R.Z. Tai et al. [35] developed a technique based on the detection of
the speckles diffracted by the sample surface as the beam of an X-ray laser
was reflected on this surface.
The experimental setup is schematically shown in Figure 15.3. The laser

beam at 13.9 nm is provided by a TCE silver laser (cf. Section 7.4.7). It
carries about 1012 photons per pulse, with a number of coherent photons
estimated to be about 108 per pulse. Pulse duration is estimated at ∼7 ps. A
Mo/Si multilayer mirror at 45◦ incidence produces a vertically polarized probe
beam. An 80-μm (horizontal) × 200-μm (vertical) slit, significantly narrower
than the transverse coherence length, is used to produce a fully coherent beam.
Hence the free pattern of the probing beam is the Fresnel diffraction pattern of
the slit. The total number of photons contributing in this pattern is estimated
at 2× 106 per shot.
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Fig. 15.3. Principle of the experimental setup designed to probe the domain struc-
ture of BaTiO3 as a function of temperature at the picosecond time-scale.

The chosen material for the probed sample is BaTiO3 single crystal with
alternative a/c domains aligned in parallel (see the inset in Figure 15.3). The
Curie temperature is 122◦C. The grazing angle is 10◦. The diffracted speckles,
as the beam is reflected under a 10◦ grazing angle on the BaTiO3 surface, are
detected by a CCD camera 0.5 m from the slit.
The sketch of the CCD-detector surface in Figure 15.3 suggests that speck-

les are separated into two groups. This is effectively observed for a temper-
ature of the diffracting crystal of 24◦C. Each group mainly involves photons
scattered by the same type of domains (for instance, a domains). As the tem-
perature increases toward the Curie temperature, the speckle patterns pro-
gressively evolve into one group. Above the Curie temperature, the structure
in speckles disappears and turns into an only spot that corresponds to specular
reflection of the beam on the crystal surface.
If one assumes the crystal surface to be projected on the slit plane, the

ferroelectric domains can be included in the description of the crystal optical
properties by using a complex transmittance, whose value along the X axis
has the form

T (x) = T0(x) exp [iφ(x)] (15.1)

where T0(x) stands for the amplitude transmittance and φ(x) represents the
phase retardation in the sample. The authors define a correlation function
accounting for a domain distribution in the matter as

γ(x) =

∫ +∞
−∞ T ∗(x ′ + x)T (x ′)dx ′∫ +∞
−∞ T ∗(x ′)T (x ′)dx ′

(15.2)



Time-Resolution About One Picosecond 383

Fig. 15.4. Measured BaTiO3 surface domain size as a function of the reduced tem-
perature μ = (Tc − T )/Tc near the Curie temperature Tc.

Let us assume I(q) to be the domain-structure diffracted intensity distribu-
tion along the q direction and Isp(q) be the intensity measured for the free
pattern obtained in specular reflection. The correlation function γ(x) may be
obtained from Iq and Isp (q) as the ratio of the Fourier transforms F [(Iq)] and
F [Isp (q)] , i.e.

γ(x) =
F [(Iq)]

F [Isp (q)]
(15.3)

The Fourier transform of the matter correlation function, γ(x), leads to the
power spectrum of Iq which gives a statistical description of the domain dis-
tribution in the spatial frequency space.
This analysis has shown that, at a temperature of 24◦C, the average dis-

tance of the nearest two domains of a given type, a or c, was 1.17 μm. This
distance was reduced to 0.32 μm at 118◦C. Above the Curie temperature, the
whole of the speckles turned into a pure slit diffraction pattern, indicating
a complete annihilation of the a/c domain structure. Moreover a correlation
length, σs, that is the average domain size at given temperature, may be de-
fined from the autocorrelation part of γ(x). Figure 15.4 shows σs as a function
of the reduced temperature μ = (Tc − T )/Tc near the Curie temperature. The
least-square fitting of the experimental points leads to an exponential law,
σs ∼ μk, with k = 0.37∓ 0.02. This law is considered to imply strong fluctu-
ations of the polarization near the critical point.

15.2.2 Time-Resolved Measurement of Material Scintillation

Luminescence of barium fluoride, BaF2, is used in particle scintillation de-
tectors. Two types of emissions compose the BaF2 luminescence excited by
photons of the XUV region. The first one which consists in excitonic lumines-
cence, is centered at 290 nm. The second one, induced by radiative transition
of a valence electron to a Ba 5p core-level, is of the type of Auger free lumi-
nescence. It is centered at 220 nm. The decay time of the BaF2 exciton by
photoabsorption in the excitonic band is known to be about 600 ns, while free
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Fig. 15.5. Luminescence decay of BaF2. (1) Excitation by synchrotron radiation at
40 eV; (2) excitation by low-intensity harmonic pulses at the same photon energy;
(3) excitation by high-intensity harmonic pulses at the same photon energy.

Auger luminescence, with a decay time ∼0.9 ns, is much faster. Moreover,
luminescence yield and decay time are observed to decrease when excitation
is produced by heavy ions or alpha particles rather than by synchrotron ra-
diation. Luminescence excitation by intense ultrashort XUV pulses produced
by high harmonic generation (HHG) is expected to give more insight into the
mechanisms implied in the whole of the luminescence observed in standard
experimental conditions.
Therefore the fast part of the luminescence decay has been investigated

on using the 2-ps pulses of the 27th harmonic of a Ti:sapphire laser (λ ∼ 31
nm) operating at a repetition rate of 1-kHz [36]. The results for free Auger
luminescence are shown in Figure 15.5. Curve 1 shows the intensity decay
obtained with synchrotron radiation at 31 nm. For excitation by harmonic
pulses of low intensity (curve 2) the decay is close to that measured with
synchrotron radiation (∼0.8 nm). Then we can see that the increase of har-
monic intensity induces a nonexponential decay (curve 3) which exhibits two
characteristic times of ∼0.3 ns and ∼0.7 ns. The intensity and the decay of
excitonic emission are also affected by the excitation intensity. These changes
in luminescence characteristics at a certain wavelength are to be ascribed
to the interaction of closely spaced electronic excitation when the excitation
intensity increases.

15.2.3 Single-Shot Probe of Photoelectron Emission

The 14.7-nm XUV laser, shortly described in Section 15.1, has been used to
demonstrate the capability for this type of laser to perform electronic structure
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Fig. 15.6. Diagram of the experimental setup used to observe single shot electron-
band structures.

measurements on a single laser shot [30]. Figure 15.6 shows the experimen-
tal setup. A 45◦ Mo/Si mirror is used as a filter to select the X-ray laser
wavelength and minimize the thermal radiation of the palladium plasma. The
pressure in the vacuum chamber is 5× 10−7 mbar. The 2-ps XUV laser pulse
irradiate a solid tantalum sample. Photoelectrons of binding energy less than
the laser photon energy (84.5 eV) are ejected from the sample and collected
into the drift tube of a time-of-flight spectrometer. Electrons of lower bind-
ing energy in the solid arrive first on the microchannel plate detector. The
next electrons are detected with a delay which is an increasing function of the
binding energy.
Figure 15.7 displays, as an example, a preliminary photoelectron spectrum

recorded for an in situ sputter-cleaned Ta reference sample, illuminated with
109–1010 XUV photons. Electrons coming from the valence band and from
two shallow core levels (4f7/2 and 4f5/2 with binding energy of 22 eV and
24 eV, respectively) are expected to arrive between 100 ns and 150 ns. Peaks
corresponding to these features are observed in the spectrum on a background
of secondary emission. Electrical noise, associated to the tantalum plasma, is
registrated with the photoelectron spectrum on the detector.

Fig. 15.7. Preliminary photoelectron spectrum obtained from an in situ sputter-
cleaned tantalum reference sample, irradiated by a picosecond pulse of
109–1010 XUV photons.



16. Subfemtosecond Time-Resolution

16.1 Frequency-Domain Interferometry Applied
to Electron-Density Measurements

The advent of light pulse stretching and recompression techniques has opened
the way to the generation of intense laser pulses of extremely short duration
(�0.1 ps). Thus, completely new techniques, as frequency-domain XUV inter-
ferometry, can be now implemented to gain access to the study of ultrafast
processes [37, 38].
Frequency-domain interferometry is a temporal counterpart of the Young-

slit interference experiment. Let us assume that we know how to generate
two temporally separated phase-locked pulsed sources, i.e. two pulsed sources
of field that maintain a constant phase relation between them. Using pulse
stretching by reflection at the surface of a diffraction grating, which takes the
place (in time) of diffraction through Young’s slits (in space), we can generate
fringes by recombining the two fields.
Two phase-locked pulses can be produced from a single laser pulse with

a system, like that represented in Figure 16.1, which includes a birefringent
plate and a linear polarizer [37]. A Ti:sapphire laser provides 60-ps pulses of
linearly polarized light. The beam passes through the birefringent plate, which
is rotated at 45◦ from laser polarization. The difference of group velocity on
the two axes of the plate generates two temporally separated pulses, with
fields oscillating in two orthogonal directions. A polarizer placed after the
plate projects both components on the same axis. The delay between the
pulses depends directly on the birefringent plate thickness.
The principle of the experimental setup used for frequency-domain inter-

ferometry is shown in Figure 16.2. The beam of a Ti:sapphire laser is divided
into two parts. The one, of low energy, provides the twin phase-locked pulses.
The second one, of higher energy, is used to produce a plasma in the experi-
mental chamber. A rare gas jet, irradiated by the twin laser pulses, generates
two phase-locked harmonic pulses which are then focused at the plasma. After
passing the grating of a XUV flat-field spectrometer, beam recombination
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Fig. 16.1. Birefringent plate and polarizer association which produces two phase-
locked pulses from a single ultrashort laser pulse.

generate fringes which are detected either as a step-by-step scan, with a pho-
tomultiplier placed behind a slit, or in a single shot, on a microchannel plate.
In the absence of gas in the experimental chamber, this setup allows for a

direct study of phase-locking between two harmonic pulses. As an example,

Fig. 16.2. Experimental setup for frequency-domain interferometry. Harmonics
produced in xenon by two temporally separated mode-locked pulses, interfere af-
ter stretching on the surface of a diffraction grating. When helium plasma is intro-
duced on the path of the harmonic beams, the fringes are shifted. Measuring the
time-dependent phase shifts leads to the time-dependent electronic density of the
plasma.
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Fig. 16.3. Fringes obtained for the 11th and the 15th harmonics when harmonics
propagate freely.

Figure 16.3 displays the experimental fringe patterns of H11 (a) and H15 (b),
generated in argon by two pulses delayed by 120 fs. One sees the fringe period
to be shorter for the higher harmonic. This result illustrates a scale rule
according to which the fringe space period is proportional to the square of
the harmonic wavelength. It is worth noticing that a consequence of this rule
is that interferometry with higher order harmonics requires higher detector
resolution.
Introducing helium, for example, in the experimental chamber, frequency-

domain interferometry can be applied to plasma diagnostic. A focused laser
intensity of 1018 W/cm2 creates the plasma by optical field ionization. Prelim-
inary examination shows the plasma atomic density profile, determined with
a Mach–Zehnder interferometer, to be approximately Gaussian. The maxi-
mum density is 2.4× 1019 cm−3 for a backing pressure of 18 bars. Completely
stripped ions are produced on the full length of the jet along the pump beam
axis. The time delay between the two phase-locked harmonic pulses is fixed at
300 fs. The pump-probe delay is varied in order to probe ionization dynamics.
The fringes are shifted proportionally to the relative phase change, φ1,2(t),

between the two phase-locked pulses. The phase shift obeys equation

φ1,2(t) = 2π
[n (t)− 1]L

λ
≈ −2πNe(t)L

2λNc
(16.1)

where n(t) is the time-varying refractive index. Ne is to be understood as
space-averaged electron density. L is the plasma length and Nc is the critical
density corresponding to the harmonic wavelength.
Let δλ to be the measured phase shift in the wavelength domain, τ the

delay between the two phase-locked harmonic pulses, and Δt the pump-probe
delay. The normalized shift is defined by relation

δλ

Δλ
(Δt) =

φ2(Δt+ τ/2)− φ1(Δt − τ/2)
2π

(16.2)
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Fig. 16.4. (a) Fringe shifts measured as a function of time during helium plasma
evolution; (b) time-dependent plasma density deduced from measured fringe shifts.

where Δλ is the shift which would correspond to a 2π phase difference. Using
this equation, the space-averaged electron density, Ne(t) = −(2λNc/L)
φ1,2(t)/2π, can be rewritten as

Ne(Δt+ τ/2) = Ne(Δt − τ/2)− 2λNc

L

δλ

Δλ
(Δt) (16.3)

Figure 16.4a shows the experimentally measured normalized fringe shift as
a function of the pump-probe delay. For large negative delays (Δt < −800 fs)
the plasma is not still created, which implies Ne(Δt − τ/2) ≈ 0. From this ini-
tial value and the measured fringe shifts represented in Figure 16.4a, equation
(16.3) provides the electron density as a function of time.
The experimentally measured values of Ne are displayed in Figure 16.4b,

where the solid curve represents the results of three-point averaging. One can
see that the full density variation spreads out 0.8-ps duration only.



Subfemtosecond Time-Resolution 391

Fig. 16.5. Quantum paths contributing to the photoelectron generation in argon
jet by mixed-color two-photon ionization (Ref. [29]).

16.2 Generation of Attosecond Pulses

An exciting potentiality of high-order harmonics consists in the generation of
intense coherent pulses of duration in the attosecond (as = 10−18 s) domain.
With such few-cycle strong-field pulses it will be possible to find access to a
new approach of atomic and molecular processes restoring the role of the field
phase in electron dynamics [39–48].
In the previous sections, the center of interest was the frequency spec-

trum of harmonics, i.e. the generation and the propagation of the individual
harmonics of pump radiation. An important characteristic of harmonic radia-
tion was the existence of a plateau of approximately constant intensity lines,
ranging along an energy interval of about 20 eV (cf. Fig. 10.3, Chapter 10).
Harmonics were spatially separated with using diffraction gratings.
Here the point of view is modified. We consider the beam of the spatially

mingled harmonics and we wonder about the phases within this pack of fields
involving so much frequencies. On account of the coherence of the primary
excitation by the pump laser, the harmonic phases are expected not to be
independent from each other. In the ideal case of mode-locked harmonics one
should observe beatings between harmonic waves. Seeing that the period of
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the pump field is �2.7 fs, phase relations between harmonics might thus gen-
erate the propagation of subfemtosecond pulse trains (cf. e.g. [46]).
Phase relations between individual harmonics depend on several factors

among which pump intensity and beam focusing have a large part (cf. Section
11.2). To examine the detailed temporal behavior of the plateau harmonics,
taken as a whole, it is necessary to Fourier transform a global harmonic beam.
In other words, one has to change from the frequency domain to the time
domain. This transformation makes to appear the train of attosecond pulses,
that is nothing but the global temporal beam structure due to the phase
relations between the individual harmonic fields. However, there is no known
experimental method to directly resolve such sharp temporal structures.
P.M. Paul et al. [47] succeeded in demonstrating the generation of attosec-

ond pulses by retrieving the harmonic phases from the spectrum of photoelec-
trons yielded by multiphoton bicolor ionization. Let us consider the diagram
of photoionizing processes shown in Figure 16.5. The variable ω is the in-
frared frequency of the pump laser and ωq+1 = (q + 1)ω (conversely q − 1),
the frequency of the harmonic of order q + 1 (conversely q − 1). Each of these
two harmonics causes ionization only by single-photon process. The two corre-
sponding bands are represented in the inset of Figure 16.5. Simultaneously the
high intensity of the infrared pump field induces additional multiphoton ion-
izing transitions with absorption or emission of infrared photons. As a result
of the bicolor transitions, side bands appear in the photoelectron spectrum.
Limiting the infrared intensity allows two-photon transitions only to occur. In
this case, the modification of the initial one-photon spectrum is reduced to a
single side band on each side of each harmonic. Moreover, at low IR intensity,
only the two nearest harmonics will contribute to each side band peak. These
peaks appear at energies that are even multiples of ω, i.e. they are inserted
between two successive odd harmonics peaks.
Let us assume that the infrared field is delayed by a time τ with respect to

the harmonic field. The total transition probability for photoelectron emission
for a given side band has the form [48]

Pphotoelectron = A2 +B2 + 2AB cos(2ωIRτ + φq−1 − φq+1 +Δφatomic)

(16.4)

In this expression there is no absolute phase origin. ωIRτ = φIR is the phase
of the infrared radiation field relative to that of a chosen harmonic, e.g. the
(q − 1)th harmonic. The terms A and B are directly related to the transition
matrix elements for the harmonics q − 1 and q + 1, respectively. Δφatomic is
a small term which can be calculated with high precision within the frame-
work of second-order perturbation theory. Thus experimentally measuring the
magnitude of the side band peak as a function of the adjustable delay τ will
give access to the phase difference φq−1 − φq+1 between the (q − 1)th and the
(q + 1)th harmonics. Therefore the low intensity IR beam is to be considered
as the probe which reveals the temporal structure of the harmonic pack.
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Fig. 16.6. Photoelectron spectrum generated by (a) the global field of the IR laser
harmonics, (b) the addition of copropagating IR radiation to the global harmonic
field, with a 1.7-fs time delay between both fields.

In the experimental setup, the beam of a Ti:sapphire laser (800 nm, 40 fs,
1 kHz) is split into two colinear parts of unequal intensities. The most intense
of the two beams focuses ∼1014 W/cm2 into an argon jet which generates
harmonics. The second one, delayed by the adjustable time interval τ, propa-
gates along the same axis as the harmonics. Both beams are then focused into
a second argon jet which is located in an electron time-of-flight spectrometer.
The IR probe intensity at this focus is �1012 W/cm2, that is far below the
threshold for multiphoton ionization by infrared radiation.
An example of the photoelectron spectra obtained at the output of the

spectrometer is displayed in Figure 16.6. Figure 16.6a shows the spectrum
of Ar photoionized by the XUV harmonic superposition only. In Figure 16.6b

Fig. 16.7. Reconstructed temporal profile of the sum of the 11th, 13th, 15th, 17th,
and 19th harmonics. The profile consists of a sequence of 250-as peaks, spaced by
1.35 fs. The dashed line shows the IR probe profile.
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copropagating IR radiation is added to the harmonics with a delay τ =−1.7 fs,
causing side bands to appear between the harmonic peaks.
The magnitude of four side bands have been measured as a function of

the time delay τ. The plot of experimental data shows curves oscillating in
phase with a periodicity of 1.35 fs, that is with the expected frequency of
2ωIR. As the atomic phase Δφatomic can be known from calculation, each
measured side band leads to the value of the phase difference φq−1 − φq+1 be-
tween two consecutive harmonics. Choosing one of the phases as the origin, the
four others harmonic phases can be determined. Together with the relative
harmonic amplitudes of the associated photoelectron peaks, obtained from
the data of Figure 16.6 and similar experimental results, the measured har-
monic phases determine the temporal intensity profile of the total field. Figure
16.7 shows the temporal profile obtained for the sum of the 11th, 13th, 15th,
17th, and 19th harmonics. It consists of a sequence of 250-as peaks, spaced
by 1.35 fs.
In view of future developments of atto-sciences, it would be useful to gen-

erate single attosecond pulses. A possible approach could consist in taking
advantage from the high sensitivity of harmonics to the pump laser degree
of polarization ellipticity to realize a temporal gate. However, the laser pulse
duration should be previously reduced to 15–20 fs compared with the 40 fs of
the above experiment [49].



17. Future Prospects

Only already demonstrated applications of coherent XUV sources have been
described in the previous sections. We conclude this chapter by a short review
of fields in which laboratory research already opens the way to new develop-
ments.

17.1 Nonlinear XUV Optics

Nonlinear XUV optics is a very interesting challenge for X-ray lasers. Nonlin-
ear absorption, third harmonic generation, four-wave mixing and stimulated
Raman scattering are considered to be feasible in plasma and gases irradi-
ated by X-ray lasers. A detailed review of theoretical researches can be found
in [50].
Preliminary experiments have been carried out on four-wave mixing with

using the 23.1-nm line of the Ne-like nickel soft X-ray laser [51–53]. The
objective of these experiments is to induce processes like 2ωXRL–ωopt soft
X-ray emission which nearly double the laser frequency. The initial X-ray
laser beam was split into two beamlets which then recombined at the focus
of the optical field. An only limited parameter scan, for which no nonlinear
signal was detected, could be made till now. It showed that the optimization
of experimental parameters needed to improve the knowledge of the beam
coherence.

17.2 Microlithography

Lithography is a process used to pattern the nanoelectronics computer chips.
The number of transistors per chip, the chip frequency, and the correlate
microprocessor performances increase with the reduction of the printable line
width. Using an ultraviolet KrF laser operating at 248-nm wavelength as a
light source, patterns are printed with 180 nm in line width as in space between
lines. A transition to ArF laser at 193 nm reduces the line width to 130 nm,
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with a corresponding increase of a factor 2 for the number of transistors per
chip and one third for the chip frequency. The present challenge is to reduce
the line width to 65 nm (45 nm for isolated lines). Two techniques, XUV
lithography and electron beam projection, are candidate (cf. [54] and inserted
references).
XUV lithography is based on multilayer coated reflective optics operating

near 13-nm wavelength. The reason of this choice is the relatively high reflec-
tivity (70%) of Mo/Si and Mo/Be mirrors at ∼100 eV, immediately below the
photoabsorption threshold of the L- and the K-shell respectively. This choice
fits well to the 13.9-nm wavelength of the TCE Ni-like laser (see for instance
[55]).Owing to their currently low repetition rate, most of X-ray lasers could
not be considered appropriate for large-scale chip production. Nevertheless
they have the qualities required for being efficient tools for interferometry
testing of optical components, scattering studies, metrology, and defect inspec-
tion. The fast capillary discharge laser (cf. Section 7.5) is worth of a special
examination on account of his higher repetition rate (see for instance [56]). In
the future, the development of diode-laser pumped X-ray lasers may provide
new capabilities of X-ray lasers in this field. Concerning high-order harmonic-
based XUV sources, new progress in phase matching could provide an
enhancement of the time-averaged power sufficient to be used for lithography
[57].

17.3 Biological Applications

Large attention is payed to biological applications. Contact microscopy with
an X-ray laser source successfully demonstrated biological specimen imaging
[58–62]. However this technique is not suitable for imaging three-dimensional
objects as those corresponding to the complex functional strucures of chro-
mosomes.
Soft X-ray holographic microscopy is considered a promising technique

for high resolution, three-dimensional images of wet biological objects. As a
matter of fact, a high-image contrast could be obtained by using a highly
coherent, intense soft X-ray source of suitable wavelength. It is commonly
admitted that the wavelengths between the absorption K-edges of carbon and
oxygen (4.37–2.32 nm), i.e. the so-called “water window,” would be the best
for holography. For a more detailed examination, London et al. [63] calcu-
lated the scattering cross-section for a 15-nm radius protein sphere, both in
vacuum and in water. They concluded that wavelength slightly longer than
4.37 nm would be better for protein in water, because it minimizes the nec-
essary source power and maximizes the penetrability of X-rays through wet
samples. Assuming a focal spot diameter of 10-μm diameter, the total en-
ergy requirement for imaging the specimen, with a resolution of 30 nm at
λ = 4.4 nm, was found to be ∼330μJ. Hitherto one of the best performances
at short wavelength for an X-ray laser is emission of 300-μJ pulses at 13.9-nm
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Fig. 17.1. DNA damages against XUV laser radiation density.

wave-length (cf. Table 7.10). The way to fill the gap between the requirements
of holographic methods near 4 nm and the capabilities of present X-ray lasers
is not clear yet. Progress in short pulse, high repetition rate XUV lasers are
still necessary.
A very different direction of research appears with using soft X-ray lasers

to irradiate biological specimens. The role of inner-shell ionization of the con-
stituting atoms in the cell lethality has been investigated by synchrotron X-
ray radiation above the carbon and oxygen K-shell ionization limits or using
heavy ion beams [64]. Theoretical models suggest the radiation action on the
cell to be related to such preferential localizations of ionizations on DNA. To
improve the understanding of the cell lethality process, it is also important to
assess the damages created by soft X-rays of energy smaller than those of the
K-shells. This requires a high-intensity monochromatic flux so that exposure
time may be consistent with the lifetime of the biological sample under vac-
uum. Two experiments, in which X-ray laser is chosen as irradiation source,
are in progress. One, described in [65], uses a TCE silver laser at 13.9-nm
wavelength (cf. Section 7.4.7). The other is similar but the soft X-ray source
is the PALS zinc laser at 21.2 nn, described in [66]. It has recently given pre-
liminary results showing L-shell ionizations to induce a number of damages to
DNA which exhibits a roughly linear growth against the dose of soft X-rays
(Fig. 17.1). [67]. These works are expected to contribute in a better quali-
tative and quantitative knowledge of DNA damages, as well as DNA repair
mechanisms.
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harmonic spectra of, 317

Morphologic surface perturbations, 371
Multicharged ions, 4 3–5
Multilayer mirrors, 36–40

efficiency of, 38–40
line intensity increased by, 84–87
Schwartzschild objective, 39

Multiple target systems, 78–80
concave, 80
coupling of, 80
half-cavity, 79
refraction-compensating double, 79

Multi-segment stepped mirror, 196
Mutual-coherence function, 46, 49
Mutual intensity, 46, 128–129

N
Nano-defects, 370
Ne-like argon laser, 218–221

coherence of, 223
output of, 218–221
saturation of, 218–221
small-signal gain of, 218–221

Ne-like chromium laser spectrum, 204
Ne-like Ge laser

calculations with, 147–149
experimental beam characterization

of, 149–159
first experimental observations with,

147
Ne-like lasers, 178–182
Ne-like selenium laser, 144–146
Ne-like silver laser, 162
Ne-like titanium laser, 202
Ne-like yttrium laser, 160–162
Neodymium glass-lasers, 69
Neon harmonics, 309
Ni-like ion laser, 162–163
Ni-like silver lasers, 189–193
Nonlinear XUV optics, 395
Normal incidence mirrors, 30, 44
Novet laser-target irradiation facility,

144
Number oh photons per mode, 22

O
OPA. See Optical parametric amplifier
OPG. See Optical parametric generator
Optical-field-ionization lasers (OFI),

224. See Lasers.
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Optically thin medium, 9
Optical parametric amplifier (OPA),

333
Optical parametric generator (OPG),

333, 339, 341
Optimization of prepulses, 180, 181,

184, 185
Optimal traveling wave velocity, 200
Orthogonal polarization for frequency

mixing, 333

P
Palladium

laser beam of, 189
laser efficiency of, 189
saturation in, 188–193

Paraxial wave equation, 120
Parrat’s calculation of grazing incidence

reflexion, 31
Partially coherent Gaussian beam,

52
Partially coherent plane source, 51
Pase dipole dependence, 294
Path integral approach of strong

field-atom interaction, 284
Periodic thin layer structure, 38
Perturbation theory

lowest order of, 282, 283
second-order, 392

Phase-matching, 286–289
factor of, 282
by wave-guiding, 311–316

Phase mismatch, 283, 291, 310–314,
332, 338

Phase velocity dispersion, 29
Photoabsorption, 18
Photoelectron emission, 384–385
Photoelectron spectrum, 393
Photoexcitation, 18
Photons, 12, 226

coherent, 345
emission of, 342
monochromatic, 361
number per mode, 19–22
pulse of, 366
radiation transfer and, 20
trapping of, 237
yield of, 307

Photo-recombination, 18

Picosecond X-ray laser interferometry,
379

Plank function, 12
Plasma, 103, 355. See also Dense

plasma; Laser; Radiation
aluminum, 64
amplification in, 157, 253
averaged charge of, 149
capillary-discharge, 217
colliding, 363, 364
collisionally pumped germanium,

159
collision experiment, 363
columns of, 69, 70
continuum emission of, 173
cooling time of, 246
corona of, 69, 70, 72–74
counterstreaming, 363
cylindrical, 53
density gradient of, 78
electron density of, 356
expansion of, 69–72
exploding wire, 358–360
as heated by lasers, 71
heating of, 26, 70
hydrogenic carbon, 83
imaging of, 88–92
interferometry of, 357
laser-created, 62, 69–74, 355–358
linear, 81
line focused, 80–83
magnetically confined column of, 237,

242
microcapillary, 243
preformed, 212
as produced by CO2 laser, 248
recombination of, 236–254
refraction of, 106–111
refractive index of, 27, 70
relaxed pre, 164
schematic distribution of regions of,

71
solid-vacuum interface of, 321–331
temperature and density and, 4
thermodynamic-equilibrium, 72
wave frequency, 26
XUV amplifying, 99

Plateau of harmonics, 303, 392
Plateau region
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Plateau region (cont.)
of high-order harmonic spectrum, 304
scaling law in, 304–305

Pockels cell, 172
Polarization, 154–160, 286

of ASE emission of XUV lasers,
154–159

atomic spontaneous, 121
ellipticity of, 286, 338, 394
experimental beam characterization

and, 154–159
ferroelectricity laser investigation,

379
in injector emission, 157
orthogonal, 333
parallel, 334, 335
perpendicular, 334, 336
phase near laser focus, 288

Ponderomotive force, 279, 288
Ponderomotive potential, 226
Population densities, 17–19
Population inversion, 11, 59–66

density of, 11, 114, 191
emergence of, 63
as function of the distance to the

target, 246
H-like reducing, 241
hydrogen-like ions and, 236
in electron collisions pumping

scheme, 140–143, 173, 187, 191
magnetically confined plasma and,

242
plasma recombination in, 62
recovery time of, 114
transient, 193–204, 212, 213, 223

Population rate equations, 17, 63
Power

coherent, 125, 126
x-ray laser pulse, 145, 160, 176, 178,

191, 221, 222, 243
Prague Asterix Laser System, (PALS)

173
Preformed plasma, 207, 212–214
Prepulsed Ne-like germanium laser,

176–178
Prepulsed Ne-like zinc laser, 171–176
Prepulsed Ni-like lasers, 182–193

prepulse optimization, 184–185
saturation in dysprosium, 187–188

saturation in Ni-like samarium,
186–187

saturation in Ni-like tin, 185–186
saturation in palladium, 188–193

Prepulses 164–193
contrast, 167–168
effect of, 179
general characteristics of, 164–171
intensity of, 165, 181
level/delay of, 166
low-Z elements and, 178–180
Ne-like Zn laser, 171
Ne-like Ge laser, 176‘
Ni-like Sn laser, 185
optimization of, 184–185
small train of, 172
very low, 165

Principle of detailed balance, 72
Profile functions, 11–14
Pulse

attosecond, 391–394
chirped, 194, 198, 227
femtosecond, 235
Gaussian main, 168
long pump, 235–251
main, 184
optimal intensity of, 181
picosecond, 235
short and ultrashort pump, 251–254
transient pump, 203
ultrashort light, 343

Pulse configurations, 185
parameters of, 190

Pumping X-ray lasers, 159, 210–211
collisional-excitation scheme of,

139–144
inner shell photo, 255–256
with prepulses, 163–193
prepulses’ general characteristics of,

164–171
recombination, 64, 235, 254
simplest dynamics of, 142
temporal characteristics of, 143
transient, 77, 143, 193

Pumping Harmonics, 277, 301–304, 308,
318, 336, 338–340, 345

clusters, 319
conversion efficiency, 303
frequency mixing of, 333, 338
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Pumping Harmonics (cont.)
high energy, 304
polarized, 336
pumped medium length, 308
saturation threshold, 309
tunability, using frequency mixing,

339–344
using a Michelson interfometer, 302

Q
QSS. See Quasi-steady state
QSS collisional-radiative model, 93
Quantum mechanical oscillator

strength, 26
Quantum orbits, 284
Quantum paths, 285
Quasi-static approximation, 18, 230
Quasi-static recombination scheme, 251
Quasi-steady state model, 74
Quasi-steady state populations (QSS),

18, 111, 195
Quiver energy, 226

R
RADEX. See Radiative plasma

properties
Radiation. See also Irradiation; XUV

radiation
amplification, 7, 155, 201, 132, 223
fluctuations of, 43
free field modes of, 48–52
fundamental, 339, 341
harmonic, 282
infrared, 393
monochromatized synchrotron, 52
ondulator, 256
penetration depth of, 31
short pulse, 251, 252
synchrotron, 6, 373
transition of, 11
transit time of, 107
trapping of, 241
XUV, 3, 5, 37, 41, 52, 59, 67

Radiation transfer, 7–12, 111–119
Einstein’s coefficients
emissivity and opacity (absorption)

functions, 9
from small signal-gain to saturation,

111–119

gain-length product
in a non-homogeneous medium, 9
source function, 10
tranfer differential equation, 8, 9

Radiative cascades, 64
Radiative plasma properties (RADEX),

195
Radiative recombination, 94
Raman scattering, 395
Random phase plates (RPP), 364
Rayleigh length, 229, 252
Rayleigh scattering, 321
Rayleigh-Tayor instabilities, 323, 327
Ray propagation in a varying index

medium, 102
Ray tracing simulations, 175
Reabsorption, 64, 237, 238, 250
Recombination

collisional electron, 64
dielectronic, 141
of fully stripped ions, 251
laser, 235–254
photo, 18
of plasma, 62, 236
pumping, 249
radiative, 94, 285
three-body, 18, 94, 242

Recombination laser, 235–254
long pump pulses of, 235–251
short and ultrashort pump pulses of,

251–254
Recovery time of population inversion,

114
Redistribution

complete frequency of, 119
complete photon frequency of, 12
frequency of, 8

Reflection
Bragg, 84
external total, 31
grazing incidence, 34
total, 30
of XUV radiation, 28–34

Reflectivity
as function of multilayer periods

number, 38, 39
versus glancing angle, 31, 32, 33

Reflectometry, 359–360
Refracted wave propagation, 31
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Refraction, 78
continuously varying index, 102–111
index gradient of, 78, 102, 343
length of, 104
parameter, 122
reducing the number of modes, 100
XUV radiation of, 28–34

Refractive defocusing, 123, 125, 132
Refractive index, 25

complex, 23, 24
plasma, 27, 70

Relaxation
Calculated for Li-like ion population,

245
collisional process of, 229
electron density gradient of, 166
preformed plasma of, 214

Relaxed preplasma, 164
Resonance-to-intercombination

line-intensity ratio, 91
Resonant absorption in plasma,

322
Ronchi rulings, 92
Rowland circle, 36, 89
Rowland spectograph, 36, 37
RPP. See Random phase plates

S
Saha’s equation, 17, 73
SASE. See Self-Amplified Spontaneous

Emission
Saturated emission, 152–153
Saturated XUV lasers, 137–233

gain predictions for
collisional-excitation pumping
scheme, 139–144

Ne-like silver, 162
Ne-like with low-Z elements, 178–182
Ne-like yttrium laser, 160–162
Ni-like ion, 162–163
optical-field-ionization, 224–233
prepulsed Ne-like germanium,

176–178
prepulsed Ne-like zinc, 171–176
prepulsed Ni-like, 182–193
TCE and, 193–215

Saturation, 111–119, 317
general radiative transfer equation

modified by, 115

harmonic intensity, 295, 305, 309,
311, 317, 320

of Ne-like argon laser, 218–221
in Ni-like tin, 185–186
onset of, 192
in palladium, 188–193
XUV laser beam and, 111–119

Schrödinger equation, 283
Second-order perturbation theory, 392
Seeding of XUV lasers by high

harmonic, 233
amplification by XUV lasers, 233

Self-Amplified Spontaneous Emission
(SASE), 256

Shack-Hartmann technique, 375, 377
Shadography, 358–360
Short pump pulses, 251–254
Single pump-pulse, 144–163, 252
SIngle-shot electron-band structures,

384
Single-shot mapping, 297
Single-shot probe, 384–385
Small-signal gain, 12, 206

of Ne-like argon, 218–221
populations of, 115
XUV laser beam and, 111–119

Soft X-ray holographic microscopy, 396
Soft X-ray laser beam intensity

distribution, 376–378
Soft X-ray Li-like calcium laser, 249
Soft X-ray radiographic probing,

364–366
Solid-Vacuum plasma interfaces,

316–331
Source brightness, 19–22
Spatial coherence, 129, 222

single-shot mapping of, 297
of zinc X-ray laser, 176

Spatial coherence length, 48
Spatial coherence measurements, 130

Fresnel bi-mirror interferometry and,
296–300

Young’s slit method and, 294–296
Speckles, 380–382
Spectral absorption, 60
Spectrometer

concave crystal, 94
imaging, 91
off-axis, 145
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Spin-orbit-spited transition array
formalism, 97

Spontaneous electric polarization, 379
Spontaneous mircodischarge, 371
SSD. See Broad band laser
Stark broadening, 13
Steady-state plasma, 66
Steep density gradient, 321–322
Streak-camera, 214
Strong harmonic intensity

enhencement, 335
Subfemtosecond time-resolution,

387–394
Sum-frequency mixing process, 338
Surface maps obtained by holographic

reconstruction, 372
Surface-ripple formation, 369
Synchrotron radiation, 3, 6, 22, 23, 37,

52, 53, 373, 397

T
Tantalum laser line, 163
Tantalum plasma, 385
TCE. See Transient collisional

excitation pumping scheme
TCE Ne-like iron laser, 205
TCE Ne-like titanium laser, 201–205
TCE Ni-like germanium laser, 207
TCE Ni-like molybdenum laser, 208

intensity of, 209
longitudinally pumped, 210
longitudinally pumped using a slab

target, 211
near-field pattern of, 209

TCE Ni-like silver laser, 210–215
TCE Ni-like tin laser, 205–207
Temperature, 170

corona, 72
curie, 380, 381
diagnostics, 92–98
electron, 140, 324
plasma and, 4
profiles, 95

Temporal coherence, 43–44, 300–303
determination of, 129
harmonic beam, 301

Thermal band, 73, 74, 236
Thermodynamic-equilibrium plasma, 72
Thomson scattering, 97

Three-body recombination, 18, 94, 242
Tight focusing of the fundamental

beam, 291, 292, 311, 335,
Time-resolution

about 100ps, 361–378
about one nanosecond, 355–397
about one picosecond, 379–385
atomic physics and, 366–369
dense plasmas and, 361–366
subfemtosecond and, 387–394

Time-resolved angular distribution of
XUV laser beam, 100

Titan-sapphire laser, 339
Total reflection, 30
Trajectory of recombining electron

long, 303
short, 302

Transfer equation, 8–12
Transient collisional excitation pumping

scheme (TCE), 78, 193–215
experimental results obtained from,

194
experimental setup to produce, 194
TCE Ne-like iron laser and, 205
TCE Ne-like titanium laser and,

201–205
TCE Ni-like germanium laser, 207
TCE Ni-like molybdenum laser,

208–211
TCE Ni-like silver laser, 210–215
TCE Ni-like tin laser, 205–207
traveling wave implementation and,

196–201
Transient gain, 203
Transient population inversion, 194
Transient pumping, 77, 143, 193
Transient pump pulse, 203
Transition contamination layer, 360
Transmittance

amplitude, 382
complex, 382

Transverse coherence length, 122
Transverse harmonic intensity profile,

293
Transverse XUV laser intensity

distribution, 111
Transverse observation, 314
Transverse oscillations, 324
Transverse plasma dimension, 103
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Traveling wave (TW), 196
excitation velocity of, 199, 200
fragmentation of, 208
implementation of, 196–201
large efficiency of, 208
local group velocity of, 199
as produced by diffraction on plane

grating, 197
produced by multi-segment stepped

mirror, 196
propagation direction of, 200
with/without, 212

Tunability of harmonics, 339–346
using blueshift of harmonic lines,

342–346
using frequency mixing, 339–342

Tunable coherent light beam, 333
Tungsten laser line, 163
Tunneling ionization, 281
TW. See Traveling wave
Two-color high harmonic generation,

331–339

U
Ultrashort light pulses, 343
Ultrashort pump pulses, 251–254
Uniform fundamental intensity

distribution, 295, 312
Unit of pulse compression, 329, 339

emission of germanium characterized,
149–152

V
Van Cittert-Zernike theorem, 47
Van der Waal bonded clusters, 318
Velocity, 29, 199

expansion asymptotic, 358
optimal traveling wave, 200
plasma expansion, 71

Very low prepulses, 165
Voigt profile, 14
Vulcan laser, 97

W
Water window, 141
Wave, 196–201, 288, 375–376. See also

Traveling wave
amplitude attenuation of, 29
incident laser electromagnetic, 323

incoming spherical harmonic, 45
Maxwell equation for

electromagnetic, 120
paraxial equation for, 120
penetration of, 32
plasma, 26
refracted propagation of, 31
trains of, 43, 154
transverse electromagnetic, 26
velocity of traveling, 200
XUV propagation of, 25

Wave front characterization, 375–376
Wave front division interferometer, 132
Wave guiding

harmonic intensity enhancement by,
315

harmonic sources of, 313
microcapillary of, 253
phase-matching from, 311–316

Wavelength, 336
Doppler shift, 13
doubling, 303
harmonic emission and, 305
microcapillary, 252
Weak focusing, 291
XUV laser-lines table, 138

X
X-ray absorption spectroscopy, 96
X-ray CCD, 303
X-ray laser beam deflection and

divergence, 101, 150
X-ray laser near-field emission, 192
X-ray laser flux angular distribution,

106
X-ray laser intensity distribution, 154
X-ray laser approaching intensity

saturation, 112
X-ray laser interferometry, 379
X-ray laser media

diagnostics of, 88–98
plasma imaging and, 88–92
temperature and density diagnostics,

92–98
X-ray laser saturated pulse power in

palladium, 191
X-ray lasers (XRL), 52

amplifying medium of, 53
axial configuration, 76
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X-ray lasers (cont.)
configurations of, 74–88
general features of, 69–98
maximum output energy of, 191
modeling of, 202
multiple target systems of, 78–80
pumping scheme of, 59
six beam configuration of, 75

X-ray laser temporal coherence, 54
X-ray microlithography, 375
X-ray spectroscopy diagnostics, 92
XRL. See X-ray lasers
XUV absorption in plasmas, 356
XUV divergence in amplifying plasma,

28
XUV emission

mechanisms and sources of, 3–23
multicharged ions, 4, 5, 6
plasma temperature necessary for

ion, 4
XUV energy range, 25
XUV large flux inducing crystal

luminescnce, 373–374
XUV laser, 74–130

capillary-discharge, 83–84
beam refraction, 101–111
coherence building and, 120–129
coherence measurements of,

129–135
deflection of, 101
divergence of, 101
exploding foil configuration of,

108

polarization of ASE emission and,
156

saturated, 137–233
saturation and, 111–119
small signal gain and, 111–119

XUV microscopy objective, 39
XUV optical constants, 23–28
XUV optics, 23–40

nonlinear, 395
silica/gold in, 32

XUV plasma sources, 5
XUV propagation, 26
XUV emission mechanisms, 3–6

Absorption, reflection, refraction of,
28–34

coherent beams of, 41–55
electron transitions and, 3–4

XUV spectra, 6
XUV spectroscopic devices, 36

Y
Young’s slits, 20, 21, 294

interferences of, 42
test of, 41–42
variants of, 130–132

Yttrium foil target, 95

Z
Zeeman splitting, 220, 221
Zinc laser, 169

experimental arrangement used, 172
spatial coherence of, 176
laser line time history of, 173


