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Chapter 1
Introduction

Abstract In this chapter, we first give a quick review of the general idea and
applications of the accelerator-based light sources. Then a brief introduction of the
development history and current status of high-gain FEL facilities around the world
are given. After that, we show the evolutions of high-gain FEL schemes either
based on SASE or external seeding lasers. The advantages and limits of these
schemes have also been discussed.

Keywords Storage rings - High-gain FELs - SASE - Seeded FELs

The development of new kinds of light sources often leads to dramatic change in
various areas of science and technology. It is not unusual that new fields appear due
to the appearance of a new kind of light source. In the late 19th century, the
discovery of x-ray opens the door for the understanding of matter on the level of
atoms, electrons, and spins. In 1960s, the invention of the laser provided scientists
with a stronger and fully coherence source of light, which can significantly improve
the spatial and temporal resolutions of an experiment measurement. The intro-
duction of synchrotron light sources dramatically increases the speed of traditional
x-ray measurements and allowed the collection of much higher quality data. The
most spectacular impact of synchrotron light sources based on electron storage
rings (SRs) maybe in the structure determination of biological systems. Thousands
of protein structures were solved with atomic resolution using SRs in the last
decades.

However, the development of SRs seems already reached the technical limites.
Therefore a new tool, the free-electron laser (FEL) has become the new center of
interest. FEL is such a device that uses relativistic electron beams passing through a
periodic magnetic structure to generate coherent radiation. The electron beam in
FEL works as the lasing medium in a conventional laser. FEL usually consists of a
linear accelerator (linac) and an undulator system, as shown in Fig. 1.1. The linac
provides high brightness electron beams with relativistic energy in vacuum. Then
the electron beam is sent through a periodic lattice of alternating magnetic dipolar
fields, known as an undulator. The wiggle of the electron beam in the undulator
results in the initial synchrotron radiation. After a long undulator beam line, the

© Springer-Verlag Berlin Heidelberg 2016 1
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Fig. 1.1 Schematic layout of a FEL

initial light will be amplified and quasicoherent intense radiation will be produced.
The extreme high intensity together with the excellent transverse coherence of FEL
provide about 10 orders of magnitude improvement in peak brightness above that
offered by the synchrotron radiation sources based on SRs.

Compared with the conventional lasers, FELs have the advantage of tunable
wavelength from THz to x-ray, high intensity up to 10-100 GW and ultrafast time
structures at the femtosecond to sub-femtosecond level. Because of the ultra-high
brightness and full coherence properties, a high gain X-ray FEL is superior to any
advanced synchrotron light sources and will bring lots of new understanding to
many scientific fields, such as molecular biology, materials science, catalysis
engineering and medical science.

There are already many FEL facilities around the world, as shown in Fig. 1.2.
Most of these facilities are based on the self-amplified spontaneous emission
(SASE) [1, 2], where the radiation amplification process starts from the electron
beam shot noise. The first experimental demonstration of SASE principle in the
infrared wavelength range was carried out in 1996 [3, 4]. In 2000, the first satu-
ration of SASE in the visible wavelength was achieved at Argonne National
Laboratory (ANL) [5, 6]. After that, the FEL output wavelength has been extended

FLASH, FLASHI& FERMI@ELETTRA @ Operation
European XFEL @ Under construction

DCLS

PAL XFEL

R SCSS-TA

&SACLA

LCLS&LCLS-I + SDUV

Q J;;-\ &SXFEL

Fig. 1.2 High-gain FEL faclities all over the world
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Table 1.1 Current High-gain x-ray FEL facilities all over the world

Name/Location Minimum Energy Operation Status
wavelength (nm) (GeV) scheme

Hard x-ray FEL

LCLS/SLAC@USA 0.15 14.3 SASE Operational

SACLA/Spring-8 @Japan 0.06 8 SASE Operational

European-XFEL/DESY @Germany | 0.1 17.5 SASE Construction

PAL XFEL/PAL@Korea 0.1 10 SASE Construction

SwissFEL/PS1@ Switzerland 0.1 6 SASE Construction

Soft x-ray FEL

FLASH/DESY @Germany 4.45 1.2 SASE Operational

FERMI/ELETTRA @Italy 4 1.7 Cascaded Operational
HGHG

SPARX/Italy 0.6 24 SASE/Seeded | Construction

LCLS-II/SLAC@USA 4 4 SASE Construction

SXFEL/SINAP@China 8.8 0.84 Cascaded Construction
HGHG

to VUV wavelength at DESY in 2001 [7, 8] and reach 13 nm in 2006 [9]. The
world-first hard x-ray FEL facility, the LCLS [10], was born in 2009 at SLAC.
The LCLS can be operated at x-ray wavelengths from 2.2 to 0.12 nm. In addition to
the LCLS and FLASH, other FELs now operating include the vacuum ultraviolet
FEL in Italy called FERMI@Elettra [11] and a hard x-ray FEL called SACLA [12],
part of Japan’s RIKEN research institute. A second soft x-ray installation at DESY,
FLASH-2, is beginning operations [13], and a hard and soft x-ray FEL facility in
South Korea (PAL-XFEL) will be completed soon [14]. Other projects under
construction include the large European XFEL project at DESY [15] and the
SwissFEL at the Paul Scherrer Institute in Switzerland [16]. In China, we now have
one high-gain FEL, the Shanghai Deep Ultraviolet FEL test facility (SDUV-FEL)
[17], in operation and two more high-gain FEL facilities, the Shanghai Soft x-ray
FEL test facility (SXFEL) [18] and the Dalian Coherent light source user facility
(DCLS) [19] under construction. Table 1.1 lists some high-gain x-ray FEL facilities
that are either operational or under construction all over the world.

The operation scheme is the central of interest of FEL physics. Up to now, SASE
is still the main operation mode for high-gain FELs. As shown in Fig. 1.3a, the
undulator system for SASE is quite simple. The initial spontaneous emission that
produced by the electron beam shot noise is amplified by continuous interaction
with the electron beam over the full undulator length until the FEL reachs the
saturation power. SASE-FEL holds the capability of producing intense x-ray FEL
with perfect transverse coherence. However, the output of SASE FEL typically has
poor temporal coherence and large shot-to-shot power fluctuation due to the start-up
from noise.
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Fig. 1.3 SASE (a) and self-seeding (b)

The temporal coherence of SASE can be significantly improved by the
self-seeding scheme [20-23], which employs double undulator configuration, as
shown in Fig. 1.3b. The SASE radiation generated by the first undulator section is
purified by an x-ray monochromator and this monochromatic light is further
amplified until saturation by the same electron beam in the second undulator
section.

The temporal coherence and intrinsic pulse energy fluctuations of the SASE and
self-seeding schemes can be further improved by using seeded FELs with external
seed lasers, as shown in Fig. 1.4. The output property of a seeded FEL is a direct
map of the seed laser’s attributes which ensures high degree of temporal coherence
and small pulse energy fluctuations with respect to SASE. With respect to the
self-seeding, seeding with external lasers has the additional advantage of that the
FEL pulse is locked to an external signal. This allows a more precise time syn-
chronization, which is especially important for the pump-probe experiments. From
now on we will be referring to the laser-based seeding schemes simply as seeded
FELs.

The simplest seeded FEL is so called the direct seeding, as illustrated in
Fig. 1.4a. In this scheme, an intense laser source is empolyed to dominate the
incoherent spontaneous emission at the very beginning of the undulator. After that,
the coherent radiation can be amplified expotentially until saturation. At short
wavelength, the only available coherent source is generated though the
high-harmonic generation (HHG) process, which benefit from the highly nonlinear
interaction of a very intense optical laser pulse with a rare gas. The HHG direct
seeding scheme has been successfully demonstrated at VUV wavelengths [24].
However, due to the strong intensity drop of HHG at very high harmonics, the
HHG direct seeding is still not suitable for x-ray FEL generation in the near future.

To circumvent the need for the seed source at short wavelength, frequency
up-conversion schemes relied on optical-scale electron beam phase space manip-
ulation have been envisioned to convert the commercial available seed source to
shorter wavelength. The most famous frequency up-conversion scheme is so called
the high-gain harmonic generation (HGHG) (Fig. 1.4b) [25], which consists of two
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Fig. 1.4 High-gain FEL with external seeding lasers a direct seeding, b HGHG, ¢ cascaded
HGHG and d EEHG

undulators separated by a small chicane. A seed laser pulse is first used to interact
with the electrons in a short undulator, called modulator, to generate a sinusoidal
energy modulation in the electron beam longitudinal phase space at the scale of
seed laser wavelength. The formed energy modulation then develops into an
associated density modulation by a dispersive magnetic chicane, called the dis-
persion section (DS). High harmonic components of the seed laser frequency can be
generated in the electron beam density distribution, making this approach powerful
for generating short wavelength FEL pulses. However, significant bunching at
higher harmonics usually needs to strengthen the energy modulation in HGHG,
which will result in a degradation of the amplification process in the radiator. Thus
the requirement of FEL amplification on the beam energy spread prevents the
possibility of reaching short wavelength in a single stage HGHG. For this reason,
the cascading stages of HGHG scheme (Fig. 1.4c) [26] have been proposed.
The FEL generated by intermediate radiator can be used as the seed laser for the
following HGHG stage with the help of the “fresh bunch” technique. Analysis
within the framework of idealized models promisingly indicates that cascading
several stages of HGHG can produce fully coherent soft x-rays. The cascaded
HGHG scheme seems an attractive way for the soft x-ray light source. We can find
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in Table 1.1 that at least two soft x-ray facilities, the FERMI and the SXFEL, adopt
the cascaded HGHG scheme as the main operation mode.

In order to improve the frequency multiplication efficiency in a single stage,
more complicated phase space manipulation techniques have been developed. The
most famous one is the so called echo-enabled harmonic generation (EEHG)
(Fig. 1.4d) [27, 28], which employs two modulators and two dispersion sections to
introduce echo effect into the electron beam phase space for enhancing the fre-
quency multiplication efficiency with a relatively small energy modulation. The
analytical calculations and simulation results imply that a single-stage EEHG FEL
is able to generate high power soft X-ray radiation with narrow bandwidth close to
Fourier transform limited directly from a UV seed source [29, 30]. However, when
compared with HGHG, the microbunching that generated by EEHG seems more
sensitive to the machine and electron beam parameters. What’s more, the CSR and
ISR effects induced by the first DS may smear out the fine structure of EEHG.

From above discussions, we can find that although numbers of novel high-gain
FEL schemes have been proposed and technically developed to improve the per-
formances of the classical SASE and HGHG, they still have their own disadvan-
tages and limitations. Proof-of-principle experiments are desired to test and study
these novel principles. On the other hand, as the numbers of FEL facilities and users
increase, new demands for FEL output properties, such as ultra-high peak power,
fully coherence, attosecond pulse length, two color, etc. have been proposed.
New FEL operation schemes are needed to meet these requirements. As a result, the
proposal and demonstraten of novel high-gain FEL schemes is still a hot topic in
FEL community in nowadays. In this thesis, we will focus on the theoretical and
experimental studies on novel high-gain seeded FEL schemes.
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Chapter 2
Basic Theory of FEL

Abstract This chapter shows the basic theory of FEL. We start with the energy
exchange equation that describes the interaction between the electrons and radia-
tion. From these deductions, we get the resonant condition and pendulum equation
of the FEL. As this thesis is mainly focus on FEL with external seed lasers,
equations for harmonic generation schemes include HGHG and EEHG are derived
in detail to get the final bunching factor of these schemes.

Keywords Resonant condition + Pendulum equation - Bunching factor

2.1 Energy Exchange Equation

Here we take the planar undulator as an example to introduce the basic theory of
FEL. As shown in Fig. 2.1, considering a planar undulator with period of 4, and a
sinusoidal magnetic field in the y direction:

By(z) = Bysin(k,z) (2.1)

where k, = 2n/J,, and the electron motion in the x-z plane can be written as

2

- e(vB. — v.B,) = —eBycsin(k,z) (2.2)

"y dr?

where m, y and e is the mass, relativistic energy and charge of an electron,
respectively. By is the peak magnetic field of the undulator, c is the speed of light in
vacuum, and v, is the velocity of the electron. When the electron energy is high
enough, v, ~ ¢ and we can change the independent variable from t to z with

dz dz
v, ¢

dt (2.3)
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planar undulator
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Fig. 2.1 Electron beam trajectory in a planar undulator

And Eq. (2.2) is changed to

eBy .
"= kuz2). 2.4
X — sin(k,z) (2.4)

Integrate Eq. (2.4) along z, we can get

B K
¥ = yzzc(;cu cos(kyz) = ;cos(kuz) (2.5)

where K = eBy / mck, =~ 0.934By[Tesla]A,[cm] is the undulator parameter.
Integrate Eq. (2.5) again, we arrive at

x= %sin(kuz) (2.6)

VKu

The radiation field generated by the electrons propagates collinearly with the
electron beam:

E = XE cos(k,z — wyt + 6)) (2.7)

where w; = ck; = 2nc/ A is the radiation frequency. The electron’s transverse
velocity induced by the undulator magnet is

K
vy = TCcos(ku ). (2.8)

Since the average velocity of the electron is approximately constant

v=cy1—1/y? (2.9)
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v, can be calculated by:

1+K2%/2\ K%
Vv, = C(l — T/z) — 4—’}}2COS(2kuZ)7 (210)

So the average electron longitudinal velocity is

_ 1+K2/2
vZ:c<1—T2/>. (2.11)

The energy exchange between the electrons and the field should be

d’)/ . eEyKc

me? — =E v = cos(kyz) cos(ksz — o5t + )

(2.12)

= eEoKe {COS[(kS - ku)Z — Wt + ¢] + COS[(k'Y +k")z O ¢]}

The energy will transfer from electrons to radiation field when eE - v, <0. When
eE - v, > 0, the energy of the field will be transferred to the electron, which is used
for the inverse FEL (iFEL).

2.2 Phase Evolution Equation

From Eq. (2.12), we can get the rate change of the ponderomotive phase 0 can be
written as

db
— 2ku , 2.13
0 c (2.13)
where
0= (ks +k))z — it + (2.14)
Derivation of Eq. (2.14),
do
a = (ks + ku) v, — cks (2.15)

Using Eq. (2.11) and &, /k; < 1, we get

do k., 1+K?*/2
E = (kv + ku)\_/z - Ckx = Cks <k - 23}/) (216)
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2.3 Resonance Condition and Pendulum Equation

In order to obtain a stationary phase d0/dr = 0, we need

ke 4 1+K2/)2

2.17
ks Au 2y? 217)

This is the famous resonant condition. For a given resonant energy 7,, the output
wavelength can be written as

_ j’ll

s = 2 (1+K2/2). (2.18)

Here we introduce the normalized electron energy variable parameter

n=""Ir<1, (2.19)

r

and the phase equation is changed to

do
&2k, 2.20
= cn (2.20)

Equation (2.12) can be written as

Ay 1dy  eEK[JJ
dy_ Ldy__eEoKWle g (2.21)

dt  y,dt 2yy,mc?

where

) = Jo <4f22[(2) —Ji (&) . (2.22)

Use cdt =~ dz, Egs. (2.20) and (2.21) can be rewritten as

do
d_ = 2ku']
z
dn BT (2.23)
dz  2y2mc?
From Eq. (2.23) we can get the familiar pendulum equation
d*0
) +Q%sin0 =0 (2.24)
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Fig. 2.2 Electron motion in
the longitudinal phase space
due to the presence of the
radiation field and the
undulator

where Q? = eEyK[JJ]/2k,mc*y? is the synchrotron rotation frequency. In the
low-gain regime, the synchrotron rotation frequency can be considered as a con-
stant. Intergation of Eq. (2.24) and we get

do\? )
Z /2 — Q7 cos = U = Const (2.25)

Figure 2.2 shows the electron’s phase space trajectory in the combined system of
the radiation field and the undulator. The dashed lines are the phase-space trajec-
tories, and the solid red line is the separatrix, which is the boundary separating
trapped and un-trapped trajectories. The region inside the separatrix is called the
“bucket”. The FEL interaction causes the electrons to gain or lose energy,
depending on their ponderomotive phase. Electrons with ponderomotive phase
between [2nm, (2n+ 1)7] lose energy and move to the bottom of the bucket.
Electrons with ponderomotive phase between [(2n — 1)x,2n7n] gain energy and
move to the top of the bucket. The resulting energy modulation causes the electrons
to develop density modulation with the period of the radiation wavelength.

2.4 Equations for Harmonic Generation Seeded FEL
Schemes

As we have mentioned in Chap. 1, harmonic generation schemes with external seed
lasers hold the ability to generate stable and fully coherent radiation at short
wavelength. In these schemes, the electron beam is manipulated in a nonlinear way
to create density modulations at higher harmonics of the seed frequency. Benefit
from the coherent density modulation, seeded FEL schemes can be used to increase
the stability and temporal coherence over a SASE FEL. In this section, we give the
basic theory for both HGHG and EEHG.
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2.4.1 HGHG-FEL [1, 2]

The HGHG scheme consists of two undulators separated by a small chicane. In the
modulator, the electron beam interacts with a seed laser pulse to generate the energy
modulation, which have a maximal value of

AV _ klalamlm[JJ]

L (2.26)

where k; is the wave number of the seed laser, [, is the length of the modulator, a,
and a,, is the vector potential of the laser and the undulator, respectively. Here we
assume an initial Gaussian beam energy distribution with an average energy ymc>
and use the variable p = (y — y,)/0, for the dimensionless energy deviation of a
particle, where ¢, is the initial beam energy spread. Thus the initial longitudinal
phase space distribution should be written as

N 1,
folp) = \/%exp(— 5P ) (2.27)

where Ny is the number of electrons per unit length of the beam. After passing
through the modulator, the electron beam is modulated with amplitude A = Ay/a,,
where Ay is the energy modulation depth induced by the seed laser, and the
dimensionless energy deviation of the electron beam becomes

P/ =p+Asin(ks), (2.28)

where s is the longitudinal position. And the longitudinal beam distribution
evolves to

N 1 .
ACp) = Daexp| - 5o~ asing, (229

After the dispersion section, the energy modulation will be converted into
density modulation. The longitudinal position will be changed to

s' = s+ Rsepa, /[y (2.30)

where Rsg is the strength of the chicane and p is the beam energy after the energy
modulation. The distribution function can be written as

ronc(6p) = mesp{ S AsinC - B[ @)
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where B = Rs¢k10,/y is the dimensionless strength of the dispersion section.
Integration of Eq. (2.31) over p gives the beam density distribution

o0

N© = | defuanalter) (2.32)

—00

The density modulation of the electron beam can be quantified by the bunching
factor, which has a maximum value of unity:

b= Nio [{e7™N(0))| (2.33)

And the bunching factor at kth harmonic can be written as:
Loy
by = Ji(kAB) exp _Ek B (2.34)

The bunched electron beam will be sent into the radiator for high harmonic
radiation. In the first two gain lengths of the radiator, the FEL works in the coherent
harmonic generation regime, where the harmonic field grows linearly with the
distance traversed in the radiator z, and the peak power grows as z2. So the coherent
radiation power after two gain lengths can be written as

Zo2K2BR[JI) 5

coh = —~—<—— (2L 2.35

h 321,492 (2Le) ( )

where Zy = 377€Q, 1, is the current of the electron beam. After about two gain

lengths, the longitudinal dynamic of the electron beam induced by the radiated

fields become important, and the radiation power will be exponentially amplified
along the radiator until saturation. The saturation power can be estimated by

LG1D> ZVmeCZIp

Psor = 1.6p X <
e

, 2.36
La3p ( )

where p is the Pierce parameter [3], Lgip and Lgsp is the one-dimensional and
three-dimensional gain length of the FEL, respectively. From Eqs. (2.35) and
(2.36), we get the saturation length of the HGHG-FEL.:

PSG
Ly = Leap {ln <P ’) +2} (2.37)

coh
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2.4.2 EEHG-FEL [4, 5]

The EEHG technique employs two pairs of modulator and dispersion section to
introduce the echo effect into the electron beam phase space for enhancing the
frequency multiplication of the current modulation with a relatively small energy
modulation.

After sending the electron beam through the first modulator and dispersion
section, the longitudinal beam distribution is similar to Eq. (2.31). Here we assume
the energy modulation amplitude induced by the first seed laser is A;, and the
strength of the first dispersion section is Bj, then Eq. (2.31) can be rewritten as

N 1 . 2
At) = aexp{ - 5lp - Arsin - Bl 2.39)

After the second energy modulation, the beam energy is changed to
P =p+Assin(kas + ¢) (2.39)

where A; is the energy modulation amplitude induced by the second seed laser, & is
the wave number of the second seed laser and ¢ is the relative phase of the second
seed laser to the first seed laser. After passing through the second dispersive chi-
cane, the longitudinal position of the electrons change to

s =s+R2pa,/y (2.40)

where p now refer to the electron energy the entrance to the second dispersion

section. The strength of the second dispersion section is By = Rg?klay /7, and we
get the longitudinal phase space distribution at the entrance to the radiator

No

feenc (L p) = N

1 .
exp —E{p — Ay sin(K{ — KBop + ¢)

—Aysin[{ — (By +By)p + AyBy sin(K{ — KBop + go)]}z]
(2.41)

where K = k; /k;. Integration of Eq. (2.41) over p gives the beam density distri-
bution, and the bunching factor can be written as

bum(L,p) = |Ju[—(Km +n)A;By]

| (2.42)
x|J,{—A1[nBy + (Km+n)B,]} exp{— 3 [nB) + (Km + n)Bz]z} ’

The up-conversion harmonic number is k = n+ Km.
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Analysis shows that the nth bunching factor attains its maximum when n; = £1
and n, = n3 -n; is chosen to be —1 to make B; and B, have the same sign.

For given A; and A,, the maximal bunching factor is achieved when B, =

(nz —&—O.Sln;/B)/nAz and B, is the solution of

Ar[Jo(A1E) — J2(Ar )] = 2801 (A1) (2.43)

where ¢ = By — (Km — 1)B,. There are infinite number of roots of Eq. (2.43),
however, only two roots that have minimal absolute value maximize the expression.
The maximal bunching factor of EEHG is

0.39
(k+1)'/3

2

by (2.44)

The FEL gain process in the radiator is similar with that in the HGHG. The
saturation power and saturation length of EEHG can also be calculated by
Egs. (2.36) and (2.37).
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Chapter 3

Theoretical Studies on Novel High-Gain
Seeded FEL Schemes

Abstract In this chapter, the technique of manipulating of electron beam phase
space at optical wavelength has been systematically studied. After that, several
novel high-gain FEL schemes, including the pre-density modulation (PDM),
echo-enabled staged harmonic generation (EESHG), phase-merging enhanced
harmonic generation (PEHG), mode-locking of seeded FEL, chirped pulse ampli-
fication of coherent harmonic generation (CPA-CHG), have been proposed and
studied to improve the performance of SASE and HGHG. Theoretical and simu-
lation studies for seeded FEL schemes with ultra-short seed laser pulses are pre-
sented to show the phase error multiplication process in harmonic generation
schemes. We found that the slippage effect in the modulator can be used to slow
down this multiplication process, which may aid in the production of
transform-limited short-wavelength pulses for seeded FELs.

Keywords PDM - EESHG - PEHG - Mode-locking «+ CPA-CHG - Phase error
multiplication - Slippage effect

3.1 The Electron Beam Phase Space Manipulation
Techinique

Recent advances in the generation and control of high brightness electron beams
have lead to a new class of intense accelerator based light sources. With these
advances has come tremendous progress in the techniques of beam phase space
manipulation in accelerators and high-gain FELs. In linacs, the phase space
manipulation technique has been extensively used for bunch compression, emit-
tance exchange, laser heater, bunch measurement, etc. In high-gain FELs, the phase
space manipulation is often operated at the optical wavelength scale: a conventional
laser pulse is used to interact with an electron beam inside a short magnetic
undulator (modulator) to introduce a sinusoidal energy distribution in the longitu-
dinal phase space (energy modulation). After that, a dispersion chicane is often
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adopted for introducing a momentum compaction factor to convert the energy
modulation into density modulation. This progress can be considered as a bunch
compression process at the optical scale. Several distinct combinations of this
modulator-chicane arrangement can be used to tailor the electron beam’s energy
and current distributions and so introduce microbunchings that contain
high-harmonic components of the seed. Most of the seeded FEL schemes are based
on this laser-manipulation technique.

Here we assume an initial Gaussian beam energy distribution with an average
energy yomc* and use the variable p = (y — 7,)/0, for the dimensionless energy
deviation of a particle, where o, is the rms energy spread. So the initial longitudinal

phase space distribution should be fy(p) = Ny exp(—p?/2)/+/2r, after n successive
modulator and chicane pairs, the energy distribution along the longitudinal direction
is changed to

Pn = Pn—1 +An Sin(knsn—l + (pn)a (31)

where k, and @, is the wave number and phase of the nth seed laser. A, = E,/og is
the scaled energy modulation amplitude induced by the seed laser. The corre-
sponding longitudinal coordinate transformations can be written as

Sn = Sp—1 +Bnpn/kla (32)

where B, = Rg’gkl og/Ey is the dimensionless dispersion strength of the nth chi-

cane. R(Srg) is the momentum compaction of the nth chicane. The density modulation

of the electron beam can be measured by the bunching factor, which has a maxi-
mum value of unity. The initial bunching factor at kth harmonic of the seed is
given by

b= [ e itsnpar) (33)

where f;(s,,pn) is the density distribution of the electron beam. Equations (3.1)-
(3.3) can be used to perform simple one-dimensional phase space (p—z) simulations
and help us to understand the phase space manipulation processes in various har-
monic generation schemes.

Figure 3.1 shows the phase space and corresponding bunching factor distribu-
tions of a single stage HGHG with A; = 6 and B; = 0.2. As we mentioned above,
the frequency multiplication efficiency of a single stage HGHG is limited to a small
number (~ 10) for a single stage HGHG. Significant bunching at higher harmonics
by strengthening the energy modulation would increase the energy spread of the
electron beam [1], as shown in Fig. 3.2, which would result in a degradation of the
amplification process in the final radiator.

In order to improve the frequency multiplication efficiency in a single stage,
more complicated phase space manipulation techniques that employ
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Fig. 3.1 The final phase space a and bunching factor b distributions of the HGHG
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Fig. 3.2 The final phase space a and bunching factor b distribution of the HGHG with very large
energy modulation amplitude

double-modulator or even trible modulator configurations have been developed.
The first double-modulator scheme, termed Slience scheme, is proposed in Refs.
[2, 3], where a second modulator is directly added after the first modulator to
suppress the laser induced energy spread. In the first modulator, the electron beam
obtains a large energy modulation by a seeding laser with large power. Meanwhile,
the bunching of fundamental and higher harmonics develops greatly due to its large
energy spread in this section. Then the electron beam experiences a = phase shift
and enters the second modulator, in which it interacts with another seeding laser
whose phase is the same as that in the first modulator and thus is z different from
that of the current electron beam. Therefore, the electron beam’s energy spread will
be effectively suppressed, while its bunching will still increase due to the existing
energy spread. Finally, it passes a dispersion section which induces a larger
bunching factor, as shown in Fig. 3.3.

A modified version of the Slience scheme, termed enhanced-HGHG (EHGHG),
was proposed in Ref. [4]. In this scheme, after passing through the first modulator,
the electron beam is compressed by a dispersion section and then passes a so-called
de-modulator. By fine tuning the strength of the dispersion section to introduce a
relative 7 phase shift between the seed laser and the electron beam in the second
modulator, the laser-induced energy spread can be compressed. In the mean time,
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Fig. 3.3 Longitudinal phase space evolution in the Slience scheme. a Phase space at the exit of
the first modulator. b Phase space at the exit of the dispersion chicane. ¢ Bunching factor at the exit
of the dispersion chicane

the formed bunching would not be degraded as the micro-bunching is located
around the zero-phase of the seed laser in the two modulators. The advantage of
EHGHG to the Slience scheme is that the bunching enhancement is manly realized
in the dispersion section, so it doesn’t require a very high power seed laser. The
phase space evolution of the electron beam in the EHGHG is shown in Fig. 3.4a, b.
Figure 3.4c gives the corresponding bunching factor distribution at the entrance to
the radiator.

The common character of the phase space evolution processes in Figs. 3.2, 3.3
and 3.4 is the electron beam stretchen in the longitudinal phase space. By stretching
the electron beam with a very powerful laser pulse, the final coherent
micro-bunching can be further compressed in the longitudinal direction. As a result,
the harmonic up-conversion efficiency will be enhanced. An alternative method for
stretching the electron beam in the longitudinal phase space is increasing the
strength of the dispersion section, which is also the key point for understanding the
physical mechanism of the EEHG. In the standard EEHG scheme, the electron
beam is first energy modulated by a seed laser in the first modulator and then sent
through a chicane with strong momentum compaction, which makes the energy
modulation macroscopically smeared out, but in the phase space of the electron
beam, many small pieces along the longitudinal direction appear (Fig. 3.5a). The
electron beam with this energy bands structure will be modulated again in the
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Fig. 3.4 Longitudinal phase space evolution in the EHGHG scheme. a Phase space at the exit of
the dispersion section. b Phase space at the exit of the second modulator. ¢ Bunching factor at the
exit of the second modulator

second modulator by another laser beam. After passing through the second chicane,
the separated energy bands will be converted into the separated current bands
(Fig. 3.5b) which can introduce a maximal bunching factor at very high harmonics
(Fig. 3.5¢) of the seed.

The bunching factor of EEHG can be written as

o0
be=| > Tousid—Ail(n+k)By + kBT, [kA;B,] ye~ V/2n s BHEE| (3 4

n=—00

Analysis shows that the bunching factor is mainly decided by n = £1, and
Eq. (3.4) can be expressed as

i = [ (A 1)By 4 kBal kAoBy e /204 D

— Tt {A[(k — 1)By + kBo)Jy [k By et /2104 DB i) (3.5)

In order to make the two dispersion chicanes have the same sign, n = —1 is
often adopted. However, we found n = 1 will lead to a larger maximal bunching
factor. Here we choose n = 1 and B, = —Bj, then Eq. (3.5) can be simplified as:
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Fig. 3.5 Longitudinal phase space evolution in the EEHG scheme. a Phase space at the exit of the
first dispersion section. b Phase space at the exit of the second dispersion section. ¢ Bunching
factor at the exit of the second dispersion section

k
Jk[AlBl]Jl [kAzBl]e_Blz/z (36)

b =
*|aB,

For k > 4, the maximal value of 2kJ;[A;B,]/A B, will approach 1.33/k'/> when

AB; ~ k+0.81k'/3. The maximal value of J;[kA,B;]e~57/2 is about 0.58. So the
maximal bunching factor will approach

0.77

bk%m,

(3.7)

which is nearly 2 times larger than the bunching factor of a standard EEHG for the
same harmonic number. However, a very large A; is required in this case to make
the bunching factor reach its maximal value. To suppress the large energy spread
induced by the first seed laser, a third modulator should be added. The phase space
evolution of this triple-modulator scheme is shown in Fig. 3.6.

In the first modulator, a very large energy modulation amplitude is induced by
the seed laser (A; = 40). For this large energy modulation, a small dispersion
strength (B; = 0.56) is sufficient for converting the energy modulation into energy
bands, as shown in Fig. 3.6a. As the energy spread for each energy band is very
small, we only need a very weak seed laser to generate energy modulation
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Fig. 3.6 Longitudinal phase space evolution in the triple-modulator scheme. a Phase space at the
exit of the first dispersion section. b Phase space at the exit of the second modulator. ¢ Phase space
at the exit of the second dispersion section. d Phase space at the exit of the third modulator

amplitude of A, = 0.15 in the second modulator (Fig. 3.6b). Because the energy
modulation amplitude is much smaller than the beam’s initial energy spread, it is
difficult to see the difference in Fig. 3.6a, b. After passing through the second
dispersion section with strength of B, = —0.56, the resulting phase space is shown
in Fig. 3.6c. In the third modulator, a seed laser with = phase shift is used to
suppress the energy spread, and the final phase space is shown in Fig. 3.6d. The
corresponding bunching factor at various harmonics is shown in Fig. 3.7, where one
can find that the bunching factor at 20th harmonic is much larger than a standard
EEHG and the laser induced energy spread in Fig. 3.6d is much smaller than the
initial beam energy spread.

To generation sufficient bunching factor at ultra-high harmonics via the
triple-modulator scheme, one needs to introduce a very large A, which will be very
challenging. This problem can be fixed by using the triple modulator-chicane
scheme (TMC) [5], which adopt three modulator-chicane modules to manipulate
the electron beam phase space. The phase space evolution in the TMC with A} =
A3 =5,A, =0.05,B; = —B, =4.7,B3 = 0.176 is shown in Fig. 3.8. The phase
space evolution before the third chicane is similar with the triple-modulator scheme,
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Fig. 3.8 Longitudinal phase space evolution in the TMC. a Phase space at the exit of the third
modulator. b Phase space at the exit of the third dispersion section. ¢ Bunching factor at the exit of
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however, the coherent micro-bunching is still not formed before the third modulator
due to the small energy modulation amplitudes in the three modulators. As a result,
a third chicane is needed to convert the energy modulation into density modulation.
The maximal bunching factor of TMC is a little smaller than that of a standard
EEHG. The unique advantages of TMC is that only a small energy modulation is
needed in the second modulator, which opens new opportunities for using an HHG
source to seed x-ray FELs with final radiation wavelength at sub-nanometer level.

The laser based electron beam manipulation technique allows one to rearrange
the particle distribution in the phase space to meet the requirement of various
applications. With this technique, one can create micro-structures and imprint
micro-correlations in relativistic electron beams with extremely high precision in
both the temporal and spatial domain, thereby offering numerous options to tailor
the properties of the FEL output. Hereafter, we will propose numbers of new seeded
FEL schemes. All of these new schemes are based on the laser-associate electron
beam manipulation technique.

3.2 Pre-density Modulation of the Electron Beam
for Enhancing Seeded FELSs

In order to further enhance the harmonic up-conversion efficiency and also reduce
the additional energy spread of harmonic generation schemes, here we propose the
pre-density modulation (PDM) method. The schematic of the PDM enhanced
HGHG and EEHG schemes are shown in Fig. 3.9. The PDM is consists of one short
undulator and one chicane, which are similar to the modulator and dispersion
section in a standard HGHG. Figure 3.10 shows the physics processes of PDM. The
electron beam is first energy modulated through a very short undulator by a seed
laser (Fig. 3.10b). Then a small chicane is used for over-bunching of the electron
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Fig. 3.9 Schematic of the PDM enhanced HGHG and EEHG
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Fig. 3.10 Longitudinal phase space evolution in the PDM enhanced HGHG scheme, the red
electrons make a contribution to the microbunching. a Phase space at the entrance to modulator;
b Phase space after the undulator in PDM; ¢ Phase space at the exist of PDM; d Phase space at the
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distribution at the entrance to the radiator

beam like Fig. 3.10c shows. This overbunching is aiming at gathering most of the
electronics in the phase range of —n/2 to 7/2 of the fundamental optical field. Then
this pre-density modulated beam can be send into HGHG or EEHG. Since the
microbunching is already formed after PDM, intense coherent radiation at the seed
wavelength will be generated in the following modulator, and the electron beam
will be modulated by its own radiation, as shown in Fig. 3.10d. Sending then the
beam through the dispersion section will convert this structure into a very strong
microbunching at the fundamental wavelength as Fig. 3.10e shows. The current
distribution of Fig. 3.10e is shown in Fig. 3.10f.

The laser induced electron beam energy spread in the PDM enhanced HGHG is
smaller than that of a standard HGHG with the same energy modulation amplitude.
Figure 3.11 shows the comparison of the energy distributions of the electron beam
from these two schemes. The comparison of the bunching distributions are given in
Fig. 3.12. For HGHG, the high harmonic bunching factor exponentially decreases
as the harmonic number increases. However, for the PDM enhanced HGHG, the
bunching factor at fundamental is over 0.7, and bunching factors at some high
harmonics are also enhanced.

PDM can also be used to enhance the bunching factor of an EEHG. One feature
of EEHG is that there are always two maximum bunching factors around the target
radiation wavelength. To show the physical mechanism behind this, we carried out
one dimensional simulations with optimized parameters that maximize the bunch-
ing factor at 30th harmonic. The longitudinal phase space at the entrance to the
radiator is shown in Fig. 3.13a and the corresponding bunching factors at various
harmonic numbers are shown in Fig. 3.13b. It is clear that besides the 30th
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harmonic, another maximum bunching factor at 32nd harmonic appears. The
complicated echo structure in one wavelength region (Fig. 3.13a) can be divided
into two uniform bunching structures as shown in Fig. 3.13c, d. We found that there
are 30 beamlets in Fig. 3.13c and 32 beamlets in Fig. 3.13d, which indicate a
presence of the 30th and 32nd harmonics of the seed laser.

The PDM can be used to enhance the bunching factor of EEHG at the target
harmonic. Figure 3.14a shows the longitudinal phase space of the PDM enhanced
EEHG. The corresponding bunching factors is given in Fig. 3.14b. We find that
there is only one maximum value at the target wavelength, and the 62nd harmonic
is also enhanced which can be used to significantly extend the short-wavelength
range of the EEHG scheme.
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3.3 The Echo-Enabled Staged Harmonic Generation

Although the EEHG scheme has a remarkable up frequency conversion efficiency,
it is still very difficult to use a single stage EEHG to generate hard x-ray radiation
directly from a VUV seed laser. If borrowing the idea from cascaded HGHG to
make a cascaded EEHG, as shown in Fig. 3.15a, how to transport the radiation from
the first stage to the two modulators in the second stage might become extremely
complicated and a great challenge. To mitigate this problem, we propose the
Echo-enabled Staged Harmonic Generation for coherent hard x-ray FEL generation.
Figure 3.15b shows the schematic setup of EESHG scheme, which consists of an
EEHG, a beam shifter and an HGHG like configuration, but the HGHG part is
equivalent to an EEHG by jointly using the first modulator and first dispersion
section with the EEHG part.

The evolving process of the longitudinal phase space in the first stage of EESHG
is shown in Fig. 3.16. The M1 and the DS1 help to obtain separate energy bands all
over the whole electron beam (Fig. 3.16a). In the M2, the seed laser 2 is adjusted so
that only the tail half part of the electron beam is energy modulated (Fig. 3.16b),
then this beam is sent through the DS2 which converts the energy modulated part
into a density modulation (Fig. 3.16c), where the head part, called “fresh” part
hereafter, is also pulled with an additionally small strength and makes the spacing
between the adjacent energy bands more narrow. The radiation from the R1, which
uses the EEHG pre-bunched tail part, serves as the seed laser of the second stage.
The shifter between these two stages is so tuned that the fresh part of the e-beam
can exactly interact with the seed laser 3 in M3. Noticing that the fresh part has

ste | 2nd slaée_ I
3

e-beam

Fig. 3.15 a Using usual method to cascade two stages of EEHG scheme. b EESHG scheme. The
first stage is an EEHG and the second stage is an HGHG like configuration, which also works in
EEHG principle. (Reprint from Ref. [6]. Copyright with kind permission from Springer
Science + Business Media)
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Fig. 3.16 Sketch map of longitudinal phase space in the first stage of EESHG. a Phase space after
the DS1. b Phase space after the M2. ¢ Phase space after the DS2

already been modulated and shredded to energy beamlets in the first stage, for the
fresh part, the second stage together with the M1 and DS1 can also be considered as
a whole EEHG. In this way, the output from the R2, which is tuned at the harmonic
of the seed laser 3, can be extended to even hard x-ray region. In addition, since the
needed seed laser power for the second stage is much smaller than the saturation
power of the first stage, the length of the R1 is so chosen to make it work in the
coherent harmonic generation (CHG) [7, 8] regime, which reduces not only the
machine size but also its impact on the fresh part.

3.3.1 Analytical Calculations

The first stage of EESHG is a usual EEHG scheme, which is already studied in
detail. Here we only pay attention to the fresh part of the e-beam.
The distribution function of the electron beam after DS2 can be written as

AL) = exp{ -5 - Arsin(c -~ B . 33)

When the fresh part passing through the DS2 and the beam shifter, the longi-
tudinal phase follows

7 =z+ Rse(c) P9E/Eo (3.9)
where R —RW L RP L RY and RY) is the strength of the beam shifter
56(c) = 56 T Nse T Mse 56 g :

In the second stage, with the dimensionless amplitude Az, the wave number
of the seed laser k3 and the dispersive strength of DS3 Rsg3), one can write
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p =p+Assin(ksz) and 7 = z + Rs6(3)p0 &/ Eo, so the final distribution function of
the fresh part after the DS3 is

1 , / ,
feesno(C.p) = ozenp| =3 fp — Aasin(K ¢~ K B+ )

—A; sin[{ — (B.+ B3)p +A3B. sin(K { — K/B3p—|—d>/)]}2} (3.10)

where By = Rsg3)klog/Eo, B, = Rsg(o)k10e/Eo, Kc = k3 /ki, and q’)/ is the phase
of the seed laser 3. The bunching factor at the entrance to the R2 can be written as

bﬂ,q = 671/2["13(- + (K,‘IJr”)BS]Z‘]q[— (K/q + n)A3B3]Jn{—A1 [I’ZBC + (K/q + n)B3]}’
(3.11)

where n and g are integer numbers. we limit our considerations to the n =
—1, m > 0 and g > 0 condition, where m is also an integer number related to the
bunching factor of the first stage. A, A, By, B, and B, are determined in the first
stage. When we maximum the bunching factor of the second stage, we have to
change A3 and B; to maximize b,,. B; should be optimized by B; = (B. —
&)/(Ke.q — 1) first, where & = B; — (Km — 1)B,, and A3 can be optimized by
Az = (q+0.81¢"")/(K.qBs — B3), after doing this, the beam modulation is
observed at the frequency w. = gws — w;. When m > 4, the maximal bunching
factor is

(3.12)

Generally g is a big number, in our scheme w3 >> ), so the output frequency
W, = qws — @ is nearly only determined by w3, since w3 = mm, — wy, and the
final output frequency can be written as

. = gmw; — (q+ oy (3.13)

If we assume the frequency of the seed laser 1 and seed laser 2 equal, w; = w»,
then the output frequency satisfies

W, = (gm—q— 1o, (3.14)

which means the final output frequency should be gm — g — 1 times of the initial
one.
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Table 3.1 Comparison of the optimized parameters with SASE and EESHG

Electron beam: Energy 6.135 GeV, Current 3000 A, Slice energy spread 4 x 1073
Normalized emittance 0.85 m© mm - mrad, rms beam length(FWHM)100 fs

SASE | EESHG
First stage Second stage
Modulator | Modulator | Radiator | Modulator | Radiator
1 2
Seed laser | Power/MW |/ 185 3700 / 240 /
Ag/nm 160 160 2
Undulator | A,/cm 1.5 20 20 10 4 1.5
a, 0.93 15.153 15.153 2.178 3.66 0.959
L,/m 100 2 2 6 2 40
Total 100 52
length/m
Dispersion | Rsg/mm / 4.46 0.05 / 0.0025 /
FEL Alnm 0.1 2 0.1
Py /GW 2 0.36 1.2
Harmonic / 80 20
number
Shifter Rs¢/mm / 0.03

Reprint from Ref. [6]. Copyright with kind permission from Springer Science + Business Media

3.3.2 Hard X-Ray FEL Based on the EESHG Scheme

To explore the performance of the EESHG scheme with realistic parameters, we
design a hard x-ray FEL. The optimization is conducted using GENESIS [9] and the
simulation parameters are summarized in Table 3.1.

The wavelength of VUV seed laser 160 nm with the frequency of seed laser 1
and seed laser 2 equal is considered to get 0.1 nm radiation with a saturation power
around 1.2 GW using EESHG. Since we don’t pursue a very high saturation power
in the first stage, a relatively large energy modulation, which will substantially
improve the harmonic number of the first stage, is introduced in the M2. We choose
the power of seed laser 2 about 3.7 GW, which makes the dimensionless amplitude
A, = 13, and the maximum bunching factor is about 0.08 at 80th harmonic. The
longitudinal phase space after the DS2 is shown in Fig. 3.17a, from which one can
find that the energy spread is much bigger than the initial value. Figure 3.17b plots
the radiation power along R1. The output power is over 360 MW, which is suffi-
cient as a seed laser for the second stage. Since the performance of the second stage
may be degraded by the impact on the fresh part from the first stage, to make the
bunching factor big enough, we only choose to optimize the 20th harmonic for the
second stage, and thus the total harmonic number is 1600. The longitudinal phase
space after the DS3 is shown in Fig. 3.17c. Figure 3.17d illustrates the radiation
power along R2. The bunching factor of the 20th harmonic of the seed laser 2 is
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Fig. 3.17 a Longitudinal phase space at the entrance to the R1. b Radiation power vs R1 distance
for the first stage. ¢ Longitudinal phase space at the entrance to the R2. d Radiation power versus
R2 distance for the second stage. (Reprint from Ref. [6]. Copyright with kind permission from
Springer Science + Business Media)

about 0.1 at the entrance to the R2 and the saturation length is about 36 m, which is
much shorter in comparison with the SASE case. It is therefore the EESHG scheme
holds the great potential to remarkably further reduce size and cost of a compact
hard x-ray FEL facility.

3.4 Phase-Merging Enhanced Harmonic Generation

While EEHG has unprecedented up-frequency conversion efficiency and allows the
generation of ultrahigh harmonic with relatively small energy modulation, its con-
figuration is more complex when compared with HGHG, and the CSR, ISR effects
induced by the large chicane may smear out the fine structure in the phase space.
Recently, the idea of using a transverse gradient undulator (TGU) to mitigate the
effects of electron beam energy spread in laser-plasma driven FELs has been
described [10]. Inspired by this work, a novel phase space manipulation technique,
originally termed cooled-HGHG, has been proposed for significantly improving the
frequency up-conversion efficiency of a single stage HGHG [11]. This technique
benefits from the transverse-longitudinal phase space coupling, while other har-
monic generation schemes only manipulate the longitudinal phase space of the
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electron beam. Different form the original idea of using TGU to compensate the
effects of beam energy spread by making every electron satisfies the resonant con-
dition in the undulator, this novel scheme utilizes a different operating regime of the
TGU: when the transversely dispersed electrons pass through the TGU modulator,
around the zero-crossing of the seed laser, the electrons with the same energy will
merge into a same longitudinal phase, which holds great promise for generating fully
coherent short-wavelength radiation at very high harmonics of the seed.

At the first glance, this phase-merging phenomenon is very similar with the
electron beam energy spread cooling. However, the beam energy spread within the
range less than seed laser wavelength is reduced, while the global beam energy
spread does not change in such a process. Therefore, in order to clearly and
unanimously illustrate the physics behind it, we rename such a scheme as
phase-merging enhanced harmonic generation (PEHG). In this section, systematical
studies for the PEHG together with its variants will be presented.

3.4.1 Principles of PEHG

The initial proposed PEHG consists of a dogleg followed by a HGHG configuration
with a TGU modulator, as shown in Fig. 3.18a. The dogleg with dispersion # is
used to transversely disperse the electron beam, while the TGU modulator is used
for the energy modulation and precisely manipulating the electrons in the horizontal
dimensional. It is found that these two functions of TGU modulator can be sepa-
rately performed by employing the scheme II as shown in Fig. 3.18b. A normal
modulator is used for the energy modulation and the TGU is only used for trans-
verse manipulation of electrons, which will be much more flexible for practical
operation. The TGU in scheme II also can be replaced by other kinds of devices

(a)Scheme | TGU modulator

Chicane

Beam

X

(b)Scheme I
Chicane

Modulator
TGU

Fig. 3.18 a Original PEHG scheme with a TGU modulator for energy modulation and
phase-merging simultaneously; b An PEHG variant with a normal modulator for energy
modulation and a TGU for introducing the phase-merging effect. (Reprint from Ref. [12].
Copyright with kind permission from IOPscience)
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with transverse gradient magnet field, e.g. particularly designed wigglers or small
chicanes. For the convenience of theoretical analysis, we consider the scheme II
first, and then promote the conclusions to scheme I.

Here we also assume an initial Gaussian beam energy distribution. Assuming the
initial horizontal rms beam size is o, and use y = (x — xo) /0, for the dimensionless
horizontal position of a particle, where xy is the central beam position in the
horizontal direction. Then the horizontal electron beam distribution can be written

as go(x) = Noexp(—y?/2)/V/2n. After the dogleg,  is changed to
% =1+ Dp, (3.15)

where D = no, /o,y is the dimensionless strength of the dogleg, and the horizontal
beam distribution becomes

(0. = exp| = (2~ D)’ (3.16)

After passage through the modulator, the electron beam is modulated with the
amplitude A, and the dimensionless energy deviation of the electron beam becomes
P =p+A sin(kyz), where k; is the wave number of the seed laser. The
two-dimensional distribution function after the interaction with the seed laser can be
written as

m(Ep) = oo |3~ AsindP | exp{ L 11— D~ asinF . 17)
where { = k,z is the phase of the electron beam. When sending the transversely
dispersed electron beam through a TGU with transverse gradient a and central
dimensionless parameter of Kj, electrons with different horizontal positions will
meet different K values, where K(x) = Ko(1 + ax). For a given beam energy, dif-
ferent K values result in different travel lengths according to the FEL basic func-
tions, which converts the longitudinal coordinate z of electrons with different
horizontal position into

) L.K?[ 1/ + \2
7 =74 2y20 [ocx ax—i-E(oc;( o*x> }, (3.18)

where Ly, is the length of TGU. Considering that the horizontal electron beam size
is usually quite small for FEL, Eq. (3.18) can be re-written as

, LKoo, .
=g M0 3.19
Z Z+ 2'))2 X ( )
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and this makes the electron beam distribution after TGU become:

ha(C.p.s) = poesp{ 3 — Asin(c — T fexp| 3 (x — Dlp — Asin(¢ - 7211,
(3.20)

where

_ ksLngoca)C

T
22

(3.21)

is the dimensionless gradient parameter of the TGU. After passing through the DS
with the dispersive strength of Rse, the longitudinal beam distribution evolves to

hoano(C.p.2) = yoexp{ 1 p — Asin(c ~ 7~ Bp) pexp| - = Dlp — Asin(c ~ 17~ 5P

(3.22)
where p now refers to the value at the entrance to the DS and B = Rsek0, /7 is the
dimensionless strength of the DS. Integration of Eq. (3.22) over p and x gives the
beam density N as a function of {, N({) = [ dx [ dphpenc((,p,x). And the

—00 —00

bunching factor at kth harmonic can be written as

I . it amans
by = ﬁo dpefzkp(TD+B)7sz,(f0(p)g0(X) <€ k(L +ABsmg)>
_ J, [nABle~(/DKID+ B =1 /2)41) (3.23)

For the case without TGU, i.e. T = 0, Eq. (3.23) reduces to the well-known
formula for the bunching factor in a standard-HGHG FEL.
For the harmonic number k& > 4, the maximal value of the Bessel function in

Eq. (3.23) is about 0.67/k1/ 3 and is achieved when its argument is equal to

k+0.81k'/3. For a given value of energy modulation amplitude A, the optimized
strength of the DS should be

B= (k+0.81k"3)/kA. (3.24)

The maximal value of Eq. (3.23) will be achieved when TD = —B, which gives
the optimized relation of o and #:

2P (n+ 0.81n'/3)

3.25
nAkL,, Kg o, ( )

oan =
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Noticing that the third term in the right hand of Eq. (3.23) can be quite close to
one when adopting a large A and # or a small horizontal beam size o, so the
maximal value of the nth harmonic bunching factor for PEHG will approach

by ~ 0.67/n'/, (3.26)

which is much larger than that of a standard-HGHG.

For the scheme I as shown in Fig. 3.18a, the energy modulation process and the
phase-merging process are accomplished simultaneously when the electron beam
passes through the TGU modulator. The electron relative phase advance caused by
the gradient of the TGU is the same for scheme I and scheme II. However, a factor
of 1/2 should be introduced in the right hand of Eq. (3.21), because the energy
modulation approximately increase linearly with the modulator period number N,,
thus the phase advance obtained by integration over the modulator length con-
tributes a factor of 1/2. So we get the optimized dimensionless gradient parameter
of TGU should become TD = —2B, and the relation between a and # for scheme I
becomes:

AP+ 0.81n'/3)

3.27
nAkgL, K 3 g, ( )

oan =

The physical mechanism behind the PEHG is the transverse-longitudinal phase
space coupling. The evolution of beam longitudinal phase space is illustrated in
Fig. 3.19 for the scheme II. For simplicity, here we assume the horizontal beam size
oy =0 and only show the phase space within one seed wavelength region. The
energy modulation amplitude is chosen to be A = 3 here, and the optimized con-
dition for the 50th harmonic bunching is B = —TD = 0.35.

The initial longitudinal phase space after passage through the dogleg is shown in
Fig. 3.19a, where different colors represent for different regions of beam energy and
so also represent for different horizontal positions of the electrons with respect to
the reference electrons with central beam energy. After interaction with the seed
laser in the conventional modulator, the longitudinal phase space of the beam
evolves to that shown in Fig. 3.19b. The strong optical field induces a rapid
coherent growth of the electron beam energy spread. When the beam travels
through the TGU, electrons with different colors (different transverse position) will
meet different undulator K values, thus result in the different travel path lengths in
TGU. By properly choosing the gradient of TGU according, the phase space will
evaluate to that in Fig. 3.19c. The electron energy is unchanged during this process.
However, the electrons with the same energy will merge into a same longitudinal
phase around the zero-crossing of the seed laser due to the relative phase shift of the
electrons in TGU. This phenomenon is what we called the “phase-merging effect”.
After passage through TGU, electrons enter the dispersion section where the beam
phase space is rotated and the bunching at the desired harmonic is optimized, as
shown in Fig. 3.19d. One can find that most of the electrons are compressed into a
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Fig. 3.19 Longitudinal phase space evolution in scheme II: a initial phase space after passing
through the dogleg; b phase space at the exit of the conventional modulator; ¢ phase space at the
exit of the TGU; d phase space at the exit of the DS. (Reprint from Ref. [12]. Copyright with kind
permission from IOPscience)

small region around the zero-phase, which indicates that the density modulation has
been significantly enhanced for high harmonics.

It can be deduced form Eq. (3.23) that the maximal bunching factor of PEHG is
mainly determined by the Bessel function term and has little dependence on the
absolute value of A when o, is small or # is quite large. However, the intrinsic
horizontal beam size o, cannot be neglected for a realistic electron beam. It will
induce an effective energy spread into the electron beam because of the transverse
field gradient of TGU. The effective energy spread can be written as

Oeff = a'x/’/l- (328)

Using the optimized condition of PEHG: Tng, /o,y = —B, plug Eq. (3.28) into
Eq. (3.23), and we arrive

by = J,[nAB]e™ (/2 (kRssoar)” (3.29)
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Fig. 3.20 The 30th harmonic
bunching factor of PEHG as a 02¢
function of the horizontal

emittance for different energy

modulation amplitudes. 0.15
(Reprint from Ref. [12].
Copyright with kind
permission from IOPscience)
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One may found that the bunching factor formula of Eq. (3.29) is reduced to the
bunching factor form of a standard HGHG. The only difference is that the initial
beam energy spread has been replaced by o.y. Here we define an energy spread
compression factor C = 5o, /y0,, which can be used to measure the phase-merging
effect. The intrinsic beam size is determined by the normalized horizontal emittance
& and the beta function f. For a relatively short modulator of length L,, it is
reasonable to take f & L,,/2, and hence o, = \/¢&:L,,/2y. By using the realistic
parameters of the SXFEL, Fig. 3.20 shows the 30th harmonic bunching factor as a
function of the initial horizontal emittance. The beam energy is 840 MeV with
energy spread of about 100 keV, the dispersion of the dogleg is # = 1 m, the
gradient of the TGU is o =20m~!, and the average beta function in the short
modulator is f = 0.5 m. The energy modulation amplitude has been changed from
1 to 10, and the strength of the DS has been turned accordingly to optimize the 30th
harmonic bunching factor. The wavelength of the seed laser is 264 nm. One can
found from Fig. 3.20 that the bunching factor decreases quickly as the horizontal
emittance increases when A is smaller than 3. However, the bunching factor is still
acceptable for ¢, = 1 um rad when A is larger than 6. For the case of &, = 1 um rad
and A = 6, the comparison of the bunching factor of PEHG and HGHG is shown in
Fig. 3.21. The energy spread compression factor is calculated to be C ~ 5.74 for
this case, which approximately makes the harmonic number increase 6 times with
the same bunching factor for high harmonics.
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Fig. 3.21 Comparison of the 05
bunching factor of PEHG and PEHG
standard HGHG with realistic o )
parameters. (Reprint from 04+ © HGHG
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3.4.2 Three-Dimensional Manipulation for Realizing
the Phase Merging Effect

The TGU in PEHG is mainly used for introducing different longitudinal phase for
electrons with different transverse position (energy) to performs the phase merging
effect. We found later that the phase difference can also be realized by using a
wave-front tilted seed laser pulse.

The schematic of three-dimensional manipulation of the electron beam phase
space is shown in Fig. 3.22, where the electron beam is transversely dispersed
before entering the modulator. The wave-front tilt of the seed laser is realized by
simply oblique incidence the seed laser beam with a small angle 6. Here we define a

Fig. 3.22 Schematic of three
dimensional manipulation of
the electron beam phase space
with a transversely dispersed
electron beam (x-z) and a
wave-front tilted seed laser.
(Reprinted with permission
from Ref. [13]. Copyright
1998 by American Physical
Society)

Seed laser
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wave-front tilt gradient parameter of the seed laser as the relative phase change
along the transverse direction:

T, = ¢/0s = kytan(0), (3.30)

where s represents for x or y, ¢ is the wave-front phase change over the transverse
beam size of g,. After passing through the modulator, the dimensionless energy
deviation of the electron beam becomes

P =p+Asin(kz+TX+T,Y), (3.31)

where Ty = 1,0, and T, = 1,0, are the dimensionless wave-front tilt gradient
parameters in horizontal and vertical. The three-dimensional distribution function of
the electron beam after interacting with the seed laser can be written as

No

V8
X exp {7%{1/ —Dy[p—Asin({ - T.X - T'vY)]}Z}

h((p,X,Y) = exp{—% [p—Asin({ - T.X — TyY)}z} exp{—%{X —Di[p—Asin({ — T.X — T,Y)] }2]

(3.32)

After passing through the DS, the longitudinal beam distribution evolves to

N 1 1
m(C,p, X, Y) = —~ exp{fi [p—Asin({ - T.X - T,¥ — Bp)}z} exp [75 {X - D.[p - Asin({ - T.X — T,Y — Bp)] }1 :

V83
1 o 2
x exp[fi {Y = D,[p—Asin({ - T.X — T,Y — Bp)] }’]

(3.33)
And the bunching factor at kth harmonic can be written as
b, = Nio/ dpeﬂkp (TDx + T,Dy + B)—ik(TX + T, on( )go(X, Y)< (HABsms)>
= Jy[kABe ~(1/2)K(T:Dx+ T,y +B) ,—(1/2) (KT +kT)
(3.34)

which is similar with Eq. (3.23). The maximal value of b; will be achieved when
T.D.+T,D, = —B, which gives the optimized relation of 7 and #:

Tolly + Ty, = —(n+0.81n'3)y/nAa,. (3.35)

And the maximal value of the kth harmonic bunching factor will also approach
b, ~ 0.67/n'/3.
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3.4.3 Generation of Soft X-Ray Radiation Based on a Single
Stage PEHG

To illustrate a possible application of the PEHG technique with realistic parameters,
we take the nominal parameters of the SXFEL. The SXFEL aims at generating
8.8 nm FEL from a 264 nm seed laser through an initial designed double-stage
cascaded HGHG. However, by using the proposed method, this goal could be
achieved by a single stage configuration. A dogleg is added before the modulator
for the generation of transverse dispersion in the electron beam, and a wave-front
tilted seed laser pulse is utilized to interact with the electron beam in the modulator.
Quadruples are placed at both upstream and downstream of the dogleg for matching
the transverse beam size and cancel the correlation between particle energy and
transverse divergence. The required electron beam energy is 840 MeV at the end of
the linac. The bunch charge is about 0.5 nC. With these parameters, start-to-end
simulations have been carried out. The electron beam dynamics in photo-injector
was simulated with ASTRA [14] to take into account space-charge effects.
ELEGENT [15] was used for the simulation in the remainder of the linac, while
tracking in the undulators was performed with GENESIS. The beam energy and
current distributions along the electron bunch are summarized in Fig. 3.23a. After
horizontally dispersing the electron beam by the dogleg dispersion #, = 0.5 m, the
average value of the horizontal beam size o, is increased from about 60-70 pm, as
shown in Fig. 3.23b, which will not significantly affect the FEL performance.
The three-dimensional phase space manipulation process and the FEL perfor-
mance were simulated with GENESIS based on the output of ELEGENT. For
comparison purpose, simulations for double-stage cascaded HGHG have also been
carried out. A 264 nm seed pulse with longitudinal pulse length of about 8 ps
(FWHM) is adopted for single stage case and a much shorter pulse length of about
100 fs is adopted for the cascaded HGHG case. The peak power and the Rayleigh
length of the seed laser are chosen to be 400 MW and 7.5 m for both these two
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Fig. 3.23 Simulated parameters at the exit of the linac. a Beam energy and current distribution
along the electron beam. b horizontal beam size before and after the dipsersion. (Reprinted with
permission from Ref. [13]. Copyright 1998 by American Physical Society)
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cases for maintaining a sufficient temporal superposition between electron and laser
beams. The length of the modulator is about 1 m with period length of 80 mm. To
maximize the bunching factor at 30th harmonic of the seed laser, the parameters for
the single stage HGHG case are set to be A =5, B=0.2 and 1, =~ 3.6rad/mm,
where the 7, is generated by directly tilt the wave-front of the seed laser in the
simulation. The bunching factor at the entrance of the radiator is about 5 %. The
period length of the radiator is 25 mm with K value of about 1.3. The electron
beams are both well matched in the radiator, which makes the average horizontal

beta functions are . ~ 5m for the cascaded HGHG case and f;, ~ 8 m for the
single stage case. The evolution of the radiation pulse energy is shown in
Fig. 3.24a, where the large bunching factor at the entrance to the radiator offered by
the three-dimensional phase space manipulation is responsible for the initial steep
quadratic growth of the power. The significant output pulse energy enhancement is
clearly seen. The pulse energy of the 30th harmonic radiation approaches 100 uJ at
saturation, which is one order of magnitude higher than that of the original design
of SXFEL with double-stage cascaded HGHG. Moreover, the 8.8 nm radiation
saturates within 15 m long undulator, which is in the range of original design of
SXFEL. The single-shot radiation spectra for these two cases at saturation are
shown in Fig. 3.24b. The spectral bandwidth at saturation for the single stage
HGHG with three-dimensional phase space manipulation (blue solid line) is about
0.08 %, which is quite close to transform limit. However, the bandwidth of the
cascaded HGHG (red dashed line) is about 0.6 %, which is 1.7 times wider than the
transform limit. The bandwidths broadening and spectral noises in the spectrum of
cascaded HGHG are mainly induced by the initial energy curvature of the electron
beam, which is unavoidable in the FEL linacs due to the radio frequency curvature
and wake field effects. However, the dependence of output spectrum in seeded FEL
on the residual beam energy chirp can be canceled when using the PEHG technique.
Here we assume an initial linear energy chirp 4 in the electron beam. After
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Fig. 3.24 Comparison of the FEL simulation results for double-stage cascaded HGHG (red
dashed line) and a single stage PEHG: a evolution of the soft x-ray FEL pulse energy along the

radiator; b spectra at saturation. (Reprinted with permission from Ref. [13]. Copyright 1998 by
American Physical Society)
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transversely dispersing the electron beam with D,, the longitudinal energy chirp
results in a similar scaled chirp in the electron beam transverse distribution:

X =X+D.(p+h0). (3.36)
It has been point out that the electrons with different transverse positions will get
different energy modulation phases in the modulator when the seed laser wave-front

is tilted by 7. Here we plug Eq. (3.36) into Egs. (3.31-3.34) and get the bunching
factor for an electron beam with linear chirp as

1 [ ) ) ) o
be= 1 / dpe” "PTD: BT, (p) gy (X, ) (¢ M D Blgiamind - (3,37)
—0o0

So the optimized output frequency can be written as

nk;
ky =——"—— 3.38
T 1+n(T.D,+B)’ (3.38)
As the optimized condition for the bunching factor is 7,.D, = —B, one can easily

find in Eq. (3.38) that the output radiation wavelength and bandwidth is naturally
immune to the beam energy chirp for the single-stage PEHG.

3.5 Generating Stable Attosecond X-Ray Pulse Trains
with a Mode-Locked Seeded FEL

Besides pushing the output of a high-gain FEL to shorter wavelengthes, generation
of ultra-short radiation pulses is also highly desirable in FEL user community.
Reducing x-ray FEL pulse durations to the attosecond regime will provide spa-
tiotemporal resolution and potential control of atomic processes, which will open up
many new ultrafast science.

Attosecond Pulse Trains (APTs) have proven a valuable tool in atomic and
molecular science [16—18]. It has been proposed that the APTs can also been
generated by the SASE FEL using a mode-locked amplifier [19], which consists of
a system of undulator-chicane modules. In this amplifier, a comb of longitudinal
modes can be synthesized by the optics-free technique applying a series of temporal
shifts between the co-propagating radiation and electron bunch. The neighboring
modes may be locked in phase by introducing an interaction modulation at the
mode spacing, for example, an energy modulation induced by a seed laser inter-
acting with the electron beam in a modulator. With the conventional atomic laser,
this mode locking modifies the temporal envelop of the output field from contin-
uous wave to a train of short pulses, periodically spaced by the wavelength of the
seed laser. However, as the radiation originates from the shot noise of the electron
beam, this scheme may still have large shot-to-shot output power fluctuations and
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usually needs a large number of undulator-chicane modules to produce a clean
series of short pulses. Moreover, the spacing between the attosecond pulses is
limited by the wavelength of the seed laser.

In this section, we propose a scheme that combines the EEHG technique with the
mode-locked technique to generate coherent, stable attosecond x-ray pulse trains
with GW level peak power directly from ultraviolet seed lasers.

3.5.1 Mode-Locking of a Seeded FEL

The proposed scheme consists of three modulators, two DSs and a mode-locked
radiator, as shown in Fig. 3.25. Compared to the standard EEHG scheme, one more
seed laser and modulator are added for tuning the spacing of the APT. The mod-
ulators and DSs are used for generation of density modulation at high harmonics
with a relatively small initial energy modulation of the electron beam, which
benefits from the beam echo effect. The electron beam is first energy modulated by
a seed laser (seed1) with wave number k; in the first modulator (M1) and then sent
through a strong dispersion section (DS1), which makes the energy modulation
induced in M1 macroscopically smeared out, but many well-structured beamlets
appear in the phase space. This electron beam then interacts with two seed lasers
(seed2 & seed3) with different wave numbers &, and k3 to obtain sufficient energy
modulations in M2 and M3, respectively. Meanwhile, the beating frequency k =
ky—ks occurs in the phase space of the electron beam. When £ is the sub-harmonic
frequency of both &, and k3 (i.e. k = ky/m; = k3 /my, where m; and m, are integer
numbers), the phase space will be periodic with a new energy modulation envelope
period As = 27 /k, which can be tuned to be much longer than the wavelengths of
the seed lasers. After the electron beam passing through the second dispersive
section (DS2), the energy modulation will be converted into density modulation and
the echo signal occurs at some high harmonics of the seed lasers.
The distribution function of the electron beam after DS1 can be written as

N 1 .
Ae) = iexp{ - Jlp - vsine - B (3.39
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Fig. 3.25 Schematic of the proposed scheme for generation of attosecond x-ray pulse trains.
(M modulator, DS dispersive section, R radiator, C chicane) (Reprinted with permission from Ref.
[20]. Copyright 1998 by American Physical Society)
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Assume that the electron beam is energy modulated in M2 and M3 with the same

dimensionless amplitude A, = A;. After passing through DS2 with the dispersive
strength B, the longitudinal beam distribution evolves to

. N 1 P —— .
(L) = =exp| = {p — Axsin(KiL — KiBap -+ ¢) — Ay sin(Kal — KaBop + )

V2n
—Aysin[{ — (By +Ba)p+AyBy sin(K\{ — K\Bop + ¢) + A2By sin(Ky{ — K>Bop + 45’)]}2]
(3.40)

¢ and qﬁ, are the phases of seed2 and seed3, K| = ky/k; and K, = k3 /k;.
Integration of this formula over p gives the beam density distribution function. And
the bunching factor at nth harmonic can be written as

00 00
bk = Z Z J,,z{—nAsz}J,ﬁ[—nAsz]J,ll{—A1 [}’llBl +nBz]}eil/2[nlBl +HBZ]2€l(nz¢+n}¢)

Nnp=—00 Np=—00

(3.41)

where nj,n, and n3 are integer numbers, and the harmonic number n =
ny + Kyny + Kpns. nj is chosen to be —1 to make B; and B, have the same sign. For
given A; and A,, the maximal bunching factor is achieved when

By = (ny+0.81n)) /kA,
A1{Jo[A1 (kBy — BY)] — J2[A1 (kB> — B))]} = 2(kB, — By)J1[A; (kB> — By))
(3.42)

FEL radiation is highly relevant to the longitudinal distribution of the electron
beam, especially the beam current and the bunching parameter. After the DS2,
attosecond scale micro-structures come out over one seed wavelength in the elec-
tron beam. This kind of electron beam will generate coherence APTs at the very
beginning of the radiator. However, the ultra-short radiation structure will be
quickly smeared out by the slippage effect in the long radiator when the period
number is larger than the harmonic number. It is found that the radiation trains can
be maintained and amplified by taking advantage of the mode-locked technique, as
shown in Fig. 3.26. A series of spatiotemporal shifts are introduced between the
radiation and the co-propagating electron bunch by delaying the electron bunch
using magnetic chicanes inserted between undulator modules. These small chicanes
also act as dispersion sections, but the strength of each chicane (Rss ~ 10~ m) is
much smaller than the strengths of the DSs (Rss ~ 1073 m). The total slippage per
module is 5 =1+ 0, where [ is the slippage due to the undulator and o is the
slippage due to the chicane. In each module, the radiation wavefront will propagate
ahead and interact with the electrons within / in the undulator. After passing
through a small chicane, the radiation will be shifted ahead by 6 and interact with
another part of the electron beam in the following undulator. When the total
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Fig. 3.26 Principle of the mode-locked amplification for a seeded FEL. (Reprinted with
permission from Ref. [20]. Copyright 1998 by American Physical Society)

slippage length 5 is equal to the wavelength of the energy modulation envelope A,
the radiation would take over the next high current spike at the beginning of the
next undulator section. The FEL interaction at different longitudinal positions along
the beam will be periodically suppressed or enhanced, so the train of evenly spaced
pulses will develop aligned with the regions of high beam current and large
bunching factor.

For the kth harmonic radiation, the electrons in [0, 2x] in the modulator are
transformed to [0, 2kn] in the radiator, and the bunching parameter corresponding to
the radiation wavelength A, = Ag.q1/k in the radiator is no more uniform over the
distance of one seed laser wavelength Ay.,;. As the radiation only interacts with
electrons within [ in each module, the electrons over the distance A4 should be
uniformly divided into slices with length [ and the electrons in each slice are
independent with other slices. The local current /; and the local bunching factor By
at position z along the electron beam should be defined as:

+1/2 A
Ik(Z):/i N(z)dz |1
z—1/2

z+1/2 , o z+1/2 L
Bi(2) 2/1/2 N(z)e * dz /1/2 N(z)dz
— —

As K, =3/4, the phase space of the electron beam will be periodic with
As = 4Ageeq1- The phase space in one period of energy modulation envelope is
shown in Fig. 3.27a, which is calculated by Eq. (3.40). The beam local current and
local bunching factor distributions are calculated by Eq. (3.43), and illustrated by
Fig. 3.27b. The local bunching factor in the central part of each period is around

(3.43)
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Fig. 3.27 Phase space (a) and corresponding local current factor and local bunching factor
distributions (b) at the exit of DS2. (Reprinted with permission from Ref. [20]. Copyright 1998 by
American Physical Society)

0.12; while in other parts are around 0.01. The peak value of the local current is
nearly two times larger than the initial one.

3.5.2 Generation of Intense APTs

To illustrate a possible application of the proposed scheme with realistic parameters,
we take the nominal parameters of the upgraded SXFEL project. The main
parameters of the upgraded SXFEL are presented in Table 3.2. For comparison
purpose, three cases are considered, including the conventional EEHG and
triple-modulator scheme proposed here with seed3 off and on. We assume that the
wavelengths of the seedl and seed2 are 266 nm in these three cases, and the
wavelength of the seed3 is chosen to be 355 nm for the third case. To maximize the
bunching factor at 34th harmonic of seedl, the optimized parameters are A; =
2,A, = 3,B; = 13.2, B, = 0.37 for the first two cases, and chosen to be the same as
that used in Fig. 3.20 for the third case. The corresponding peak powers of the seed
lasers used in the simulations are P; = 15 MW, P, = 32 MW for the first two cases
and Py = 15MW, P, = 8MW, P; = 5 MW for the third case. The resonant wave-
lengths of radiators are A, = 7.8 nm. For the second case, undulator periods in each
modules are chosen to be N, = 8 so that/ = 84, and the relative electron beam over
radiation slippage induced by the dispersive effect of each chicane placed between
the undulator modules is set to be & = 264, with total slippage due to undulator and
delay section § = Aseq2- When seed3 is used to generate the energy modulation
envelope, the chicane delay is changed to 0 = 128 J, which makes 5 = 4/ eq2. The
length of each chicane is 0.5 m with adjustable dispersion strength from O to 18 pm.
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Table 3.2 Simulation Electron beam
f’féiﬁféifeﬁ"égﬁg Beam energy [GeV] 13

Slice energy spread [keV] 65
Peak current [A] 1500
Slice emittance [mm-mrad] 1
Pulse length (FWHM) [ps] ~0.5
Seed laser 12

3
Wavelength [nm] 266 266

355
Pulse length (FWHM) [ps] 88

8
Modulator 12

3
Period length [cm] 88

8
Period number 10 10

10
Resonant wavelength [nm] 266 266

355
Radiator
Period length [cm] 3
Resonant wavelength [nm] 7.8
Undulator parameter K 1.535

Reprinted with permission from Ref. [20]. Copyright 1998 by American
Physical Society

After passing through DS2, the electron beam will be bunched at various har-

monics of seed2 as Fig. 3.28 shows, which indicates bunching at different modes.
The bunching spectrums for the first two cases are the same with the maximal value

(a) (b)
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n

Fig. 3.28 Average bunching factor as a function of the harmonic number at the entrance of the
radiator: a Conventional EEHG and triple-modulator scheme with seed3 off. b Triple-modulator
scheme with seed3 on. (Reprinted with permission from Ref. [20]. Copyright 1998 by American

Physical Society)
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of about 0.05 at 34th harmonic (Fig. 3.28a). The bunching spectrum of the third
case contains more harmonics but a lower maximal value of about 0.015
(Fig. 3.28b). By properly setting the parameters of the mode-locked radiator, some
of these harmonics (modes) can be phase-locked and amplified to saturation.

The local bunching factor distribution calculated by GENESIS for the third case
is shown in Fig. 3.29. One can find that the maximal local bunching factor is nearly
one order of magnitude larger than the average one, which is also much larger than
the average bunching factor of the conventional EEHG.

The output radiation pulses and corresponding spectrums close to saturation for
these three cases are shown in Fig. 3.30. For the conventional EEHG case, as shown
in Fig. 3.30a, the radiation power is constant along the chosen part of the electron
beam with a spectrum centered at the resonant wavelength of Fourier transform
limited bandwidth (Fig. 3.30b), results typical of the seed FEL regime. In
Fig. 3.30c, mode-locking occurs in the radiator, and stable separated pulse trains
with width of about 200 as evenly spaced by about 800 as is generated. The
spectrum (Fig. 3.30d) has sideband modes with separation of about 0.22 nm. For
the third case, when the third modulator is used to generate the energy modulation
envelope, the separation between the radiation pulses will become 4 times larger
than the second case as Fig. 3.30e shows. The 200 as radiation pulses are separated
by about 3.3 fs, which can be tuned even larger by changing the wavelength of
seed3 and the strengths of the chicanes in the radiator. The spectrum has more
sideband modes with separation of about 0.055 nm (Fig. 3.30f).

Figure 3.31 shows the radiation peak powers as a function of the undulator
length for these three cases. In order to illustrate the difference in FEL gain length,
radiation power variations in the chicanes are not included in these curves. It is
calculated from these curves that the gain length for the conventional EEHG is
1.36 m, which is reduced to 0.62 m when using the mode-locked radiators. The
dispersion induced by the small chicanes will also accelerate the FEL saturation
process and result in a shorter saturation length but a lower saturation power.
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Fig. 3.30 Radiation pulses close to saturation and the corresponding radiation spectrums for three
cases. a radiation pulse of conventional EEHG, b spectrum of conventional EEHG, ¢ radiation
pulse of triple-modulator scheme with seed3 off, d spectrum of triple-modulator scheme with
seed3 off, e radiation pulse of triple-modulator scheme with seed3 on and f spectrum of
triple-modulator scheme with seed3 on. (Reprinted with permission from Ref. [20]. Copyright
1998 by American Physical Society)
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Fig. 3.31 Radiation peak power as a function of undulator length (radiation power variations in
the chicanes of each module is not drawn) for the three cases: EEHG without a mode-locked
radiator (red solid curve), triple-modulator scheme with seed3 off (blue dashed curve) and
triple-modulator scheme with seed3 on (green dot-dashed curve). (Reprinted with permission from
Ref. [20]. Copyright 1998 by American Physical Society)

The FEL reaches saturation after about 15 modules with the saturation peak power
of about 3.5 GW for the second case. By increasing the strengths of the chicanes for
the third case, an even shorter saturation length of about 3 m of undulator (11
modules) is expected, with the saturation peak power of about 0.8 GW.

3.6 Chirped Pulse Amplification of a Seeded FEL

In the previous section, we borrow the idea of mode-locking from the solid-state
lasers for the generation of coherent APTs via a seeded FEL. Another well-known
technique at optical frequencies in laser physics that can be used to generate
extremely high power ultra-short pulses is so called the Chirped pulse amplification
(CPA) [21]. The CPA technique holds the capability for producing laser pulses with
peak power well above 100 TW, which has enabled many important areas of
scientific research such as strong-field physics. However, there are technical chal-
lenges to extend the wavelength to below 200 nm in standard CPA lasers, because
of the strong absorption of the materials used in conventional laser amplifiers.
Note that the high-gain free-electron lasers (FELs) have shown the capability to
produce high-power radiation down to the x-ray wavelengths. It is then natural to
apply the CPA technique in high-gain FELs to generate intense pulses with
ultra-short durations at shorter wavelengths not accessible with standard lasers.
Specifically, the electron beam with a nonzero energy chirp (correlation between
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beam’s energy and longitudinal position) generates a chirped electro-magnetic
radiation pulse in an FEL, which may be further compressed in time by a
compressor.

Properties of frequency-chirped FEL generated by SASE configuration have
been studied both theoretically and experimentally [22, 23]. It was observed that the
spikes in the SASE output had an intrinsic positive frequency chirp even if the
energy chirp in the electron beam was absent, in agreement with the analytical
calculation and simulation. It was also shown that an electron energy chirp directly
led to a frequency chirp in the FEL output. However, to create a chirped output
radiation pulse that can be compressed to a short pulse, the frequency must be very
accurately chirped, i.e., from the head to the tail of the pulse the optical phase
relationship should be as coherent as if it had been originally stretched from a
compressed short pulse. It is difficult to generate such coherence starting from
noise, as occurs in SASE schemes. Hence, from the standpoint of phase coherence,
the choice of a seeded single pass FEL amplifier seems a more promising config-
uration to integrate CPA technique, since the property of a seeded FEL output is a
direct map of the seed laser’s attributes. Applying CPA techniques in a seeded FEL
for femtosecond level pulses generation at VUV region has been proposed in Ref.
[24]. A preliminary CPA experiment at 800 nm with direct seeding scheme has
been carried out at BNL [25], where the bandwidth of the radiation pulse was
measured to be larger than the seed and the radiation pulse is compressed to
duration shorter than the seed pulse. The CPA experiment has also been carried out
in HGHG process at 266 nm, but properties of the FEL output such as frequency
chirp has not been characterized [26]. Here we study CPA operation of HGHG for
generation of high peak power ultra-short UV pulses and discuss the possibility of
carrying out a proof-of-principle experiment at SDUV-FEL facility.

3.6.1 Chirped Pulse Amplification in a Seeded FEL

A schematic layout of the SDUV-FEL with CPA-HGHG setup is shown in
Fig. 3.32. To produce a frequency chirped seed pulse, the seed laser pulse with a
bandwidth of a few percent is optically stretched with a pair of gratings. The FEL
power growth in the radiator of HGHG can be divided into three stages: the CHG,
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Fig. 3.32 Schematic layout of the SDUV-FEL with CPA-HGHG setup. (Reprinted from Ref.
[27], Copyright 2012, with permission from Elsevier)
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the exponential growth and saturation. In the first two gain lengths of the radiator,
the FEL works in the CHG regime, where the harmonic field grows linearly with
the distance traversed in the radiator z, and the peak power grows as z>. Then, the
radiation field is fully coupled with the longitudinal dynamics of the electron beam,
and the radiation power will be exponentially amplified along the radiator until
saturation.

Typically the modulator works at the small-gain regime with a bandwidth of
about 1/N,,, where N,, is the period number of the modulator. Similarly, in the
CHG scheme, the radiator is relatively short and no exponential growth is expected,
therefore the electron beam behaves as a collection of rigid microbunches and the
FEL also works in the small-gain region. Accordingly, the relative FEL gain
bandwidth is 1/N,, where N. is the period number in the radiator used for CHG.
For CPA-CHG scheme with the bandwidth of the seed laser comparable to the gain
bandwidths of the modulator and the radiator, the frequency chirped pulse can be
directly generated through the CHG process and there will be no need for an initial
energy chirp in the electron beam.

For a high-gain FEL with a long radiator, the FEL gain bandwidth is close to the
Pierce parameter p, which is in the range of 1073 for an ultraviolet FEL. In order to
amplify a chirped pulse with a few percent bandwidth, the electron beam need to be
prepared with an energy chirp to match the resonance condition:

o(s) = 22) (s ) (1+K2/2) (3.44)

where /,(s) is the wavelength distribution along the seed laser pulse, n is the
harmonic number, 4, is the period length of the radiator and K is the strength of the
radiator, s is used to denote the longitudinal position along the electron bunch.

The output radiation pulses generated by CPA-CHG and CPA-HGHG inherit the
properties of the seed and therefore can be compressed by a system with nonzero
group delay dispersion, i.e., a grazing-incidence double-grating device as shown in
Fig. 3.25. The minimal pulse duration after compression corresponds to a
transform-limited pulse, which can be expressed as [28]

Ar As
T = =
2c¢h,, 2cb,k

(3.45)

where b,, is the bandwidth of the seed laser. From this equation, one may easily find
that the transform-limited pulse duration is mainly determined by the wavelength
and bandwidth of the seed laser. For kth harmonic radiation, the transform-limited
pulse duration would be & times shorter than the seed.

To fully characterize the longitudinal properties of the chirped laser pulse in both
the time and frequency domains, the Wigner distribution function is routinely used
[29, 30],
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W(t, w,s) = /E(t —1/2,8)E*(t+1/2,5)e " dnx, (3.46)

where * denotes the complex conjugate, E(z, s) is the electric field of the laser pulse
and o is the laser frequency. The Wigner distribution can be measured by several
recently developed techniques, such as frequency-resolved optical gating (FROG)
[31] and spectral phase interferometry for direct electric-field reconstruction
(SPIDER) [32].

3.6.2 Start-to-End Simulations Based on the SDUV-FEL

The layout and parameters of the SDUV-FEL with CPA-HGHG setup are shown in
Table 3.3. A 786 nm laser pulse, which is stretched from 82 fs to 4.7 ps (FWHM)
with a longitudinal Gaussian profile and peak power of 20 MW, is used as the seed
laser. The bandwidth of the seed laser is about 2 %. The modulator, a 16 x 40 mm
permanent magnet undulator, is set to fulfill the resonant conditions with beam

Table 3.3 Main simulation Electron beam

parameters for the Beam energy [MeV] 160

CPA-HGHG
Charge [pC] 250
Peak current [A] 40
Emittance [mm-mrad] 1.5
bunch length (FWHM) [ps] 6.3
Seed laser
Peak power [MW] 20
Pulse length (FWHM) [ps] 4.7
Central wavelength [nm] 786
Bandwidth 2 %
Modulator
Period length [cm] 4
Resonant wavelength [nm] 786
Length [m] 0.64
Dispersion section
Strength Rss [mm] 0.25
Radiator
Period length [cm] 2.5
Resonant wavelength [nm] 262
K 1.45
Length [m] 9

Reprinted from Ref. [27], Copyright 2012, with permission from
Elsevier
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energy and laser seed. The strength of the chicane can be easily tuned with a
maximal momentum compaction of about 10 mm. The radiator consisting of six
60-period permanent magnet undulators with 25 mm period length is set in such a
way that the FEL wavelength is the 3rd harmonic of laser seed.

With the parameters shown in Table 3.3, start-to-end tracking of the electron
beam has been carried out for the CPA-HGHG experiment. The energy and current
distributions along the electron beam at the exit of the linac are summarized in
Fig. 3.33. For comparison purpose, two cases have been studied here: one is using a
normal electron beam as that used in conventional HGHG. The average beam
energy is around 160 MeV and the peak currents is about 40 A when the electron
beam is compressed by a factor of about 2. Another case is adjusting the rf phase of
the linac to imprint considerable negative energy chirp on the electron beam to
match the resonance condition of the chirped seed laser. It is found in Fig. 3.33b
that the energy chirp is nearly linear with quadratic component due to the radio
frequency curvature in the accelerator. This quadratic component will not affect the
interaction between the electron beam and chirp seed laser in the modulator, as the
gain bandwidth of the modulator is quite broad. However, the output radiation
bandwidth will be broadened due to the nonlinear effect caused by this quadratic
component, which will degrade the quality of the radiation pulse and affect the
performance of the CPA.

For the normal electron beam case, the bandwidth of the seed is much narrower
than the gain bandwidth of the modulator (about 6.25 %), which means that all parts
of the seed spectrum effectively contribute to the energy modulation of the electron
beam. The evolutions of pulse energies along the radiator undulator and the spectra
of the radiation pulses at saturation are illustrated in Fig. 3.34. Three FEL gain
stages in the radiator are clearly shown in Fig. 3.34a: rapid coherent emission at 3rd
harmonic of the seed is produced within the first undulator segment. Further
exponential amplification begins from the second undulator segment and ultimate
saturation is achieved after about 6 m with saturation pulse energies of 13.8 uJ for
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Fig. 3.33 Beam energy and current distributions along the electron beam (bunch head is to the
right) at the exit of the linac for two cases: a normal electron beam used in conventional HGHG.
b Electron beam with considerable energy chirp to match the seed laser frequency chirp in
CPA-HGHG. (Reprinted from Ref. [27], Copyright 2012, with permission from Elsevier)
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Fig. 3.34 FEL performance for normal electron beam and chirped electron beam: a Radiation
energy as a function of the radiator undulator length; b spectra at saturation. (Reprinted from Ref.
[27], Copyright 2012, with permission from Elsevier)

the normal beam case and about 44.3 uJ for the chirped beam case. The difference
of the output pulse energies is mainly caused by the different gain bandwidths of the
radiator for these two cases: the gain bandwidth of the radiator for the normal beam
case is much narrower than that of the chirped beam case. As shown in Fig. 3.34b,
the spectrum bandwidth of the radiation pulse generated by the normal electron
beam is about 0.53 %, which means that only the FEL frequency within the gain
bandwidth of the radiator can be amplified to saturation. For the chirped electron
beam case, the bandwidth of the radiation pulse is about 2.7 %, which is even
broader than that of the seed laser. So nearly the whole electron beam can be used
for FEL generation. In particular, there is a pronounced dip near the center of the
FEL output spectrum. This is mainly caused by the large energy spread in the
central part of the electron bunch from laser modulation. As a result, the FEL
emission from the central part is significantly attenuated, creating a dip in the
spectrum due to the linear chirp (the spectrum correlates with time). The Wigner
distribution of the radiation pulse at saturation is shown in Fig. 3.35a. The linear
frequency chirp in the seed laser is well maintained and this kind of laser pulse can
be easily compressed by the optical pulse compressor, as Fig. 3.35b shows.
Figure 3.36 gives a comparison of the radiation pulse temporal profiles before
and after the compressor without energy loss. The compressed pulse has a tail in the
left part which is mainly cause by the quadratic component of the beam energy
chirp. The pulse length is compressed by about 110 times, from 3.5 ps to 31 fs, and
the peak power is accordingly enhanced by about 100 times, from 12 MW to 1.2
GW. Assuming that the diffraction efficiency of one reflective grating is around
70 %, which is commercially available, the transfer efficiency of the compressor
will be around 24 %. So we can estimate that the output peak power of CPA-HGHG
at 262 nm is about 280 MW. As the pulse duration of the seed laser before stretch is
82 fs, the minimal pulse duration of the 3rd harmonic radiation is about 2.6 times
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Fig. 3.35 Wigner distributions of the output radiation pulses before (a) and after (b) the optical
compressor. (Reprinted from Ref. [27], Copyright 2012, with permission from Elsevier)
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Fig. 3.36 A comparison of the output radiation pulses before and after compressor. The power of
the radiation pulse before compression is multiplied by a factor of 10. (Reprinted from Ref. [27],
Copyright 2012, with permission from Elsevier)

shorter than that of the seed laser, which is close to the theoretical prediction of
Eq. (3.45).

When the FEL works in the CHG regime, the gain bandwidth of the radiator is
much broader. For our case, we take the first undulator segment of radiator for the
CHG experiment. The gain bandwidth is about 1/60, which is a little narrower than
the bandwidth of the seed laser. The spectra of the radiation pulses generated by the
CHG process for the two cases (normal beam with flat energy and the beam with
energy chirp) are shown in Fig. 3.37. The shift of the central wavelength for the
chirped beam case is caused by the negative energy chirp that compresses the laser
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modulation after beam goes through the chicane. The spectrum bandwidth of the
radiation pulse generated by the normal electron beam and the chirped beam is
about 1 % and 1.5 %, respectively. The Wigner distributions of the output radiation
pulses generated by the normal electron beam before and after compression are
shown in Fig. 3.38a, b. Figure 3.38c shows a comparison of the longitudinal
profiles of these two pulses. The peak power of the radiation pulse is increased from
1.8 MW to about 67 MW. Considering the transfer efficiency of the grating, the
output peak power of CPA-CHG will approach 16 MW when the pulse compressor
has a 76 % loss. The pulse duration is compressed by about 35 times, from 3.3 ps to
94 fs.

It is worth mentioning that the CHG scheme has been widely adopted in storage
ring (SR) for the generation of femtosecond coherent radiation pulses in the
ultraviolet region [33]. It has been proposed that the CHG scheme also has the
potential of generating coherent x-ray radiation [34]. However, the radiation power
of a CHG device is relatively low due to the low current of the electron beam used
in SR. The CPA technique may be an effective way to enhance the output power of
a CHG and can be used to generate ultra-short XUV radiation pulses based on SR.

3.7 Slippage Effect on Energy Modulation in Seeded FELs

Several seeded FEL operation schemes have been proposed in previous sections for
various purposes. It is anticipated that the output radiation from a seeded FEL
should inherit the properties of the seed laser with its bandwidth close to the Fourier
transform-limit. However, there are several challenges in implementing seeding
schemes at extremely high harmonics. For example, too large initial energy spread
will constrain the possibility of working at high harmonic number for a single stage.
The jitter of the central beam energy will result in a large fluctuation of the
shot-to-shot output pulse energy. The non-uniform distributions of the local
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Fig. 3.38 Wigner distributions of the output radiation pulses generated by CHG before (a) and
after (b) the optical compressor. ¢ A comparison of the output radiation pulses before and after
compressor. The power of the radiation pulse before compression is multiplied by a factor of 10.
(Reprinted from Ref. [27], Copyright 2012, with permission from Elsevier)

parameters will affect the longitudinal profile of the radiation pulse, which may
degrade the coherence of the output radiation. In particular, the initial insignificant
errors compared to the seed wavelength may be amplified by the harmonic
up-conversion process and will become large relative to a much shorter wavelength.
For example, the electron beam shot noise will be amplified by 7% which may
overwhelm the external seeding source [35]. More recently, attentions have been
turned to errors from the imperfection of the seed laser. It has been pointed out that
if there is a frequency chirp in the seed pulse, the chirp in the electron
micro-bunching turns out to be roughly multiplied by the harmonic number n [36].
As a result, generation of nearly transform-limited radiation at 1 nm wavelength
from a commercial 800 nm Ti:sapphire seed laser requires that the extra
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time-bandwidth product contributed by the seed phase chirp should be no more than
one in a million of the ideal seed pulse, which is well beyond the state-of-the-art
laser technology.

The conclusions in Ref. [36] were drawn under the assumption that the phase of
the energy modulation directly copies the phase of the seed laser after the modulator.
The seed power and frequency variations as a function of time due to the slippage
effect in the modulator were neglected. This assumption is reasonable in the case of
using an ideal seed laser with infinite pulse length and flat spectral phase distribution.
However, for a realistic seed laser pulse with finite duration, the slippage effect on
the energy modulation should be considered, especially for the case when the laser
pulse width is comparable to the slippage length in the modulator.

As the continuous progress in laser technologies have made ultra-short and high
intensity laser pulses available, many seeded FEL facilities now adopt short seed
laser pulses. For instance, the seed pulse duration of the FERMI seeded FEL is
around 150 fs (FWHM) [37], and the Shanghai deep ultraviolet FEL uses an
ultra-short seed pulse of about 80 fs (FWHM). However, the temporal and spatial
quality of the laser beam will be degraded due to the propagation process,
non-linear effects or inhomogeneous doping concentration in the amplifying media
of the CPA system. In this section, a new model that considers the slippage effect in
the modulator is developed to describe the energy modulation with a frequency
chirped seed laser pulse. It is found that the frequency chirp induced by the seed
laser can be smoothed by the slippage effect, when the slippage length in the
modulator is comparable to the pulse length of the seed laser. For ultra-short UV
seed lasers with FWHM pulse length around 16 fs, this condition is generally met
with a modulator with ~ 30 undulator periods. For longer seed laser pulses with
FWHM pulse length around 80 fs, we propose using a modulator tuned at the
sub-harmonic of the UV seed laser to boost the slippage length to a similar level as
the laser width. Three-dimensional simulations have been carried out for a soft
x-ray facility based on seeded FEL schemes to illustrate how the sensitivity of the
FEL bandwidth to the initial frequency chirp can be significantly reduced by a
proper design of the modulator. Our studies show that the tolerance on laser fre-
quency chirp for generating nearly transform-limited soft x-ray pulses in seeded
FELs is much looser than that suggested in [36] and fully coherent radiation at
nanometer wavelength may be reached with current technologies.

3.7.1 Energy Modulation with Slippage Effect

Here we consider a planar undulator with a sinusoidal magnetic field in the vertical
direction and a period length A,. In the laboratory frame, the undulator magnetic
field of the modulator is
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B, = By sin(k,z)y (3.47)

The orbit of a relativistic electron in such a field is approximately a sine wave,
and the velocity of the electron is given by

K
B(t) = v2(£)7 — — cos(w,t)% (3.48)
Y
The electron’s transverse velocity induced by the undulator magnet is
K
0e(t) = — 2 cos(wat) (3.49)
Y

Since the average velocity of the electron is approximately constant, v, can be
calculated by

1+K*/2  K?
v.(1) = cy/1 — 1/92 — K2 cos?(w,t) /72 ~ ¢ — Zfz/c - T;cos(2wut)

(3.50)

and the average electron longitudinal velocity is

_ 1+K%/2
vzzc<1 _TZ/> (3.51)

Assuming a seed laser pulse with a Gaussian power distribution of rms width o,
central wavelength at A; and a linear frequency chirp a. The electric field distri-
bution along the electron beam can be represented as

E(s) = Ege™ /40 gilkss 257 + ) (3.52)

where s is the position along the electron bunch, Ej is the peak electric field of the
seed laser, k, = 2n//, is the wave number of the seed laser and ¢ is the initial
carrier envelope phase of the laser. According to the resonant condition, the radi-
ation overtakes the electron beam by one radiation wavelength per undulator per-
iod, which is called the slippage effect. Considering the slippage effect, the electric
field and frequency distribution of the seed laser will vary with time, and Eq. (3.52)
should be re-written as

E(s, 1) = Ege™ 501 /407 oilkals—p ()] +2ls—p ()] + b0} (3.53)
where p(t) = (¢ — v,)t is the relative position of the seed pulse with respect to the

electron beam. In a planar undulator, the electron has transverse wiggling motion
and the longitudinal “figure-eight” oscillation. Such a trajectory gives rise to energy
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exchange between the electron and the laser electric field. The energy change of the
electron can be calculated by

e
1) =—=E(s,t)- 0.t 3.54
5,1) =~ E(s.) - ui{0) (354)
Integrating Eq. (3.54) with respect to ¢, we arrive at an expression for the energy
modulation along the electron bunch after passing through the modulator:

Linod/c
p(s) = | =S E(s,) - vi(r)de (3.55)
0/ mc

where Lo is the length of the modulator.

When using of an ultra-short seed pulse with the pulse length 6, comparable with
the slippage length N/; in the modulator, where N is the period number of the
modulator, part of the electron beam will be slipped over by the whole seed pulse
and interacts with each cycle of the seed laser. So the energy modulation amplitude
and the phase of the energy modulation will be averaged by the whole seed laser
instead of directly copying the seed pulse.

Figure 3.39 shows the energy modulation properties when using an ultra-short
seed laser with FWHM pulse length of 34, and a relatively large frequency chirp
% =0.16//2. The period number of the modulator is N = 20. For comparison of
different models, we use Eq. (3.55) to calculate energy modulation with and without
slippage effect, respectively. It is found that the slippage effect creates a uniform
region (UR) in the energy modulation, where the energy modulation amplitude and
phase distributions are nearly flat. Figure 3.39b gives the phase distributions of the
seed laser and energy modulations along the electron bunch. When the slippage
effect is neglected, the energy modulation has quadratic phase that directly copies

(@) | (b) 20 .
ll no slippage — seedriaser
| i i no slippage
05 L consider slippage { 10} == consider slippage
‘é’ . _
g {1li 5 3
5 ° I = ]
& -0.5 | ‘!_,
-1 4 | 3
0 10 20 30 40 7y

s/ h
5

Fig. 3.39 Comparation of the energy modulations with and without slippage effects: a The beam
energy distributions. b The longitudinal phase distributions of the energy modulations. (Reprinted
with permission from Ref. [38]. Copyright 1998 by American Physical Society)
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the spectral phase of the linear chirped in the seed laser. With the slippage effect
taken into account, the spectral phase distribution is nearly flat in the central part.

To fully characterize the energy modulation in both the time and frequency
domains and compare it with the seed laser pulse, we show the Wigner distributions
of the seed laser pulse and the energy modulations with different N in Fig. 3.40.
Figure 3.40a gives the Wigner distribution of the seed laser pulse, where a con-
siderable linear frequency chirp is clearly seen. When N = 1, a linear chirp appears
in the energy modulation as shown in Fig. 3.40b. This chirp is significantly reduced
in the central part when N = 10 (Fig. 3.40c). Meanwhile, the duration of the energy
modulation with constant frequency begins to increase as the modulator length
increases (Fig. 3.40d), which creates a UR with quite flat spectral phase. From
Fig. 3.40c, d, one can find that with the slippage length longer than or comparable
to the laser pulse width, the initial seed laser frequency chirp only leads to chirp in
the lateral parts of the energy modulation. Note, with the modulation amplitudes in
the lateral parts much smaller than that of the central part, the bunching at high

f/f

5 10 15 20 25 30 35
s/ ks

Fig. 3.40 Wigner distributions of the seed laser with FWHM pulse length of 34, (a) and energy
modulations (b—d) for different period numbers of the modulator (N = 1, 10,20). The frequency
chirp in the seed laser pulse is « = 0.16/ )f (Reprinted with permission from Ref. [38]. Copyright
1998 by American Physical Society)
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harmonics would be negligible at these lateral regions. Therefore, the frequency
chirp in the lateral parts will not significantly affect the final radiation bandwidth.

3.7.2 HGHG and EEHG with Short Seed Laser Pulses

For the HGHG scheme, here we consider an ideal beam with constant energy and
current, assuming an initial Gaussian beam energy distribution with an average
energy of y, and rms energy spread o, the initial longitudinal phase space distri-
bution can be written as

_ M 7
holp) == (3.56)

After interacting with the seed laser pulse, the electron energy is changed to
p+A(s), where A(s) = y(s)/o, is the energy modulation amplitude, and the dis-
tribution function becomes

_&CX —\P — N 2
hip:s) = o=l ~AWF/2} (3.57)

Sending then the electron beam through the DS with normalized strength B =
ksRs60, /7o converts the longitudinal coordinate to s+ Bp/k,, and makes the final
distribution function

Fuoa(p,s) = f—z(’_nexp{—ua — Alkes — Bp)/2) (3.58)

Then the kth local bunching factor at position s can be written as

s+1/2

*L socex —ikkgs) exp{—|p — s — 2
b(s,k)\/ﬂ_l/2 d_/ p(—ikkys) exp{—[p — A(kss — Bp)] /Z}dp/l

(3.59)

where [ is the length of the chosen part of the electron beam.

Figure 3.41 shows the Wigner distributions of the seed laser, bunching factors at
fundamental and 10th harmonic of the seed. The fundamental bunching inherits the
frequency distribution of the energy modulation and has frequency chirps at lateral
parts of the bunching pulse, where the bunching factor is much smaller than the
central part. For the 10th harmonic, sufficient bunching only appears in the region
with relatively large energy modulation amplitude, where the phase distribution is
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Fig. 3.41 Wigner distributions of the seed laser with FWHM pulse length of 174, (a) and local
bunching factor at fundamental (b) and 10th harmonic (¢) of the seed. The frequency chirp in the
seed laser pulse is o = 0.006/2?. (Reprinted with permission from Ref. [38]. Copyright 1998 by
American Physical Society)

quite flat. So this slippage effect prevents the initial seed laser frequency chirp from
broadening the final bandwidth of the high harmonic radiation.

Generally, the coherence property of the radiation could be quantified by the
time-bandwidth product (TBP) factor, which can be simply defined as

T = AkAt (3.60)

T has minimal value 7}, for a transform-limited pulse and will grow as the phase
error increases. Figure 3.42 gives the spectra of the electron bunching factors at
10th harmonic of the seed. The period number of the modulator is chosen to be
N = 30 to make the TBP reach its minimal value. For convenience of comparison,
four cases have been considered: flat phase and quadratic phase with and without
slippage effect. It is found that the bandwidth of the spectral bunching for the
quadratic phase case is about 3% broader than that of the flat phase case when the
slippage effect is neglected. However, the spectra are nearly the same for the flat
and quadratic phase cases when the slippage effect is considered, which implies that
the frequency chirp in an ultra-short seed pulse may not significantly impact the
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Fig. 3.42 Bunching factor spectra for different cases: seed laser with flat phase and considering
the slippage effect (blue solid line); seed laser with quadratic phase and considering the slippage
effect (red solid line); seed laser with flat phase and ignoring the slippage effect (blue dashed line);
seed laser with quadratic phase and ignoring the slippage effect (red dashed line). (Reprinted with
permission from Ref. [38]. Copyright 1998 by American Physical Society)

electron bunching for HGHG with properly chosen period number of the
modulator.

The EEHG seeding mechanism shares many similarities with HGHG. The final
electron beam distribution function after the second DS of the EEHG can be written
as

N,
feenc(p, s) = Tz%exp{—h? — Ay (kgs — Bop)

— Ay sin[(kys — Bip — Bop) + Bi1As (ks — Bop)*/2}  (3.61)

where A, (s) = y(s)/o,, and the local bunching factor distribution for EEHG is

s+1/2 00
1
blk,s) = — / ds / exp(—ikkys) exp{—[p — Az(kss — Bap)
V2
ns—]/Z —00
—A; sin(kys — Bip — Bap) + B1Aa (kgs — sz)]z/Z}dp/l (3.62)

We assume that the energy modulation amplitudes for the two stages are A; =
3, Ay = 2, where Ay, is the maximal value of A,, and the length of each slice is
equal to the seed wavelength, [ = /;. The properties of the second seed pulse are the
same as that used in the HGHG case. Figure 3.43 shows the local bunching factor
distribution along the electron bunch for different harmonic numbers. As the
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Fig. 3.43 Local bunching factor distributions along the electron beam for different harmonics of
the seed (n = 10, 20 and 30). (Reprinted with permission from Ref. [38]. Copyright 1998 by
American Physical Society)

bunching factor is very sensitive to the energy modulation amplitude at high har-
monics, the bunching distributions has sharp edges at lateral parts of the energy
modulation.

3.7.3 3D Simulations for SXFEL

To verify the theoretical results in previous sections, we have carried out 3D sim-
ulations using GENESIS based on the nominal parameters of the SXFEL project.
The SXFEL test facility aims at generating 8.8 nm FEL from a 264 nm conventional
seed laser through a two-stage cascaded HGHG or a single stage EEHG configu-
ration. The electron beam energy is 840 MeV with emittance of 1 mm-mrad and slice
energy spread of about 84 keV. The beam peak current is 600 A.

For cascaded HGHG operation, the test facility converts the seed laser at
wavelength Ag..q = 264 nm to the FEL at 44 nm with the first stage HGHG, and it is
followed by the second HGHG stage to produce the 8.8 nm soft x-ray radiation.
Here we only consider the first stage HGHG with harmonic up-conversion number
of 6. We assume the pulse length of the seed laser is 16 fs (FWHM), and the period
number of the modulator is 30. For comparison purpose, seed lasers with flat and
quadratic spectral phase (linear chirp) distributions have been considered. For the
quadratic phase case, we set oo = 0.006/ /lf, which makes TBP of the seed pulse 1.6
times larger than that of a transform-limited pulse with the same pulse length.
According to Ref. [36], the TBPs of the output radiations should be 2.4 and 4.7
times larger than that of transform-limited pulses for 6th and 30th harmonics when
ignoring the slippage effect.
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The resonant wavelength of the radiator in the first stage of SXFEL is flexible, so
we can make the radiator resonant at the fundamental and 6th harmonic of the seed.
The Wigner distributions of the fundamental (264 nm) and 6th harmonic (44 nm)
radiations at the very beginning of the radiator for the quadratic phase case are
shown in Fig. 3.44. As the FEL works in the CHG regime, the radiation power is
proportional to the square of the bunching factor. One can clearly see that the
frequency chirps occur in the lateral parts of the radiation pulses. As the central part
of the radiation pulse with large power has flat phase distribution, the spectrum of
the radiation for the quadratic phase case will have little difference from the flat
phase case. Figure 3.45 shows the FEL performance of the 6th harmonic radiation.
It is found that the gain curves and spectra for these two cases are nearly the same.
The bandwidths of the radiation pulses at saturation are both around 0.2 %, which
indicates that the initial frequency chirp in the seed laser does not lead to broad-
ening of the bandwidth of the harmonic radiation of HGHG.

For EEHG operation, we assume that the first seed laser pulse is longer than the
electron bunch. The properties of the second seed laser are chosen to be the same as
that used in HGHG simulations. The period numbers of the two modulators are both
30. The energy modulation amplitudes and dispersion strengths in our simulation
are set to be A} =3.5,4, =4,B; = 8.86,B, = 0.28 to maximize the bunching
factor at 30th harmonic of the seed. The corresponding seed laser peak powers are
40 MW and 80 MW, respectively. The performance of the radiation also has a very
weak dependence on the chirp in the seed laser, as shown in Fig. 3.46. The
bandwidths of the radiation pulses at saturation are also around 0.2 %.

8 10 12 14 16 18 20 22
s [um]

Fig. 3.44 Wigner distributions of coherent harmonic radiation at fundamental (a) and 6th
harmonic (b) of the seed. The FWHM pulse length of the seed laser is 16 fs. The frequency chirp
in the seed laser pulse is o = 0.006/)5. (Reprinted with permission from Ref. [38]. Copyright
1998 by American Physical Society)
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Fig. 3.45 6th harmonic radiation performances of HGHG for the 16 fs seed laser pulses with flat
phase (blue line) and quadratic phase (red dashed line): a FEL gain curves; b spectra at saturation.
(Reprinted with permission from Ref. [38]. Copyright 1998 by American Physical Society)
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Fig. 3.46 30th harmonic radiation performances of EEHG for the 16 fs seed laser pulses with flat
phase (blue line) and quadratic phase (red dashed line): a FEL gain curves; b spectra at saturation.
(Reprinted with permission from Ref. [38]. Copyright 1998 by American Physical Society)

3.7.4 Slippage-Boosted by a Sub-harmonic Modulator

In the previous simulations, we have shown that nearly transform-limited high
harmonic radiation pulses can be generated via seeded FELs, when the slippage
length in the modulator is comparable to the pulse length of the seed laser. Fora 16 fs
seed laser pulse at 264 nm, the optimized period number is about 30, which is a
reasonable value for modulators design. However, when using a longer seed laser
pulse for the generation of narrower bandwidth radiation, this period number is not
large enough to compensate the initial frequency chirp induced by the seed.
Figure 3.47 shows the simulated spectra of the 30th harmonic radiations of
EEHG with 80 fs (FWHM) seed laser pulses. The frequency chirp in the seed laser
pulse is o = 0.0006/ if, for the quadratic phase case, which makes TBP of the seed
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Fig. 3.47 Spectra of 30th harmonic radiation pulses of EEHG for the 80 fs seed laser pulses with
flat phase (blue solid line) and quadratic phase (red dashed line). (Reprinted with permission from
Ref. [38]. Copyright 1998 by American Physical Society)

pulse 3x larger than that of a transform-limited pulse with the same pulse length. The
period number of the modulator is set to be 22 here. Other parameters are the same as
that used in the previous section. It is found from Fig. 3.47 that the bandwidth of the
30th harmonic radiation for the quadratic phase case is about 4.5 times broader than
that of the flat phase case. Although the TBP of the radiation pulse has already been
reduced by the modulator with 22 periods, the period number still needs to be further
increased by about 5 times to fully compensate the frequency chirp induced by the
seed laser. However, when the period number is too large, e.g. larger than 50 for
SXFEL, the modulator will no longer work in the small-gain regime. In this case, the
FEL interaction tends to wash out the fine structures in energy space and will lead to
a significant degradation to the quality of the electron bunch.

Here, we propose using a sub-harmonic modulator to boost the slippage effect.
Instead of resonant at the fundamental of the seed, the modulator is tuned to an odd
sub-harmonic: 4,, = mis, m = 3,5,7, ..., which will increase the slippage length
by m times in the modulator while simultaneously keeping the FEL interaction in
the small-gain regime.

Here we make the second modulator of EEHG resonant at 1320 nm, which is 5
times longer than the seed wavelength. The peak power of the second seed laser is
increased to 180 MW to generate the same energy modulation amplitude (A, = 4)
as we have used in the last section. Figure 3.48 shows Wigner distributions of 30th
harmonic radiation pulses at very beginning of the radiator for flat and quadratic
phase cases. One can find that there are no chirps in the radiation for both these two
cases, which implies that the initial chirp in the seed laser has been compensated by
the sub-harmonic modulator. Figure 3.49 gives the FEL performance for these two
cases. The output peak powers are at the same level. The bandwidths of the radi-
ation pulses at saturation are both around 0.05 %, which is about 4 times narrower
than the output bandwidth of the normal EEHG with a 16 fs seed laser pulse
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Fig. 3.48 Wigner distributions of 30th harmonic radiation pulses at the very beginning of the
radiator of EEHG for the 80 fs seed laser pulses with flat phase (a) and quadratic phase (b).
(Reprinted with permission from Ref. [38]. Copyright 1998 by American Physical Society)
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Fig. 3.49 30th harmonic radiation performances of EEHG with sub-harmonic modulator resonant
at 1320 nm for the 80 fs seed laser pulses with flat phase (blue line) and quadratic phase (red
dashed line): a FEL gain curves; b spectra at saturation. (Reprinted with permission from Ref.
[38]. Copyright 1998 by American Physical Society)
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Chapter 4

Experimental Studies on Novel High-Gain
Seeded FEL Schemes

Abstract This chapter summarizes several novel seeded FEL experiments that
have been recently carried out at the Shanghai deep ultraviolet FEL test facility
(SDUV-FEL). A simple method for accurately measuring the slice energy spread of
the electron beam has been proposed and experimentally demonstrated at
SDUV-FEL. This method has been used in the following EEHG and cascaded
HGHG experiments. To distinguish the FEL signal of EEHG from HGHG at low
harmonics, we study the electron beam energy chirp effects on different seeded FEL
schemes, and found that the output spectrum of an optimized EEHG can be nearly
immune to the beam energy chirp. The proof-of-principle experiment for the EEHG
has been successfully performed in the ultraviolet region. Design studies for the
cascaded HGHG experiment has been given and a novel method based on the
energy spectrum of the electron beam has been proposed to demonstrate the “fresh
bunch” technique. The first try of cascaded HGHG with a fresh-bunch technique
has been also made at SDUV-FEL. The coherent signal from the cascaded HGHG
at the fourth harmonic of the seed has been observed.

Keywords Slice energy spread - Energy chirp effects - EEHG - Cascaded HGHG

As we have shown in the previous chapters, numbers of novel high-gain seeded
FEL schemes have been proposed in recently years for improving the performances
of SASE and HGHG. However, most of these novel FEL schemes have their own
uncertainties and limites which are in urgent need of experimental demonstrations.
In this chapter, we will show the experimental studies on some novel FEL schemes
based on the SDUV-FEL.

4.1 Introduction of the SDUV-FEL

The SDUV-FEL is a multipurpose test facility for FEL principle studies, capable of
testing various novel high-gain FEL schemes by chaging the layout of the machine.
The design and the relevant R&Ds of this facility have been under way since 2000.
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spectrometer

Fig. 4.1 Schematic laypout of the SDUV-FEL

The construction of this machine with a single stage HGHG setup began in 2009.
The upgrade of this machine for the two-stage HGHG demonstration was finished
in 2012. The schematic layout of this machine is shown in Fig. 4.1 and the main
parameters are listed in Table 4.1.

The accelerator system of the SDUV-FEL test facility consists of a photoinjector
and a linac. The gun is equipped with a Cu cathode surface, and electrons are
extracted by illuminating the photocathode with an 8.7 ps (FWHM), 262 nm drive
laser pulse. The energy of the electron bunch at the gun exit is around 4 MeV and
the repetition rate is 2 Hz. This gun can provide 100-300 pC electron bunches with
a normalized emittance of about 4 pmrad. The linac provides 140 MeV beams, with
a global energy spread of around 0.1 % and a pulse duration of 8.7 ps (FWHM)
without compression. The electron bunch can be compressed by about 2 times by
the bunch compressor.

There are two laser systems at the SDUV-FEL. The first one is a combined
system which provides both the rf gun pulse and the long seed laser pulse at
1047 nm. A laser osicillator is placed in the gun hutch and locked to the 2856 MHz
signal generated for the linac system. The pulse of the oscillator is stretched and
split in three branches. One is used as the driven laser for the gun; the other two are

Table 4.1 Main parameters

E = 120 — 190MeV, Ip = 1004, ¢ = 4 mm - mrad,
of the SDUV-FEL

oy/y = 0.14%, 1 — 2 ps rmslength

1st stage 2nd stage
Seed laser 1 2 3
©(FWHM) 8.7 ps 8.7 ps/80-100 fs 80-100 fs
As(nm) 1047 1047/800-1600 400-800
Modulator 1 2 3
A (mm) 65 50 40
Bpeak (T) 0-1.2 0-1.1 0-0.9
L, (m) 0.65 0.5 0.64
Dispersion 1 2 3
Rs6 (mm) 0-40 0-10 0-10
Radiator 1 2
2 (mm) 40 25
Bpeak (T) 0-0.9 0.6
L, (m) 4 10
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Fig. 4.2 Schematic layouts of the undulator systems of the first stage for different experiments:
a HGHG, b EEHG and c polarization control

sent through a bow-tie polarization-maintaining optical fiber and delivered by a
40 m long beam transport system for the seeding purpose. The other laser sytem is
used for providing the ultr-short seed laser pulse. The laser seed comes from the
commercial coherent Ti:Sa system at 800 nm followed by a traveling wave optical
parametric amplifying system (OPA), which can provide up to a few micro-Joules
energy with about 80—100 fs pulse duration and wavelengths continuously tunable
from 1160 to 1580 nm.

The undulator system of the SDUV-FEL is quite complex. The layout has been
changed several times for different purposes, as shown in Fig. 4.2. The undulator
system is originally designed for testing the HGHG (Fig. 4.2a). Initially, there is
only one modulator (M2), one dispersion section (DS1) and one radiator (R). Then
an addintional modulator (M1) is added before the HGHG configuration to per-
forme the experiment for EEHG (Fig. 4.2b). After that, another short undulator
(M3) is added between the M2 and R to demonstrate the polarization switching
techinique using the crossed-planar undulator configuration (Fig. 4.2¢). Now we
have added another stage of HGHG after the first stage to configurate the layout for
cascaded HGHG study (Fig. 4.1). With this undulator system, we can carry out the
proof-of-principle experiments for nearly all kinds of seeded FEL schemes.
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Fig. 4.3 Bunching factor squared as a function of DS strength for different conditions. Solid line
o, = lkeV, Ay = 10keV; dot dashed line o, = 2keV, Ay = 10keV; dashed line
a, = lkeV, Ay = 3keV; dotted line &, = 2keV, Ay = 3keV. (Reprinted with permission
from Ref. [5]. Copyright 1998 by American Physical Society)

4.2 Measurement of the Slice Energy Spread of Electron
Beam via CHG

Most present and future designs of linac driven high-gain FELs adopt high
brightness photo injectors to meet the requirements on the transverse and longi-
tudinal beam quality. One of the fundamental parameters in photo-injectors is the
slice energy spread which has strong impact on the FEL performance. For seeded
FEL schemes, the contradictory requirements of large energy modulation and small
slice energy spread constrain the possibility of working at high harmonic number
for a single stage. The study of slice energy spread allows to deeply investigate the
details of energy spread compensation method and to design and tune the FEL
machine for best performance.

Significant efforts have been devoted in past decades to measurement of the
realistic electron beam. Since the electron bunches are much shorter than the
temporal resolution of measurement devices, standard electron beam diagnostics are
routinely used in measuring the projected parameters like the beam charge, emit-
tance and energy spread of the full electron bunch. The slice energy spread of
electron beam produced by a photo-injector is believed to be in the order of few
keV. For accelerator research, it remains a challenge to measure the energy spread
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with high accuracy across a wide range. Driven by the urgent need for measuring
the local energy spread of the beam, various instrumentations and methods such as
transverse deflecting radiofrequency cavity [1], FEL gain curve based method [2],
optical klystron (OK) based method [3] or optical replica synthesizer (ORS) based
method [4] have been developed. However, the resolution of these methods are still
not high enough for accurate measuring the slice energy spread.

In this section, we propsoe a new method for characterizing the slice energy
spread based on the CHG. Similar to the ORS based method, the information of the
local energy spread is determined using the CHG. In contrary to the ORS based
method, measurement of the current profile is not necessary and the energy mod-
ulation can be arbitrary with respect to the local energy spread. Instead, two
measurements with different seed laser powers are needed. The energy modulation
amplitudes induced by the seed lasers can be obtained at the same time.

4.2.1 CHG Based Energy Spread Measurement Method

The density modulation of the electron beam can be quantified by the bunching
factor, which has a maximum value of unity. Analytically, the initial bunching
factor of nth harmonic in the radiator is given by

by = Jo(kDAy)e HP7) 4.1)

where D = ksR56/v is a dimensionless parameter related to the dispersive strength
of the DS, and Ay is the energy modulation amplitude induced by the seed laser,
which can be expressed as

AV = ksasaumlm [‘]‘]]l/y

a ZOP seed (42)
’ ks Zg(mc? Je)*

where ag and a,,, are the dimensionless (rms) vector potentials of the spontaneous
radiation and magnetic field of the modulator, respectively. [, is the length of the
modulator, [JJ], is the polarization modification factor for a linearly polarized
planar undulator, Zy = 377 Q is the vacuum impedance and Zy is the Rayleigh
length of the seed laser. From Eq. (2.26), it is found that the energy modulation is in
proportion to the square-root of the seed laser power: Ay o /Pj..q. In order to get
sufficient bunching factor, nDg, <1 should be satisfied, and the nth Bessel func-
tion will reach its first and absolute maximum when nDAy ~ n+ 1 according to
Eq. (4.1), which means that the energy modulation amplitude should be n times
larger than the initial local energy spread.
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For a longitudinally uniform distributed electron beam, the output power of a
CHG can be simplified as

2
(ZoK [JJ],1,1bk)
p=-"—"——1"" 4.
32nXy? (43)

where [, is the length of the radiator. For a realistic electron beam, when the
slippage length is much shorter than the bunch length, the output radiation profile
will be coupled strongly with the local beam current, bunching factor and transverse
beam area. The output CHG energy should be the integration of the radiation power
along electron beam,

2 b
(ZoK[JJ),1,) /Izbg y
32my2c y “

ECHG ~ (44)

where [, is the full length of the electron bunch. Considering the weight factor of the
local beam current, transverse beam area and bunching factor, the average slice
energy spread gy and the average energy modulation amplitude A7y can be defined as

Iy

Iy
= %lnlﬂ /[Jk(kDAV)I]Z/Zdz/// [Jk(kDA')))IF/Eg(kD”‘/)ZdZ (4.5)
0

0

\9|

Iy

Iy
Ji (kDAY = / (kDAY /Edz / / P /3d; (4.6)
0 0

Following these expressions, the average bunching factor can be written as
— I | kD 2
by = Ji (kDAY) e H(0%) (4.7)

and Eq. (4.4) yields

(2K 1), 152) | 12

0 10k

E ~~—— | —dz 4.8

CHG 32m)%c S (48)
0

It is clear that Ecyg b_nz. Given a seed laser power, one can find the optimized
DS strength to maximize the Ecyg. Figure 4.3 shows the theoretical results of the
2nd harmonic bunching factor as a function of the DS strength for different local
energy spreads and energy modulation amplitudes, it is clearly shown that the
optimized values of D will be quite different under different conditions.
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Fig. 4.4 Optimized DS strength as a function of energy modulation amplitude for various values
of local energy spread. The @, is changed from 0.5 to 5 keV and the optimized value of D is
obtained by numerically solving the first root from Eq. (4.9). Solid line 7, = 0.5keV; dot dashed
line 3, = 1keV; dashed line G, = 2keV; dotted line , = 5keV. (Reprinted with permission
from Ref. [5]. Copyright 1998 by American Physical Society)

To find the parameters that maximize the bunching factor, we differentiate
Eq. (4.8) with respect to D, and set the derivative equal to zero,

2ka,°D

Ji—1 (kAyD) — Ji 41 (kAyD) = Jx (kAyD) (4.9)

It is easy to find that among the infinite number of roots of Eq. (4.9), only the
first root maximize the expression of bunching factor. Figure 4.4 shows the opti-
mized dispersive strength with respect to energy modulation amplitude for different
slice energy spread. The optimized DS strengths tend to be a similar value when the
energy modulation amplitude is much bigger than the initial slice energy spread but
become quite different as the energy modulation amplitude decays for different slice
energy spreads. There are two unknown parameters: Ay and @, in Eq. (4.9), it is
necessary to change the condition once to solve them out. The energy modulation
amplitude can be easily varied by changing the seed laser power. The ratio of the
average energy modulation amplitudes can calculated by

C=Ay /Ay, =\/P1/P (4.10)

where P; and P, are seed laser powers, Ay, and Ay, are the corresponding average
energy modulation amplitudes. The best operating condition can be found by
scanning the DS strength for different Ay. It is worth to point out that the average
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Fig. 4.5 Calculation results of average local energy spread and average energy modulation

amplitude with different energy modulation amplitudes (a) and (b). (Reprinted with permission
from ref. [5]. Copyright 1998 by American Physical Society)

local energy spread can also be solved out by scanning the seed laser power for

different dispersion strengths. The simultaneous equations for solving o, and Ay are
as follows

— —  2ko,’D —
Ji—1 (kD1 Ayy) — Jgs1 (kD1 Ayy) = A%lfk (kD1 Ay,)
g D (4.11)
_ N 0- N
Jk—l (szA'})l/C) — Jk+ 1 (szA“))I/C) = %sz (kD2A71/C)
Ay,/C

In the case of Fig. 4.3, the optimized conditions are D; = 76 for the solid line,

D, = 217 for the dot dashed line, D’l = 73 for the dashed line and D’2 = 152 for the
dotted line. The ratios of the seed laser powers are C = C' = 3/10. The solutions of
Eq. (4.11) based on these parameters are the crossover points of the curves with the
same type shown in Fig. 4.5. The results show that the &, is 1 keV and @’ is 2 keV,

the Ay, and Aiy/I are both 3 keV. These results coincide with the conditions
shown in Fig. 4.3.

4.2.2 Experimental Results at the SDUV-FEL

Experiments has been carried to test the proposed method based on the SDUV-FEL.
The layout of the experiment is shown in Fig. 4.6. Main parameters are listed in
Table 4.2.

The resonant wavelength of the modulator was tuned to the seed laser wave-
length by adjusting the gap and the radiator was set at its 2nd harmonic. One of the
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Fig. 4.6 SDUV Schematic layout of the SDUV-FEL scheme with CHG setup. (Reprinted with
permission from Ref. [5]. Copyright 1998 by American Physical Society)

Table 4.2 Parameters of Electron beam

SDUV-FEL with CHG setup Energy [MeV] 136
Energy spread [MeV] 0.2
Charge [pC] 100
Normalized emittance [pmrad] 4.5
Bunch length (FWHM) [ps] ~8
Seed laser
Wavelength [nm] 1047
Pulse energy [pJ] 0-150
Pulse length (FWHM) [ps] 8.7
Modulator
Period [mm)] 65
Period number 10
Radiator
Period [mm] 50
Period number 10

Dispersion section
Rsg [mm] | 040

Reprinted with permission from Ref. [5]. Copyright 1998 by
American Physical Society

key issues for the seed experiment is to achieve temporal and spatial overlap of the
electron bunches and the seed laser pulses in the modulator. Figure 4.7 shows the
method for realizing this overlap at the SDUV-FEL. The transverse overlap was
achieved by observing the electron beam and the laser beam on the OTR screens
located upstream and downstream of the modulator and placing both beams on the
same transverse position. The transverse size of the laser spot was adjusted to be at
least 5 times larger than the transverse size of the electron beam to keep the
modulation amplitude the same along the electron bunch. The spontaneous emis-
sion from the electron beam passing through the modulator and the seed laser pulse
were sent into a fast photodiode (2 GHz) to find the initial coarse temporal
overlap. A high resolution oscilloscope with 6 GHz bandwidth was used to
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synchronize the two signals with an accuracy of 30 ps. Then the exact temporal
overlap can be obtained by fine tuning the delay line of the seed laser to optimize
the output power of the CHG signal, as shown in Fig. 4.8. The time jitter of our
system is smaller than 1 ps, which is much shorter than the pulse lengths of the seed
laser and the electron beam.

The 2nd harmonic radiation produced by the radiator is reflected out by an OTR
screen and recorded by a CCD with a 400-800 nm band pass filter, which is used to
distinguish the CHG radiation from the intense seed laser pulse. The CHG image
was clearly observed as shown in Fig. 4.9a. Figure 4.9b shows the spectrum of the
radiation detected by a miniature fiber-optic spectrometer close to the window of
OTR chamber. The CHG radiation is fully coherent and the center wavelength is
about 521 nm.

To find the optimized working condition of the CHG, we need to scan the gap of
the radiator and the strength of the dispersion section. Figure 4.10 shows the output
pulse energy variation as a function of the peak magnetic field of the radiator. One
can find that there are two peaks in the scan curve, appears at 0.23 and 0.58 T. The
corresponding resonant wavelengths are 520 and 1560, respectively, which means
that the second peak is the third harmonic radiation of the radiator.
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Fig. 4.9 a Radiation intensity on an OTR screen downstream of the radiator, the radiation was
recorded by a CCD with a 400-800 nm band pass filter. b Single shot 2nd harmonic CHG
spectrum detected by a miniature fiber-optic spectrometer. (Reprinted with permission from Ref.
[5]. Copyright 1998 by American Physical Society)
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The Rse of the DS can be easily scanned from 1 to 40 mm. The experimental
data of 2nd harmonic radiation intensity as a function of the Rs¢ is shown in
Fig. 4.11. To further reduce the affection of the time jitter to our measurement, five
points of radiation pulse intensities was recorded for each Rs¢. The experimental
data shown in Fig. 4.8 can be fitted well with several theoretical curves with quite
different parameters, which means that the slice energy spread cannot be determined
by one measured curve.

To get accurate value of the local energy spread and analyze the causes of
measurement error of this method, numbers of experimental curves were measured.
The seed laser energy was changed from 150 to 0.58 pJ and the strength of the DS
was scanned from 1 to 16 mm for each laser energy. The measurement results and
fitted curves are shown in Fig. 4.12. Every two curves can be used to obtain one
value of average local energy spread and two values of energy modulation
amplitudes for both seed laser energies. All these calculation results are summarized
in Fig. 4.13.
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Fig. 4.11 Intensity of the 2nd harmonic radiation as a function of the DS strength. (Reprinted with
permission from Ref. [5]. Copyright 1998 by American Physical Society)
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Fig. 4.12 Experimental data and fitted curves for various values of seed laser energy. The
radiation intensity was recorded by a CCD when scanning the DS strength. (Reprinted with
permission from Ref. [5]. Copyright 1998 by American Physical Society)
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Fig. 4.13 Calculation results for all the combinations of experimental curves. a Average energy
modulation amplitudes for various seed laser energies and the fitted curve of these points.
b Average slice energy spreads for various ratios of seed laser powers. (Reprinted with permission
from Ref. [5]. Copyright 1998 by American Physical Society)

The energy modulation amplitude shown in Fig. 4.13a is proportional to the
square-root of the laser energy. The maximum energy modulation is over 12 keV
and the minimum value is less than 1 keV. In Fig. 4.10b, the deviation of the
measured local energy spread is small when the ratios of the two seed laser powers
are less than 0.1 (or greater than 10). The scanning curves will be difficult to be
clearly separated when the two seed laser powers are too close to each other. In
order to separate these curves and minimize the observation error, the ratio of the
seed laser powers should be large enough and one of the energy modulation
amplitudes should be close to the slice energy spread. The data points that satisfy
these criterions in Fig. 4.13b are shown in Fig. 4.14. Averaging over these points,

average local energy spread (keV)
e
1

T T
0.00 0.02 0.04 0.06 0.08 0.10
ratio of seed laser powers

Fig. 4.14 Calculation results of the average local energy spread based on the measurement curves
with the ratios of seed laser powers are less than 0.1 (or bigger than 10). (Reprinted with
permission from Ref. [5]. Copyright 1998 by American Physical Society)
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one can find that the average local energy spread is about 1.2 keV with the standard
deviation of about 0.054 keV.

These experiment results show that the slice energy spread of the electron beam
at the exit of the linac with beam energy of 136 MeV and beam charge about
100 pC is only about 1.2 keV, which is about one order of magnitude smaller than
we expected. The proposed method can also be used to characterize the slice energy
spread distribution along the electron beam by using a short pulse seed laser to scan
the electron beam in the longitudinal direction. This kind of measurement provides
a fairly important tool for quick machine tuning and optimization of seeded FELs.
The information of the slice energy spread and the energy modulation amplitude
will be very useful for the parameters setting of an EEHG experiment.

4.3 Experimental Studies of the EEHG

Analysis within the framework of idealized models promisingly indicate that EEHG
can produce fully coherent soft x-ray radiation with a single stage set-up. Thus the
EEHG scheme seems an attractive way for the soft X-ray light source. Experimental
studies on the modulation mechanism for EEHG have been first performed at the
Next LinearCollider Test Accelerator (NLCTA) at SLAC National Accelerator
Laboratory [6] and the SDUV-FEL at SINAP [7].

4.3.1 Energy Chirp Effects on HGHG and EEHG

It is anticipated that seeded FEL schemes can be used for generation of
transform-limited radiation pulse, which usually requires a uniform electron beam
with constant current and energy. However, it is found that the energy profile of the
electron bunch coming into the undulator usually has an initial energy chirp and an
energy curvature due to the radio frequency curvature and wakefield effects in the
accelerator. Sometimes this energy chirped electron beam may be useful to over-
come the sensitivity of the output power to the electron beam energy jitters.
However, the energy chirp in the electron beam will also impact the FEL process in
the undulator and result in a broader output bandwidth.

According to the basic theory of EEHG, the central wavelength of the EEHG
radiation should be

n m
A = — .
EEHG 1/|:;LY1 + )“v2:| (4 12)
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where m and n are integers, A1 and Ay are the wavelengths of the seed lasers. The
central wavelengths of the HGHG and the EEHG have a quite different dependence
on the energy chirp [8]:

icng = 45(1+HB) [k (4.13)
1 n m
AEEHG = [1‘|'1"I(15"1-i-Bz)]/L—I—(l—&—HBl)jL (4.14)
s1 52

where H = hEyly /2o is the dimensionless chirp factor, & is the energy chirp
factor, Rglb) and Rg? are strengths of DSs and k = n + mK is the harmonic number
of HGHG, K = Aq/Ap. Here, we define the wavelength shift factor

a = g/ #eenG. From Eq. (4.14), one can get
a=1+CH, (4.15)
where
C = By +By — ZgamB1 [ . (4.16)

It is found from Egs. (4.12) and (4.16) that the output wavelength will immune
to the energy chirp (C = 0) when the relation between the two DS strengths satisfies

B,=-"B,. (4.17)
k
The optimized relationship between the strengths of the two DSs for EEHG
operation is

By=——"Bj+ >, (4.18)

where ¢ is the solution of
Al 1(ALE) = Ty 1 (A1 )] = 28T,(A1€). (4.19)

Generally, for a given B, the difference between the optimized values calculated
by Egs. (4.17) and (4.18) can be turned to be much smaller than B; by increasing A;
and k, which means that the EEHG scheme with optimized condition will be
insensitive to the energy chirp at high harmonics.

Figure 4.15 shows wavelength shift factors as a function of the energy chirp for
both HGHG and EEHG. The parameters of EEHG used here are A} = 6, A, = 1,
By =23.53, B, = 1.16 and K = 1, which are optimized for the 20th harmonic of the
seed. The strengths of the DSs are quite close to the requirement of Eq. (4.17). It is
found in Fig. 4.15 that the wavelength shift factor of EEHG nearly has no response
to the energy chirp.
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4.3.2 Design Studies for the EEHG Experiment
at the SDUV-FEL

The EEHG lasing experiments at the SDUV-FEL will be performed at the third
harmonic of the laser seed, which is limited by the maximum achievable energy of
the electron beam. In this case it is necessary to introduce energy chirp, which
represents the energy-time correlation, into the electron beam to effectively dis-
tinguish the EEHG signal from the HGHG signal. As pointed out in the previous
section, with an energy chirp in the electron beam, the central wavelength of HGHG
will shift and the output bandwidth will be broaden. The effect of nonlinear energy
chirp on the bandwidth of the EEHG FEL is much smaller than on that of the
HGHG FEL. So the ouput spectra of the HGHG and EEHG will be different.
The output spectra of the HGHG and EEHG radiation are determined by the
electron micro-bunching. Figure 4.16 shows the comparation of the electron beam
phase space for HGHG and EEHG at the entrance to the radiator when an energy
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Fig. 4.16 phase space distributions of (a) HGHG and (b) EEHG at the entrance to the radiator
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curve is introduced into the electron beam. For the HGHG, the spaces between the
micro-bunching varies along the longitudinal direction for different energy chirp,
which will results in the spectrum bandwidth broaden. However, for the EEHG,
One can find that the energy chirp is changed to “stair” configuration after the
second dispersion section of EEHG. In each step the energy chirp is different from
the initial energy chirp and can be turned to different values by changing the
strengths of the chicanes. The central wavelength shift directions of HGHG and
EEHG can be made opposite by tuning the strength of the first dispersion section of
EEHG, as shown in Fig. 4.17.

4.3.3 Experimental Results of EEHG Lasing
at the SDUV-FEL

The paramters used in the EEHG sxperiment are similar with that listed in Table 4.1.
The electron beam central energy is about 135.4 MeV. The electron bunch length is
compressed to about 3 ps by the bunch compressor. The layout of the EEHG FEL
experiments is schematically shown in Fig. 4.2b. The main components include two
modulators (M1 and M2), two dispersive sections (DS1 and DS2) and one radiator
(R). The two laser seeds are both from the 1047 nm drive laser (8.7 ps FWHM pulse
length), with a tunable pulse energy of 0—60 mJ. The radiation properties can be
investigated with a spectrometer, a photodetector and a CCD. Critical parameters for
seeded FEL experiments, such as slice energy spread and the energy modulation
amplitudes induced by the laser seeds, can be precisely quantified using the CHG
based method. The measured local energy spread is ~2.6 keV at the exit of the linac
when the electron beam is compressed by a factor of ~2. The maximum energy
modulation amplitude induced by the first laser seed is ~25.6 keV, ~ 10 times
larger than the slice energy spread. The energy modulation amplitude induced by the
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Fig. 4.18 Spectral response to the energy chirp. a Central wavelength as a function of energy
chirp of the electron beam. b Spectral bandwidth as a function of total energy chirp in the electron
beam. (Reprinted by permission from Macmillan Publishers Ltd: Ref. [7], copyright 1993)

second laser seed is measured to be ~21.4 keV. The strengths of the two dispersive
sections are set to be R56(1) =7 mm and R56(2) = 1.9 mm, respectively, to optimize
EEHG performance.

Three-dimensional simulation results from GENESIS and theoretical predictions
are shown in Fig. 4.18. It is clear that the central wavelengths of HGHG and EEHG
present opposite trends with respect to the beam energy chirp under our experi-
mental conditions, and the wavelength of HGHG is more sensitive to energy chirp
than that of EEHG. The effect of nonlinear energy chirp on the bandwidth of the
EEHG FEL is much smaller than on that of the HGHG FEL, as shown in
Fig. 4.18b.

In the experiments, the laser seed was first introduced to interact with the
electron beam in the second modulator (typical HGHG configuration). At this stage,
a narrow-bandwidth HGHG signal was observed at 345 nm (Fig. 4.19a, red line)
with the spectrometer. Finally, another synchronized laser seed was gradually
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Fig. 4.19 Spectra for FEL radiation: (a) experimental results and (b) simulation results.
(Reprinted by permission from Macmillan Publishers Ltd: Ref. [7], copyright 1993)
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guided to interact with the electron beam in the first modulator to give the EEHG
configuration, resulting in the appearance of a narrow-bandwidth signal at a longer
wavelength (350 nm), with the existing HGHG signal fading away (Fig. 4.19a,
green line); this is an intermediate state between HGHG and EEHG. Once the
second laser seed was in its optimized position, the HGHG signal disappeared and
the peak of the EEHG signal at 350 nm (Fig. 4.19a, blue line) grew to a level
similar to that of the previous HGHG signal. This signal is identified as lased
EEHG FEL radiation. From the wavelength shifts in these HGHG and EEHG FEL
experiments, the energy chirp in the electron beam is inferred to be h = —6 m™'. The
spectral bandwidth of EEHG is narrower than that of HGHG due to the weaker
dependence of nonlinear energy chirp in the electron beam, which is unavoidable in
our case. The experimental data agree very well with the simulation results, as
shown in Fig. 4.19b.

The gain curves of the EEHG and the HGHG schemes were measured, as shown
in Fig. 4.20 together with simulation predictions. As the bunching factors of the
electron beam at the entrance of the radiator undulators are almost the same for both
schemes, the gain curves behave quite similarly. Meanwhile, as illustrated in
Fig. 4.20, the FEL intensity of the EEHG scheme is as stable as that of the HGHG
arrangement, and its fluctuation is mainly caused by jitters of the linac parameters.
The exponential growth is clearly seen. The measured pulse energy of the
EEHG FEL is ~1.0 mJ, in reasonable agreement with numerical simulations,
which means that a gain larger than 100,000 is achieved compared with the
spontaneous radiation from one undulator segment of the radiator. Thus we have
successfully demonstrated the first FEL lasing using the novel EEHG scheme at the
SDUV-FEL facility. The measurements show that the EEHG FEL scheme can
achieve at least the same power level and, in favourable cases, a narrower band-
width than the HGHG scheme due to its weaker dependence on the energy chirp in
the electron beam.
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4.4 Experimental Studies of the Cascaded HGHG

To further shorten the output wavelength, the cascaded HGHG FEL together with
the fresh-bunch technique is considered as a promising candidate for coherent soft
x-ray sources. In the cascaded HGHG scheme, the seed laser pulse is much shorter
than the electron bunch length, which makes only a small fragment of the electron
beam lased in each stage. The FEL pulse generated by intermediate radiator will be
shifted and used as the seed laser for the following stage with the help of the “fresh
bunch” technique. The cascaded HGHG scheme is promising for fully coherent soft
x-ray generation. Several labs, including BESSY, ELETRRA and SINAP, proposed
the development of deep ultraviolet or soft x-ray FEL based on the cascaded HGHG
principle. Among them SDUV-FEL has first demonstrated the principle of cascade
HGHG and the “fresh bunch” technique.

4.4.1 Design Studies for the Cascaded HGHG Experiment
at the SDUV-FEL

The layout of the upgraded SDUV-FEL for the cascaded HGHG experiment is
schematically shown in Fig. 4.21. The energy of the electron beam has be enhanced
from 140 MeV to about 200 MeV when there is no bunch compression, and the
operation beam energy will be about 185 MeV when the beam is compressed by a
factor of about 2. The linac commissioning has been done after upgrade.
Figure 4.22 shows measurement results of some main parameters. The energy and
energy spread of the electron beam are inferred by measuring the beam central
position and beam size on the OTR screen downstream a bending magnet. From
Fig. 4.22a it is found that the beam energy is over 190 MeV after compression and
the project energy spread is 1.41 x 1073. The normalized emittance of the electron
beam is measured with the quadrupole scan technique using the quadrupole triplet
and an OTR screen, the normalized emittance is measured to be 1.83 mm mrad
when the bunch charge is about 300 pC.

Besides the upgrade of the linac, new elements have been added in the undulator
system for the cascaded HGHG experiment, including one radiator (R1) in the first

spectrometer?
bunch injection fresh bunch
COMpressor chicane st chicane bs2
photoinjector  Enac tanks linac tanks I =
= " - " - I J/
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seed laser 4
drive lages L

262ram 1200nm .
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Fig. 4.21 Schematic layout of the cascaded HGHG at the SDUV-FEL. (Reprint from Ref. [9].
Copyright with kind permission from Springer Science+Business Media)
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Fig. 422 Linac commissioning results after upgrade. a The normalized transverse emittance is
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by the beam energy spectrometer. (Reprint from Ref. [9]. Copyright with kind permission from
Springer Science+Business Media)

stage, one modulator (M2) and one dispersion section (DS2) in the second stage and
one shifter between two stages. The first stage HGHG expects to generate 393 nm
radiation from the 786 nm seed laser. The FWHM length of the seed laser pulse is
about 130 fs which is much shorter than the electron bunch length after com-
pression. In the first stage, only a small part of the electron beam is modulated in
M1 and generates coherent radiation in R1. This radiation will be shifted to a fresh
part of the electron by the shifter and serves as the seed laser for the second stage.
A short undulator (M2) with the type of the R1 is employed as the modulator of the
second stage and a small chicane (DS2) is used as the dispersion section in the
second stage. Finally, the 196.5 nm radiation will be generated by the fresh part of
the electron beam in R2.

4.4.1.1 Theoretical Optimization of the Cascaded HGHG

In comparison with the SASE, cascaded HGHG is a multi-dimensional parameter
scheme. According to the HGHG theories, the power of the seed laser and the DS
strength are crucial to the HGHG process. A large seed laser power is necessary for
sufficient energy modulation, but at the same time it acts as an additional energy
spread that degrades the quality of the electron beam. When the total energy spread
is too large, the amplification process of the FEL will be saturated. The seed laser of
the second stage is produced by the first stage, so how to choose the the initial seed
laser power will be very important.

According to Egs. (4.1) and (4.2), the maximal bunching factor b, is decided by
the energy modulation amplitude A, the electron beam energy spread at the entrance
to the radiator can be written as
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A2
oo =0\ 1+ = (4.20)

In the first two gain lengths of the radiator, the FEL works in the CHG regime,
where the harmonic field grows linearly with the distance traversed in the radiator z,

and the peak power grows as z>. The output peak power of the CHG after two gain
lengths is

ZoPK*B2[ )
Pop = —L——5"" (2Lgsp)? 421
h 375,77 (2Lg3p) ( )
where Lgsp = Lgip(1 + A) is the 3D gain length. After about two gain lengths, the
longitudinal dynamic of the electron beam induced by the radiated fields become
important, and the radiation power will be exponentially amplified along the
radiator:

371

PR Peone™/Few (4.22)

The saturation power of HGHG should be

1\ *ymc,
Psat = l6p X 1—|——A T (423)

From (4.22) and (4.23), we can estimate the saturation length of HGHG:

Pva
Lo = Leap {m <P‘ ') + 2} (4.24)

coh

Figure 4.23 shows the theoretical results of the saturation length and saturation
power as a function of the initial seed laser power for both two stages. It is found
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Fig. 4.23 Saturation length (a) and saturation power (b) of the first stage (red dashed line) and the

second stages (blue solid line) as a function of the seed laser power used in the first stage. (Reprint

from Ref. [9]. Copyright with kind permission from Springer Science+Business Media)



4.4 Experimental Studies of the Cascaded HGHG 99

that the saturation length and saturation power of the second stage will not change
much when the power of the initial seed laser is larger than 10 MW for our
experiment condition. Thus, the power of the seed laser is chosen to be 10 MW for
the first stage.

4.4.1.2 Start-to-End Simulation Results for the Cascaded HGHG
Experiment

On the basis of the parameters of the experiment, start-to-end tracking of the
electron beam, including all components in Fig. 4.21 has been carried out. The slice
parameters at the exit of the linac are summarized in Fig. 4.24. The beam energy in
the central part of the electron beam is around 185 MeV and the peak current is
about 95 A. A constant profile is maintained in the approximately 1 ps wide and
over 80 A region which will be used in the HGHG cascade. The project energy
spread of 1.2 x 1073 are predicted from the beam energy curve. A normalized
emittance of approximately 1.6 mm mrad and slice energy spread of about 2.5 X
107> are observed in Fig. 4.24b. These simulation results are fit well with the
measurement results shown in Fig. 4.22.

The FEL performance was simulated by GENESIS based on the output of
ELEGENT. A 786 nm seed pulse with longitudinal Gaussian profile, 10 MW peak
power and 130 fs pulse length is adopted as the seed laser of the first stage. The
whole electron beam was tracked through the two stages. The simulation results are
illustrated in Fig. 4.25. The electron beam is well bunched at the exit of the DS in
the first stage. The maximal bunching factor at 2nd harmonic of the seed laser is
over 0.4. The first stage HGHG generates 393 nm radiation pulse with the output
peak power of about 20 MW. The length of the seed laser pulse is maintained. For
the second stage, the 2nd harmonic bunching factor of the fresh bunch is around
0.4. The radiation generated by the fresh part saturates after 4 m with a peak power
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Fig. 4.24 Simulated parameters at the exit of the linac (a) beam energy and current distribution
along the electron beam; (b) slice energy spread and slice emittance distribution along the electron
beam. (Reprint from Ref. [9]. Copyright with kind permission from Springer Science+Business
Media)
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Fig. 4.25 FEL performance in two stages: (a—b) bunching distributions along the electron beam,
(b—c) Output radiation pulses and (e—f) spectra of the radiation pulses. (Reprint from Ref. [9].
Copyright with kind permission from Springer Science+Business Media)

of 13 MW. One can find in Fig. 4.25d that there are two 196 nm radiation pulses at
saturation. The higher one is generated by the fresh part of the electron beam, and
the lower one, about 20 % of the higher pulse energy, is generated by the disturbed
part of the electron beam which has been strongly bunched in the radiator of the
first stage. It is necessary to change the strength of the shifter to distinguish the 4th
harmonic signal produced by the fresh part from that produced by the disturbed
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part: the final radiation will be produced only by the disturbed part when the shifter
is off, and final radiation will be significantly enhanced when the radiation form the
first stage is shifted to a fresh part of the electron beam. The temporal coherence of
the final radiation is degraded by the radiation pulse produced by the disturbed part
as shown in Fig. 4.25f.

The energy of the radiation pulse produced by the disturbed part in R2 can be
depressed by shifting the disturbed part to a low-current region of the electron
beam. This can be achieved by shifting the initial seed laser pulse to the tail part of
the electron beam in M1. The radiation power generated by the first stage HGHG
will also decrease at the same time. We shifted the seed laser pulse by about 800 um
where the beam current is around 30 A. The simulation results are shown in
Fig. 4.26. The output power of the first stage decreases to about 3 MW, which is
still sufficient for the energy modulation in the second stage. It is found in
Fig. 4.26b that only a single spike is generated by the second stage. The temporal
coherence of the final radiation pulse is also improved.
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Fig. 4.26 FEL performance when shifting the initial seed laser pulse to the low current part of the
electron beam: (a—b) output radiation pulses and (c—d) spectra of the radiation pulses. (Reprint
from Ref. [9]. Copyright with kind permission from Springer Science+Business Media)
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4.4.1.3 Demonstration of the “Fresh Bunch” Technique

Although the radiation generated by the disturbed part of the electron beam in the
radiator of the second stage can be depressed by properly choosing the parameters
in the simulation, it will be very challenging to find this condition during the
experiment. An alternate way to intuitively demonstrate the principle of the fresh
bunch technique is to characterize the energy modulation along the electron bunch.
As the lasing part of the electron bunch will have an energy spread much larger than
other parts of the electron beam. One will get the peak-to-trough-to-peak structures
in the energy spectrum for a chirped electron bunch, corresponding to variations of
the beam energy along the electron bunch.

There are 5 accelerating tanks and 3 energy spectrometers in our facility. We
adjusted the phase of S4 to imprint considerable positive energy chirp on the
electron beam in the simulation. If there is no energy modulation in the electron
beam, the energy spectrum of the chirped beam exactly represents longitudinal
density distribution. The energy spectrum can be scaled in the units of time in the
beam rest frame. The phase space and energy spectrum of the electron beam at exit
of the accelerator is shown in Fig. 4.27.

Figure 4.28 shows the longitudinal phase space distributions and corresponding
energy sprectra of the electron beam at the exit of the two stages. After the radiator
of the first stage, the lasing part is energy modulated, which will results in a valley
and two peaks in the energy spectrum. The electron beam will be separated into two
parts on the YAG screen after the dipole. After passing through the second stage
radiator, the electron will be separated into three parts, which clearly demonstrates
the fresh bunch technique (Fig. 4.29).
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Fig. 4.28 Phase space (a) and energy spectrum (b) of the electron beam at the exit of the first
stage; phase space (c¢) and energy spectrum (d) of the electron beam at the exit of the second stage.
(Reprint from Ref. [9]. Copyright with kind permission from Springer Science+Business Media)
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Fig. 4.29 Layout of the cascaded HGHG experiment at the SDUV-FEL. (Reprinted with
permission from Ref. [10]. Copyright 1998 by American Physical Society)

4.4.2 Experimental Results of the Cascaded HGHG
Experiment at the SDUV-FEL

During the cascaded HGHG experiment, the seed laser wavelength was tuned to
1200 nm by using the OPA system. The beam energy at the exit of the electron
linac is set to 148.0 MeV. The radiation wavelength of the first stage is 600 nm.
After the first stage, the electron beam is guided into a fresh-bunch chicane to make
the first-stage radiation pulse (marked as FEL1) overlap a portion of fresh beam
(marked as EB2), then FEL1 will introduce energy modulation to EB2 in the
modulator of the second stage (M2). To achieve energy modulation, M2 must be
tuned resonant at 600 nm. Thus, the used portion of beam (which radiated in the
first stage, marked as EB1) will continue to radiate in M2 (marking this radiation
pulse as FELlp). FEL1 and FEL1p will be separated by several hundreds of
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Fig. 4.30 Spectrum measurement results by (a) SP1 and (b) SP2. (Reprinted with permission
from Ref. [10]. Copyright 1998 by American Physical Society)
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Fig. 4.31 FEL simulation results: (a) radiation pulses after M2 and (b) the corresponding
spectrum. (Reprinted with permission from Ref. [10]. Copyright 1998 by American Physical
Society)

femtoseconds, depending upon the strength of the fresh-bunch chicane. The
observed spectrum after M2 will have some kind of interference pattern, as shown
in Fig. 4.30a.

The start-to-end simulation results for the bunch refreshing process are shown in
Fig. 4.31, which are consistent with the measured spectrum. The spacing between
the two pulses can be easily inferred from the interference pattern, which agrees
very well with the fresh-bunch chicane setting.

In the second stage, FEL1 serves as the seed and interacts with the fresh part
EB2. The radiation undulators are tuned to be resonant at 300 nm, and EB2
modulated by FEL1 will lase at 300 nm, which is the second harmonic of FELI.
According to the simulation results, the residual bunching of EB1 is nearly smeared
out by the dispersive sections, as shown in Fig. 4.32a. The spectrum of the second
stage output and the simulation result are shown in Figs. 4.31 and 4.32. It can be
seen that the start-to-end simulation results agree well with the experimental results.
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Chapter 5
Conclusions and Prospects

Abstract This chapter summarizes the main theoretical and experimental results
from Chaps. 2-3 and discusses the possible applications of the new schemes and
methods that draw from this thesis.

High-gain FELs hold great promise for the generation of coherent short wavelength
radiation with high brightness and ultra-fast time structures, which will enable
scientists in physics, chemistry, biology and medicine to study nature down to the
molecular and atomic level at a time-scale that fits this resolution. Up to now, SASE
and HGHG are two leading candidates for approaching VUV to x-ray region.
However, they both have their own disadvantages and limitations. As the
SASE FEL starts from electron beam shot noise, the output radiation typically has
poor temporal coherence and large shot-to-shot power fluctuations. For the HGHG
scheme, it suffers from a limited frequency multiplication factor to avoid large beam
energy modulation. To improve the efficiency of frequency up-conversion and meet
other requirements of FEL users, some novel high-gain FEL schemes have been
proposed in recent years. In this thesis, we focus on the theoretical and experimental
studies on some novel seeded high-gain FEL schemes.

In theoretical research, the technique of manipulating the phase space of electron
beam, which is widely used in novel seeded FEL schemes, had been systematically
studied. After that, several novel high-gain FEL schemes, mainly include the PDM,
EESHG, PEHG, mode-locking seeded FEL and CPA-CHG were proposed to
generate FEL with shorter wavelength, higher intensity, sub-femtosecond pulse
properties, which meet the requirements of FEL users. The PDM can be used to
enhance the efficiency of frequency up-conversion of a single stage HGHG or
EEHG. For the PDM-EEHG scheme, simulation results shown that the bunching
factor at ultra-high harmonics can be increased by a factor of about two, which
indicates that coherent x-ray radiation in the “water window” (2—4 nm wavelength)
can be generated directly from a 240 nm UV seed laser. The EESHG scheme is not
a simple cascaded EEHG but consists of an EEHG and a conventional HGHG like
configuration, which also works in EEHG principle. It was shown that a fully
coherent hard x-ray radiation can be obtained directly from a conventional VUV
seed laser with reduced size and cost in comparison with SASE based hard x-ray
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FEL facilities. The PEHG scheme takes advantage of the fact that the TGU can
introduce a transverse-longitudinal phase space coupling into the electron beam,
which help us to realize the phase-merging effect and significantly enhance the high
harmonic bunching factor of HGHG. It was later found that the phase-merging
effect can also be realized by using a wave-front tilted seed laser. Mode-locking of
seeded FEL can be used for the generation of coherent stable attosecond x-ray pulse
trains via a process of mode-locking amplification. The even spacing between the
attosecond pulses can be easily altered from sub femtosecond to tens of fem-
toseconds by slightly tuning the wavelength of one seed laser. By combining
The CPA technique with HGHG or CHG, it is possible to produce intense
ultra-short radiation pulses via existing seeded FEL facilities or storage ring based
sources. By using the CPA-CHG scheme, the out put radiation pulse can be
compressed by about two orders of magnitude by the optical pulse compressor.
Theoretical and simulation studies for seeded FEL schemes with ultra-short seed
laser pulses were also presented. It is found that, the seed laser imperfection
experienced by the electron beam could be smoothed and compensated by the
slippage effect in the modulator, which may aid in reserving the temporal coherence
of seeded FELs. For longer seed laser pulses, we proposed using sub-harmonic
modulator, which is resonant at sub-harmonics of the seed, to further enhance the
slippage effect in the modulator.

In experimental aspect, several novel experiments have been carried out for the
seeded FEL studies at SDUV-FEL. First, a simple method to accurately measure the
slice energy spread of the electron beam based on CHG was proposed and devel-
oped at the SDUV-FEL for the measurement of the slice energy spread.
Experimental results shown that the slice energy spread is about only 1.2 keV at the
exit of the 136 MeV linac, which agrees well with the numerical simulations. This
method had been used in the following EEHG and cascaded HGHG experiments. In
the design study of EEHG experiment, theoretical and simulation studies of the
energy chirp effects on the HGHG and EEHG schemes were present. It is found that
the central wavelength and output bandwidth of EEHG can be nearly immune to the
beam energy chirp by properly setting the strengths of the chicanes. The
proof-of-principle experiment for the EEHG was operated in the ultraviolet region.
Coherent, stable FEL pulses were generated and successfully amplified by a 10 m
long undulator. The experiment results confirm the theoretical prediction of the
echo effect in the electron beam and proof that the temporal coherent of the seeded
FEL can be improved by properly setting the parameters of EEHG. Design studies
for the cascaded HGHG experiment based on the SDUV-FEL were also given.
A novel method for the demonstration of the fresh bunch technique based on the
energy spectrum of the electron beam has been proposed. The first try of cascaded
HGHG with the fresh bunch technique had been made at SDUV-FEL. The coherent
signal from the cascaded HGHG at the fourth harmonic of the seed was observed.
The experimental results fit quite well with the simulation results.
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