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This paper presents a method that uses a gap scan of the phase shifter to optimize the intensity of a free-
electron laser (FEL) by matching its phase with that of the electron beam. Phase shifters are essential
instruments, especially for a long undulator line, which is segmented by drift sections. The phase-matched
(in-phase) and the 180° offset (out-of-phase) conditions are investigated using linear theory, FEL
simulations, and experiments to understand how the phase shifter affects FEL amplification. We show
that the FEL intensity is dominantly reduced by phase mismatch in the saturation region, where the
microbunched electron beam is sufficiently developed, and that the difference of FEL intensity between the
in-phase and out-of-phase conditions is an effect of evolution of the bunching factor. At the Pohang
Accelerator Laboratory x-ray Free-Electron Laser (PAL-XFEL), the gap scan of the phase shifter at 9.7 keV
increased FEL intensity by 4 times compared to the calculated gap of the phase shifter. This intensity
increase was obtained dominantly in the saturation region.
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I. INTRODUCTION

Most x-ray free-electron laser (XFEL) facilities [1–5]
require a long undulator line to obtain sufficient FEL
power. Such a line is normally divided into drift sections,
each of which includes a quadrupole to focus electron
beams, a corrector to control the electron beam path, a
beam position monitor, a beam loss monitor, and a phase
shifter to match the phase between the electron beam and
the x-ray beam [6]. To obtain an optimized FEL intensity,
the phase shifters are involved in the interaction of the FEL
beam and electron beam, whereas other instruments parti-
cipate to produce a well-guided electron beam.
Phase matching is an important process to optimize

XFEL intensity, because the phase mismatch between the
generated x-ray beam and the electron beam can degrade
the lasing process. Generally, the phase mismatch is
unavoidable, because the x-ray beam travels slightly faster
than the electron beam. Though such mismatch can be
minimized by adjusting the length of drift section [7], most
XFEL facilities utilize phase shifters to compensate
actively for the phase mismatch [8–11]. Normally, phase
shifters are made up of permanent magnets and act like a
compact chicane, so phase shifters elongate the electron

beam path and match the phase of electron beam with the
x-ray beam before beams enter the next undulator segment.
About the optimal condition of the phase shifter, the
Spring-8 Angstrom Compact free-electron Laser
(SACLA) reported the changes of the radiation intensity
according to the gap of the phase shifter [10], and the
European XFEL investigated the spectrum changes by
phase mismatch [12]. However, they used only two
adjacent undulators to a phase shifter; therefore, the
spontaneous undulator radiation is used to find the optimal
set of the phase shifter.
Physically, FEL optimization by phase matching can be

divided into a linear region and a saturation region. In the
linear region, the phase mismatch happens primarily in the
drift sections. In the undulator, even though the electron
beam is slowed down by the wiggling motion, the phase
matching arises self-consistently due to the resonance
condition. In the saturation region, the phase matching is
quite different due to the microbunching and the undulator
tapering. FEL amplification by phase matching in the
saturation region can be understood by the so-called “phase
jump” phenomenon [13–15]. The key idea is to set the
dominant phase of the electron beam to zero, which is the
so-called “synchronous phase,” before the beam enters
the next undulator segment. This adjustment ensures that
the electrons can stay in the FEL’s amplification region and
that the lasing process of FEL can be satisfied.
Finding the phase-matching condition results in the

maximum FEL intensity; this condition can be determined
by scanning the gap of the phase shifter. The effect of this
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method is clearly seen in the saturation region, where the
microbunched electron beam is sufficiently developed
and the electrons’ phase in phase-energy space is clearly
justified. The gap scan of the phase shifter can be
conducted to optimize an FEL-lasing condition in various
undulator taper configurations with variable-gap undulators
[16]. Such a process contributes to a reliable performance
which has been realized at the Pohang Accelerator
Laboratory x-ray Free-Electron Laser (PAL-XFEL) [17].
In this paper, we use theoretical analysis, simulations,

and experiments to quantify how the phase shifter affects
the FEL intensity and the FEL gain curve at PAL-XFEL.
We compare two representative cases: the phase-matched
(in-phase) condition and the 180° offset (out-of-phase)
condition. The study shows that the phase matching in the
saturation region is important to optimize FEL intensity,
and the accurate phase-matched condition can be realized
by the method of the gap scan of the phase shifter.
This paper is organized as follows. Section II presents

the gain curve change between two cases of the in- and out-
of-phase conditions, using 1D linear theory for the linear
regime and 1D steady-state FEL simulations with the
phase-space analysis for the saturation region. Section III
presents the gap scan of the phase shifter with experiments
compared to the results of 3D time-dependent simulations.
Section IV presents the conclusion.

II. THEORY AND 1D SIMULATION OF THE
IN-PHASE AND THE OUT-OF-PHASE

CONDITIONS

A. Linear regime

1. In-phase condition

As an electron beam of a given energy propagates an
undulator of the magnetic field Bu and the undulator period
λu ¼ 2π=ku, where ku is the wave vector of the undulator,
radiation is generated with the wavelength λ ¼ 2π=k ¼
2πc=ω, where k is the wave number, c ∼ 3 × 108 ½m=s� is
the speed of light in a vacuum, and ω is the angular
frequency. A dominant radiation is satisfied with the
resonant condition λ ¼ λuð1þ 0.5K2Þ=ð2γ20Þ, where
K ¼ 93.4Bu½T�λu½m� is the undulator parameter and γ0 is
the Lorentz factor of the electron beam. If time-dependent
terms are ignored, 1D FEL equations are written as [18]

dθ
dẑ

¼ η̂; ð1aÞ

dη̂
dẑ

¼ aeiθ þ a�e−iθ; ð1bÞ

da
dẑ

¼ −he−iθislice; ð1cÞ

where θ≡ ðkþ kuÞz − ωt is the phase of the electron, η≡
ðγ − γ0Þ=γ0 is the energy-deviation ratio of the electron,

and a is the slowly varying envelope of the electric field
of radiation. The equations are normalized as follows:
ẑ¼2kuρz, η̂¼η=ρ, and a¼eK½JJ�E=ð4γ20kumc2ρ2Þ, where
e is the charge of electron, [JJ] is the Bessel harmonic
correction factor, E is the amplitude of the electric field, m
is the mass of the electron, and ρ is the FEL para-
meter. Introducing collective variables to describe the
bunching factor b ¼ he−iθislice and the collective momen-
tum P ¼ hη̂e−iθislice, Eqs. (1) are rewritten by ignoring the
nonlinear terms dP=dẑ ¼ aþ a�he−i2θi − ihη̂2e−iθi ≈ a:

da
dẑ

¼ −b; ð2aÞ

db
dẑ

¼ −iP; ð2bÞ

dP
dẑ

¼ a: ð2cÞ

Equations (2) represent the linearized FEL equation,
which can be simplified to a third-order differential
equation:

d3a
dẑ3

¼ ia: ð3Þ

The general solution of Eq. (3) can be given as

aðẑÞ ¼
X3
l¼1

Cle−iμl ẑ

¼ 1

3

X3
l¼1

�
aðẑ0Þ − i

bðẑ0Þ
μl

− iμlPðẑ0Þ
�
e−iμlẑ; ð4Þ

where μl indicates three radiation modes: a simple propa-
gator μ1 ¼ 1, a damper μ2 ¼ −ð1þ i

ffiffiffi
3

p Þ=2, and a grower
μ3 ¼ ð−1þ i

ffiffiffi
3

p Þ=2. The initial values are given at ẑ0 ¼ 0;
að0Þ ¼ C1 þ C2 þ C3, bð0Þ ¼ μ1C1 þ μ2C2 þ μ3C3, and
Pð0Þ ¼ iðμ21C1 þ μ22C2 þ μ23C3Þ. Considering a self-ampli-
fied spontaneous emission (SASE) case of að0Þ ¼ Pð0Þ ¼
0 with a nonzero initial bunching factor bð0Þ ¼ b0, Eq. (4)
simplifies to

ainðẑÞ ≅
i − ffiffiffi

3
p

6
b0e½ð

ffiffi
3

p þiÞ=2�ẑ; jainðẑÞj2 ≅
1

9
b20e

ffiffi
3

p
ẑ;

ð5Þ
where only the grower mode is dominant, and note that
the one-dimensional gain length is defined as LG ¼ 1=

ffiffiffi
3

p
from Eq. (5). We also use Eqs. (5) and (2a) to obtain the
bunching factor

binðẑÞ≅
b0
3
e½ð

ffiffi
3

p þiÞ=2�ẑ; jbinðẑÞj2≅
1

9
b20e

ffiffi
3

p
ẑ: ð6Þ
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2. Out-of-phase condition

Let us consider the out-of-phase condition where the
phase is shifted by π from the in-phase condition. If we
define one phase shifter at the position ẑ ¼ ẑ0≠0, then the
FEL gain curve follows the in-phase condition until the
electron beam meets the phase shifter. After the phase
shifter, the electron phase is in the out-of-phase condition,
and the FEL gain curve changes. Replacing the electron
phase θ with θ þ π yields the linearized FEL equations of
Eq. (2) as

da
dẑ

¼ b; ð7aÞ

db
dẑ

¼ −iP; ð7bÞ

dP
dẑ

¼ −a: ð7cÞ

Equations (7) can be also reduced to a single third-order
differential equation which is the same as Eq. (3).
Therefore, the expression of the solution is identical to
Eq. (4) except for the initial conditions, which are easily
obtained from Eqs. (5), (6), and (2) as

aðẑ0Þ ¼ − 1

3
b0ei½ðẑ0=2Þ−ðπ=6Þ�eð

ffiffi
3

p
=2Þẑ0 ; ð8aÞ

bðẑ0Þ ¼ −da
dẑ

����
ẑ0

¼ 1

3
b0eiðẑ0=2Þeð

ffiffi
3

p
=2Þẑ0 ; ð8bÞ

Pðẑ0Þ ¼ i
db
dẑ

����
ẑ0

¼ i
3
b0ei½ðẑ0=2Þþðπ=6Þ�eð

ffiffi
3

p
=2Þẑ0 : ð8cÞ

Using Eqs. (8), the solution of the out-of-phase equation
is derived as

aoutðzÞ ¼
1

9
b0e½ð

ffiffi
3

p þiÞ=2�ẑ0
�
ð

ffiffiffi
3

p
þ iÞe−iðẑ−ẑ0Þ þ ie½ð−

ffiffi
3

p þiÞ=2�ðẑ−ẑ0Þ þ
ffiffiffi
3

p − i
2

e½ð
ffiffi
3

p þiÞ=2�ðẑ−ẑ0Þ
�
; ð9Þ

jaoutðẑÞj2 ¼
b20
81

e
ffiffi
3

p
ẑ0

�
−4 cos 3ðẑ − ẑ0Þ

2
ðeð

ffiffi
3

p
=2Þðẑ−ẑ0Þ − 2eð−

ffiffi
3

p
=2Þðẑ−ẑ0ÞÞ þ 4e−

ffiffi
3

p ðẑ−ẑ0Þ þ e
ffiffi
3

p ðẑ−ẑ0Þ
�
: ð10Þ

These expressions are available for ẑ ≥ ẑ0. Equation (10)
agrees well with the 1D static simulation up to saturation
at ẑ≲ 10 (Fig. 1).
At ẑ > ẑ0, the FEL gain curve is modulated for a short

distance in which the propagator, damper, and grower

modes all participate in the FEL process. However, the
grower becomes dominant after the FEL beam propagates
farther from the phase shifter, so the result looks like the
phase shifter just shifts the gain curve. During the curve
modulation, the required length Lrec to recover the initial
FEL power is readily obtained by jaðẑ0Þj2¼jaðẑ0þLrecÞj2,
which gives the recovery distance of Lrec ≈ 1.15 in the
normalized unit. Considering the gain length (1=

ffiffiffi
3

p
≈

0.5774Þ, the recovery distance is twice the gain length.
This recovery distance is constant in normalized units,
so it varies according to FEL sets like ku and ρ. For
example, if 9.7 keV FEL radiation needs ρ ¼ 5 × 10−4,
ku ¼ 2.42 × 102 ½1=m� (we used parameters of Table I in
Sec. II), the recovery distance is 4.76 m, which addresses
that if a undulator segment is longer than 4.76 m, FEL is
amplified even in the out-of-phase condition. The distance
by which the phase shifter shifts the gain curve may be
slightly longer than the recovery distance. To obtain the
shifting distance, we further modify Eq. (10). The damping
terms of Eq. (10) can be ignored at ẑ > ẑ0 þ Lrec, so

jaoutðẑÞj2 ≈
b20
81

e
ffiffi
3

p
ẑ0

�
−4 cos 3ðẑ − ẑ0Þ

2
eð

ffiffi
3

p
=2Þðẑ−ẑ0Þ

þ e
ffiffi
3

p ðẑ−ẑ0Þ
�
: ð11Þ

FIG. 1. FEL gain curves of the in-phase and the out-of-phase
conditions from the 1D steady state simulation and theory. The
phase is shifted by a phase shifter located at ẑ0 ¼ 3.74. The
shifted distance of the gain curve from the simulation is
Δẑ ¼ 1.27, which agrees with the theoretical expectation.
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Equation (11) is further simplified as

jaoutðẑÞj2 ¼
b20
9
e

ffiffi
3

p
ẑ

�
1

9
− 4

9
e−ð

ffiffi
3

p
=2Þðẑ−ẑ0Þ

�
≈
b20
9
e

ffiffi
3

p ðẑ−1.27Þ;

ð12Þ

where the maximum of the cosine term is selected and the
last expression is obtained assuming ẑ ≫ ẑ0. Comparing
the power expression Eq. (5) of the in-phase condition, the
gain length of jaoutðẑÞj2 is identical to the in-phase
condition jainðẑÞj2. The only difference is that the required

undulator length for the saturation is lengthened by the
shifting distance 1.27 (Fig. 1). Consequently, one phase
shifter in the out-of-phase condition shifts the gain curve
about 1.27 normalized units from the in-phase gain curve.

B. Saturation regime

As the electron beam enters the saturation region,
electrons are bunched locally. A dominant FEL amplifi-
cation or diminishment is determined by the bunched
electrons. According to the Kroll-Morton-Rosenbluth
(KMR) model [15], the phase space of the electron and
FEL amplification takes place only when the trajectories of
the bunched electrons stay in the deceleration region.
Setting an appropriate configuration of undulator taper
and phase shifters makes as many electrons of the bunched
electrons as possible to be positioned in the deceleration
region along undulators. To express the electrons’ trajec-
tory in phase space, the equations of motion of Eqs. (1a)
and (1b) are rewritten as

dψ
dẑ

¼ η̂;
dη̂
dẑ

¼ −a0 sinψ ; ð13Þ

for which the Hamiltonian is

TABLE I. Main parameters measured at PAL-XFEL.

Parameter Value Unit

Electron beam energy 8.54 GeV
Bunch charge 180 pC
Normalized emittance 0.4 μm
Peak current 3 kA
Undulator parameter K 1.87
Undulator period 26 mm
FEL wavelength 1.28 Å
Photon energy 9.7 keV

FIG. 2. Comparisons of FEL gain curves with the electron phase distribution from 1D steady state FEL simulation. (a) The in-phase
case as the reference. The out-of-phase cases with the phase shifter at (b) 30, (c) 42, and (d) 60 m. Areas between red lines are the phase
bucket [Eq. (15)].
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H ¼ 1

2
η̂2 þ a0ð1 − cosψÞ; ð14Þ

where a0 ≡ jaj=2, ψ ≡ θ þ ϕþ π=2, and a ¼ jajeiϕ. Here,
we ignore Eq. (1c), because it is negligibly small in the
saturation region compared to the linear region. If we
assume that a0 is constant, the Hamiltonian is constant,
and the separatrix for the trajectory of Hsep ¼ Hðψ ¼ �π;
η̂ ¼ 0Þ can be defined as

η̂ðψÞ ¼ �2
ffiffiffiffiffi
a0

p
cos

ψ

2
: ð15Þ

When electrons are in the separatrix or so-called “phase
bucket,” they participate in the FEL process. The undulator
taper normally shifts the phase bucket downward, whereas
the phase shifter moves the electrons to the right or left
in phase space. If the undulator taper is given, the phase
shifter dominantly changes the FEL gain curve.
To determine how the positions of the phase shifters

affect the FEL gain curve, we conducted a series of 1D
static FEL simulations. The FEL gain curve changes most
in the out-of-phase condition, so we compared the in-phase
and out-of-phase conditions. We assumed 20 undulator
modules, each composed of a 5-m-long undulator and a
1-m-long drift section. The out-of-phase condition is set by
simply adding a π phase to every electron’s phase right after
the selected phase-shifter position, which is also located at
the entrance of the next undulator segment. To prevent any
confusion, we test only one phase shifter for each case;
therefore, only the selected module is out of phase and all
others are in phase. In this way, we can check how an
individual phase shifter affects the FEL gain curve. The
simulations considered the in-phase case as a reference
[Fig. 2(a)] and the out-of-phase cases where each selected

module is located at 30 [Fig. 2(b)], 42 [Fig. 2(c)], and 60 m
[Fig. 2(d)]. The FEL gain curve is reduced in all the out-of-
phase conditions, because the phase bucket (red lines) loses
electrons. When the selected module is out of phase at
z ¼ 30 m [Fig. 2(b)], the FEL intensity is slightly
decreased than the reference case by the lower slope of
the FEL gain curve. The highest reduction of FEL intensity
occurs when the selected module is out of phase at z¼42m
[Fig. 2(c)]. After the selected module, the increase rate of
the FEL gain curve is quite lowered. In the case of the
selected module at z ¼ 60 m [Fig. 2(d)], the slope of the
FEL gain curve after the module position is almost zero,
which means that the phase bucket loses electrons signifi-
cantly after the phase shifter. While the electrons are being
bunched as the electron beam propagated further down the
undulator modules, the phase bucket can lose electrons
easily when the phase shifter is the out-of-phase condition;
this observation demonstrates that FEL optimization using
phase shifters is very important in the saturation region with
microbunching of the electron beam.

III. 3D SIMULATION AND EXPERIMENTS

A. Gap scan of the phase shifter

The hard x-ray undulator line at the PAL-XFEL is
composed of 20 undulator segments, one self-seeding
section, and 19 phase shifters [6] [Fig. 3(a)]; a phase
shifter is included in the intersection [Fig. 3(b)]. The
delayed distance of electron beam in the intersection is
expressed [11] as

s ¼ 1

2γ2

�
Lint þ

�
e
mc

�
2

· PIPS

�
¼ nλ; ð16Þ

FIG. 3. (a) Schematic layout of the hard x-ray undulator line at PAL-XFEL. (b) Intersection between undulator (UND) modules
consisting of cavity beam position monitor (CBPM), quadrupole (Q), and phase shifter (PS). (c) Measured phase integral of the phase
shifter as a function of the gap. Measured FEL intensity as a function of (d) the gap of the phase shifter and (e) the phase integral of the
phase shifter.
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where Lint is the length of intersection between two
undulators and PIPS is the phase integral of phase shifter.
PIPS can be calculated from the measured magnetic field of
phase shifter By;PS as

PIPS ¼
Z

∞

−∞

�Z
z00

−∞
By;PSðz0Þdz0

�
2

dz00: ð17Þ

A phase-matched condition is normally determined by
setting the delayed distance to a multiple of the resonant
wavelength. PIPS can be used as a practical control
parameter, because this quantity is easily controlled by
changing the gap of the phase shifter. For example, PIPS
increases as the gap of the phase shifter decreases, which
is normally operated in the range of 15–50 mm
[Fig. 3(c)]. The optimal gap of the phase shifter is set to
where the FEL intensity is at maximum. To measure FEL
intensity, PAL-XFEL uses a quadrant beam position monitor
(QBPM) located in the optical hutch of the beam line [19].
The QBPM was originally used to diagnose the FEL
position, but it can be also used to measure the FEL intensity
nondestructively in real time by calibrating its signal to the
electron energy loss [20–21]. An example of scanning the
gap of the 11th phase shifter (PS11) yields an oscillating
response of FEL intensity [Fig. 3(d)]; redrawing by changing
the phase-shifter gap to PIPS clearly shows a periodically
oscillating pattern [Fig. 3(e)]. This PI periodicity is simply
calculated by plugging the resonance condition into

Eq. (16): PIPS ¼ ðmc=eÞ2½nλuð1þ K2=2Þ − Lint�, so the
optimal PIPS is periodic in ðmc=eÞ2λuð1þ K2=2Þ. If
K ¼ 1.87 and λu ¼ 2.6 cm, optimal PIPS is obtained in
every 207.6 ½T2 mm3� deviation.
The gap of the phase shifter was scanned sequentially

from PS01 to PS19. The measured FEL intensity varied
as a function of the PIPS, e.g., for PS03, PS09, and
PS13. The measured results [Figs. 4(a)–4(c)] agreed
well with 3D time-dependent FEL simulation results
[Figs. 4(d)–4(f)] using GENESIS1.3 [22]. Major FEL
parameters used in the simulation are listed in Table I.
In the early stage like PS03, the FEL intensity modu-
lation showed a flat profile around the peak intensity but
a steep drop at the minimum intensity. Near the begin-
ning of the saturation regime (PS09), the intensity
modulation profile was like a sawtooth. In the postsatu-
ration regime (PS13), the modulation profile was
smoothly sinusoidal. Therefore, the intensity profiles
does not follow a simple sinusoidal profile but depends
on the phase-shifter location; this observation is slightly
different from a previous report [10]. For practical
reasons, despite these different profiles, a sinusoidal
fitting was used to determine the optimal gap of all
phase shifters and successfully optimized the FEL. Since
the FEL fluctuations by these phase-shifter scans show
that the change of the FEL intensity is more sensitive in
the saturation region, the optimization of the phase-shifter
gap is more effective in the saturation region.

FIG. 4. (a)–(c) Measured FEL intensity at the QBPM (bars, �1 s:d:; n ¼ 100) and (d)–(f) FEL intensity obtained from GENESIS

simulation as a function of the phase integral of phase shifter at 18 (PS03), 54 (PS09), and 78 m (PS13).
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B. Gain curve and spectrum of the in- and
out-of-phase conditions

The optimal gap of the phase shifter is determined at
which FEL intensity is greatest, and it is considered to
be the in-phase condition (Fig. 5, black line). To quantify
the change in the gain curve at the mismatched phase, one
phase shifter was chosen to be set the out-of-phase
condition. Measured gain curves [Fig. 5(a)] were compared
to the gain curves obtained from GENESIS simulation
[Fig. 5(b)]. When the electron beam was set in the out-
of-phase condition at PS03 (red line) located in the linear
region, the gain curve shifted forward from the in-phase
gain curve. 1D analysis expected a gain curve shift of
5.26 m, but our experiment and simulation show a longer
shift length as shown in the log-scale-plotting insets in
Fig. 5. Out of phase at PS09 (green line), where the
microbunching of the electron beam is quite progressed, the
reduction of the gain curve is dominant. Out of phase at

PS13 (blue line) in the postsaturation regime, the FEL
amplification is fully suppressed after the phase shifter.
To check the spectrum effect caused by the phase

mismatch, the FEL spectrum at the end of the undulator
line was compared through experiments [Fig. 6(a)] and
simulation [Fig. 6(b)]. Previous studies reported the spec-
trum retuning by phase mismatches [7,12], but there is no
significant spectrum changes in our study; mostly, intensity
drops are observed. Our study assumes FEL amplification
by the phase mismatch at single phase shifter; on the
other hand, a dominant FEL amplification happens at the
resonant wavelength through other undulator segments,
and, therefore, the spectrum retuning driven by the phase
mismatch at a single phase shifter is invisible.

C. Bunching factor evolution

By analyzing the result obtained from the gap scan of
the phase shifter, the trend of microbunching evolution

FIG. 5. (a) Measured FEL gain curve from experiment (bars, �1 s:d:; n ¼ 100) and (b) averaged radiation power from simulation
along the undulator line for four cases: in phase (black) and out of phase of the phase shifter at 18 (red), 54 (green), and 78 m (blue).
Inset: Log scale of two cases (the in-phase and the out-of-phase PS03).

FIG. 6. FEL spectrum from (a) experiment and (b) simulation at the end of the undulator line for four cases: in phase (black) and out of
phase of the phase shifter at 18 (red), 54 (green), and 78 m (blue).
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can be estimated. The phase-shifter gap scan causes a
significant fluctuation in FEL intensity in the saturation
region (Fig. 4), so the phase bucket of the out-of-phase
condition can lose electrons during the FEL process. Since
the fraction of electrons in the phase bucket represents the
bunching factor [23] in the saturation region, the trend in
the difference between the maximum and minimum of the
FEL intensity as a function of phase-shifter position can
be considered as the evolution of the bunching factor. In
both experiment [Fig. 7(a)] and simulation [Fig. 7(b)], the
difference of FEL intensity between the in- and out-of-
phase conditions increases as phase-shifter position up to
∼60 m and then decreases. This result concurs with the
numerical results [Fig. 7(c)] that the bunching factor is
highest in the range of 60 ≤ z ≤ 70 m, where it overlaps
with the position of phase shifters. The overall trend of the
difference of FEL intensity between the in-phase and out-
of-phase conditions is quite similar to the evolution of the
bunching factor. Thus, the evolution of the bunching
factor can be roughly predicted by scanning the gap of
the phase shifter.

D. Effect of the phase-shifter gap scan

Lastly, we compared FEL gain curves in a given undulator
taper for three cases to confirm the effect of the phase-shifter
gap scan (Fig. 8): (i) the optimized gap case selected by
scanning the gap of the phase shifter (gap scan, black line),
(ii) the calculated gap case determined by using Eqs. (16)
and (17) (calculation set, red line), and (iii) the fully opened
gap case (80 mm) to eliminate the effect of the phase shifter
(without PS, blue line). The final FEL energy by the phase-
shifter gap scan was 1.62 mJ, but the calculation set gave
only 0.37 mJ, and it was decreased to 0.28 mJ without a
phase shifter. The FEL gain curve of the calculation set
coincides well with that of the gap scan in the linear region
[Fig. 8(b), z ≤ 50 m], but the FEL gain curve started to
deviate from the beginning of the saturation region.
Therefore, setting the phase shifters’ gap by calculation is
valid only for the linear regime, and it is not appropriate to
cover the saturation region where FEL phenomena become
highly nonlinear and complex. This result demonstrates that
the phase-shifter gap scan is effective to increase the FEL
intensity especially for the saturation region.

FIG. 7. The difference of maximum and minimum FEL energy from (a) experiment and (b) simulation according to the position of the
phase shifter for scanning the gap. (c) Bunching factor along the undulator line obtained from simulation.

FIG. 8. Comparisons of the gain curve in (a) linear and (b) log scale; bars, �1 s:d:; n ¼ 100. The black line is obtained from the
phase-shifter gap scans, the red line is setting the phase-shifter gap by calculations using Eq. (16), and the blue line is without the
phase-shifter effect.
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IV. SUMMARY

We studied how the phase shifters affected the FEL
amplification in PAL-XFEL. Two representative cases (in-
phase and out-of-phase conditions) were examined by
using theoretical, numerical, and experimental studies.
The FEL gain curves differed in the linear and saturation
regions. In the linear region, the gain curve in the out-of-
phase condition was shifted forward from the in-phase gain
curve, but in the saturation region the FEL amplification of
the out-of-phase condition was fully suppressed. From the
out-of-phase condition of a single phase shifter, only an
intensity drop is observed in the FEL spectrum. We also
demonstrate that the evolution of the bunching factor can be
predicted from the difference of maximum and minimum
FEL energy which can be obtained by scanning the gap of
the phase shifter. By applying the method of the gap scan of
the phase shifter, FEL intensity was increased up to 4 times
higher than that from the calculated gap of the phase shifter
in our case. Present phase shifters can finely resolve the
FEL wavelength and can help to guide optimization of
various FEL characteristics such as high harmonics and
self-seeding.
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