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The generation of femtosecond soft x-ray free-electron laser (XFEL) pulses with an energy of hundreds
of microjoules has been demonstrated at the Linac Coherent Light Source (LCLS) based on fresh-slice
multistage amplifications. In this paper, we present a comprehensive simulation analysis and methods to
improve fresh-slice multistage XFELSs. A time-dependent transverse kick along the bunch is generated by
two passive corrugated structures. The resulting oscillating orbit is controlled by downstream kickers,
enabling different slices of the bunch to lase. The simulations reproduce the LCLS experimental results in
terms of the pulse energy, bandwidth, and statistics of spectral spikes. The simulations reveal time-domain
pulse profile properties, such as the pulse duration and structure, that were unavailable experimentally. We
discuss possible issues connected with the accelerator setup and propose a simpler and more robust
variation of the scheme to generate XFEL pulses shorter than 3 fs.
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I. INTRODUCTION

X-ray free-electron lasers (XFELs) [1-6], whose peak
brightness is approximately 10 orders of magnitude higher
than the third-generation light sources, are cutting-edge
scientific instruments in chemistry, biology, atomic phys-
ics, material science, and other disciplines [7]. The devel-
opment of advanced operational modes of XFELs has
become an active field of investigation in order to satisfy
requirements of various scientific applications.

The recent demonstration of fresh-slice lasing control [8]
enhanced the power performance and delay control for
multicolor operation over the basic split undulator concept
[9], improved the power for self-seeded operation [10], and
enabled production of high-power single spectral spike
femtosecond pulses in the soft x rays [11].

Different schemes have been proposed to selectively
control the lasing process along the electron bunch while
retaining the lasing capability in the temporal slices that do
not participate in the lasing process [12—14]. After the
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initial demonstration [8], involving the transverse time-
dependent kick due to wakefields from a dechirper [15,16],
an energy chirp dispersion-based [17] and a time-
dependent matching scheme [18] have also been demon-
strated. The highest-power soft x-ray FEL pulses are
produced with dechirper-based multistage amplifications
[8]. This method relies on the wakefield-induced time-
dependent dipole kick within dechirpers.

In this paper, we focus on the fresh-slice method based
on a time-dependent kick imparted by passive wakefields of
a corrugated metal jaw and reproduce the multistage
amplification scheme in a simulation. In this scheme, an
x-ray pulse produced on the bunch tail is further amplified
on fresh electrons in multiple stages. The results show the
reliability of the simulation framework and give an estimate
of the x-ray pulse duration and peak power that were
unavailable in the original work, due to the lack of a
diagnostic to measure the x-ray temporal profile (e.g.,
Ref. [19]). Electron-bunch-based measurements of the
x-ray pulse [20] fail when the same x-ray pulse is amplified
by different bunch slices in cascaded schemes or the
slippage effects are significant. The pulse duration and
peak power estimate is relevant information for experi-
mental users that have already performed experiments or
plan to use the multistage amplification scheme.

Our simulations expose issues related to the production
of ultrashort pulses with the multistage scheme. Particularly
harmful conditions could be an initial bunch tilt, the lack of
full cancellation of the time-dependent focusing term, and
the interplay between the cascaded passive structures from
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the time-dependent kick point of view. Finally, we show a
simpler and more robust implementation of the scheme
achieving a performance similar to the demonstrated results.

The paper is organized as follows. In Sec. II, we describe
the machine layout relevant for the simulations and give
information on how dechirpers have been modeled. In
Sec. III, we simulate the multistage experiment reported in
Ref. [11] using the Linac Coherent Light Source (LCLS)
parameters. Effects of delays in chicanes and on-axis slice
positions on XFELs are discussed. In Sec. IV, we propose a
variation on the initial scheme that allows more robust
performances with a simpler setup.

II. MACHINE LAYOUT AND DECHIRPER MODEL

The configuration of the LCLS is depicted in Fig. 1.
A dechirper system is installed 120 m upstream of the
undulator entrance to produce a strong short-range wake.
An electron bunch traveling in the dechirper is subject to
the transverse wakefields generated by the interaction with
the metal plates. To kick the bunch transversely, it is more
effective to use a single corrugated metal jaw, since the
other jaw would cancel the kick produced in the first jaw.
Therefore, in Fig. 2, we consider a single metal jaw for each
dechirper module as it was used in the LCLS experiment
[11]. Parameters of single-jaw dechirpers are listed in
Table 1. The vertical and the horizontal modules share
the same design of the corrugated structure. The distance
between the dechirper jaw and the electron bunch can be
adjusted to control the transverse kick of the beam.

As a system of reference, we consider the bunch
traveling along z, parallel to the machine’s axis, at a
velocity close to the speed of light ¢. We choose z to
describe the position of the electron in the beam line and
s = z — ct to describe the relative longitudinal position of
the electron within the bunch. The tail of the bunch is
located at s = 0. We choose the center of the bunch before
entering the dechirper system to be at x = y = 0. We notice
that the bunch is transversely kicked in the dechirper
system and the bunch center will oscillate in the x—y plane
in the downstream beam line.

The horizontal corrugated jaw is located at x = d,, as
shown in Fig. 2. Similarly, the vertical one is located at
y = d,. We assume that the transverse size of the bunch ¢
is small compared to the distances d, and d,. For a leading
particle at (X,7,5) and a test particle at (x,y,s), the
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FIG. 2. The setup of the horizontal single-jaw dechirper. In the
LCLS beam line, the x—z plane is parallel to the ground. LCLS
parameters of the dechirper setup are listed in Table I.

transverse wake function components in the horizontal
dechirper are given by [21,22]

) = wya(8) + (x = F)wy 4(0),

) ==y = 3)wnq(0). (1)
where { = § — s is the longitudinal distance between two
particles. Here, { > 0 corresponds to the configuration
where the leading particle is in front of the test particle in z.

The dipole and the quadrupole wake functions of the
single-jaw horizontal dechirper are given, respectively, by

2 B -
wya($) = ESOX 1- (1 + \/%) e_\/g/TO; . (2)

3 r -
WH,q(C) = Esox 1 - (1 + \/§> e~ V50 ’ (3)

with {>0, s, = 8d%t/(9na®p?), and a=1-0.465./t/ p—
0.07¢t/ p. Parameters d,., p, and t are shown in Fig. 2, with
LCLS parameters listed in Table I, and Eqgs. (2) and (3) are
valid for a bunch shorter than 100 gym [22], which is
satisfied under LCLS experimental conditions. The wake
functions for the vertical dechirper are similar to the
horizontal one:

wy (6,3, %,3,8) = =(x = X)wy 4 (£),
0) =wyalQ) + O =Fwvg(). (4)
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The LCLS layout for fresh-slice three-stage XFEL pulse generation. Linac sections accelerate the electrons. The X-band

transverse deflecting cavity (XTCAV) diagnoses the longitudinal phase space after the undulator beam line. L1X is the X-band linearizer
cavity. BC1 and BC2 are the two bunch compressors. Dechirper and undulator sections are located downstream of the second dogleg.
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TABLE I. Main parameters used in simulations.
Parameter Value
Dechirper
Period p 500 pm
Full depth A 500 um
Longitudinal gap ¢ 250 pym
Dechirper width W 12 mm
Dechirper length L 2 m
Electron bunch at undulator
Projected normalized emittances ¢, /¢, 1.14/0.65 ym
without dechirper kick
Beam energy E 3.9 GeV
Bunch charge Q 140 pC
Bunch length L, ~45 fs
Peak current /e 3500 A
LCLS machine
L1-S phase 14.5°
L1-X phase 160°
L2 phase 35.8°
BCl1 Rs¢ —4.55 cm
BC2 Rsq —2.80 cm
Photon energy Exggr. 670 eV
Undulator period 4, 3cm
Twiss f./f, before undulator 14.77/4.41 m
Twiss a,/a, before undulator 1.72/ - 0.53

where wy 4(£) and wy ,({) are the same for the horizontal
one but switching d, to d, in Egs. (2) and (3).

As shown in Eqs. (1) and (4), the wakefield-induced kick
in the transverse momentum of the test particle contains
both the dipole term and the quadrupole term. The qua-
drupole term comes from the relative transverse offset
(x — X,y —§) between the leading particle and the test
particle, as previously studied in [23]. In the LCLS, the first
dechirper is the vertical dechirper. The Coherent
Synchrotron Radiation (CSR) that the bunch gets before
the first dechirper affects x direction and is usually smaller
compared to the dipole kick produced in the dechirper
system. To the first-order approximation in our dechirper
study, we neglect the CSR effect and assume that the bunch
enters the horizontal dechirper with all slices well centered,
say, (x(s)) = (y(s)) =0 for all s. In this approximation,
the whole quadrupole effect on the test particle can be
described by an effective focal length fy ,(s). In this
approximation, the vertical dechirper leads to a time-
dependent defocusing in y and a time-dependent focusing
effect in x.

By using both dechirper modules, we can alleviate the
time-dependent quadrupole focusing effect along the beam
as well as get a better FEL suppression with both horizontal
and vertical dipole kicks. However, we should notice that,
after being transversely kicked in the first dechirper, the
bunch enters the second dechirper with slices off axis,
leading to nonzero contributions from the quadrupole
terms for the nonvanishing integrals over X¥ and ¥ in

Egs. (1). This has an impact in the double-dechirper
configuration. Detailed derivations of wakefield-induced
transverse kick are given in the Appendix A.

III. BENCHMARK SIMULATION WITH
EXPERIMENT RESULTS

In this section, we perform FEL simulations based on
ELEGANT [24] and GENESIS version 4 [25,26] to reproduce
experimental data in Ref. [11]. We start from a particle
distribution simulated with IMPACT [27] at the end of the
injector and propagate it to the undulator entrance with
ELEGANT. The horizontal and vertical dechirper elements
have been included by implementing the wake functions in
Egs. (2) and (3). The code GENESIS version 4 has been used
to simulate the FEL radiation in the undulator line with the
input beam dumped from ELEGANT. Existing LCLS para-
meters listed in Table I have been used for the FEL
simulations. When the dechirper jaws are fully retracted,
the bunch at the undulator entrance is matched to Twiss
parameters listed in Table I. The matching is achieved by
optimizing the focusing strengths of the four matching
quadrupole magnets. In the following, we refer to the
nonkicked bunch with dechirper jaws retracted as the flat
bunch. The FEL pulse energy of the matched flat bunch is
800 pJ at the end of Ul with the same undulator strengths
used in the experiment [11], shown in Fig. 6 therein.

A. Dechirper setup

Because of uncertainties in the dechirper calibration in
experiments, accurate values of d, and d, in Ref. [11] are not
available. Therefore, we study the impact of the dechirper on
the downstream bunch trajectory and transverse phase space
distribution to replicate the experimental results.

By moving a dechirper jaw closer to the bunch, the
stronger dipole kick in the bunch results in a better lasing
suppression and benefits the generation of short XFEL
pulses. The x-ray spectrum is expected also to present a
narrower bandwidth by shortening the pulse in the time
domain (effectively removing bandwidth broadening due to
the electron bunch chirp), up to being a single spike when full
longitudinal coherence is achieved. However, smaller d, and
d, make time-dependent quadrupole effects also stronger and
may also introduce higher-order effects. The FEL perfor-
mance suffers from the mismatching effect produced by
time-dependent quadrupole effects in dechirpers.

To discuss the time-dependent mismatching effect, we
use the 4D betatron mismatching factor ®(s). @(s)
describes the mismatching between Twiss parameters of
the slice at s and the machine design [28]:

D(s) = %Traee[Z;lEb(s)], (5)
where the subscript d refers to the designed lattice optics
and b to the bunch. The normalized bunch covariance
matrix X, (s) of the slice s is given by
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ﬁx (S) —0y (S) 0 0
—0y (S) Vx (S) 0 0
Zy(s) = 0 0 Bis) —ayls) | (6)
0 0 —ay(s) yy(s)

The matrix X; is defined in the same way but using Twiss
parameters of the design optics. ®(s) equals 1 for a
particular slice at s when the bunch slice and the machine
are exactly matched. We consider ®(s) at the entrance of
the undulator beam line.

In Fig. 3, we show the averaged mismatching factor
@ = [dsI(s)®(s)/[ dsI(s) with different dechirper sys-
tem setups. I(s) is the current profile, and the averaging
integral is calculated for slices contributing to the FEL
radiation in the undulator. Since the Twiss parameters of the
whole beam are matched to the machine ones when the
dechirper jaws are fully retracted, a deviation of ® from 1
measures how the lasing area of the bunch is mismatched to
the undulator lattice.

We can see a good cancellation of the mismatching effect
in the diagonal part of Fig. 3. As shown in Eq. (A3), the
reciprocal time-dependent focal length of the dechirper is
given by the convolution between the dechirper quadrupole
wake function and the longitudinal density distribution of
the bunch. With d,~d,, the wake functions in two
dechirpers are similar, and the focal lengths in two
dechirpers are close to each other but with opposite sign.
When 1/[fy,(s)] ~1/|fu,(s)|, the mismatching effect
induced in the vertical dechirper can be compensated well
by the downstream horizontal one.

Getting the best cancellation of the mismatching effect
may not be enough when trying to produce the shortest
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FIG. 3. The averaged mismatching factor @ in the lasing
area of the bunch. Variables d, and d, are distances from the
center of the bunch to jaws in the horizontal and vertical
dechirpers, respectively.

pulses. The time-dependent quadrupole wake components
in the second dechirper may change the shape of the dipole
kick produced in the first dechirper. An example is shown
in Fig. 4. The bunch accumulates a dipole kick (y}(s)) =
Dy (s) in the vertical dechirper. The time-dependent offset
in (y(s)) can be modeled by (y(s)) = Dy(s)L/2, where L
is the length of the dechirper. Here, (y'(s)) and (y(s)) are
the averaged transverse offsets in the angle and position,
respectively, of the slice at s.

After the first dechirper, there is a drift of length L, =
0.51 m, a defocusing quadrupole magnet of focal length
f =7.15 m, and another drift of length L; = 0.51 m. The
dipole kick in y at the entrance of the second dechirper can
be described by

O(6) = Dy(o) |5+ 2L+

L/2—|—L1>
)

L,(L/2+L1)}
|

/(s)) = Dy(s) (1 T )

Both (y(s)) and (y'(s)) still have a quadraticlike form at the
entrance of the second dechirper, as shown in Figs. 4(e)
and 4(f). However, the downstream dechirper leads to a
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FIG. 4. With the dechirper setup d, = d, = 350 ym, y — s and
y' — s distributions of the bunch at (a),(b) the entrance of the first
dechirper, (c),(d) the end of the first dechirper, (e),(f) the entrance
of the second dechirper, and (g),(h) the end of the second
dechirper. The center of the beam line is located at x =y = 0.
The head of the beam is on the right. Notice that the bunch
longitudinal coordinate on the x axis is shown in femtoseconds.
Dashed lines in (d) and (h) show vertical angle offsets at the end
of the vertical and the horizontal dechirper given by Egs. (8)
and (9), respectively.
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time-dependent kick in y. By assuming the bunch has a
flattop longitudinal distribution of length L,

_ ZyceQL (L, —s)?

OV = Dvl) = G S @)

The angle offset (y'(s)) after the second dechirper calcu-
lated via Eqgs. (A2) is given by

ce * —5)?
<y'H<s>>:Dv<s>(1+L/2+L1_Zo QLSL'(L, >>,

f 4z E 8L,d}
9)
where the effective length L* is given by
L+2L
L*—(L+2L1)<1+%>. (10)

The derivation of Eq. (9) is given in Appendix B.

For LCLS parameters, the transverse kick (y},(s)) =
Dy(s)[1.21 = 1.22(1 —s/L;,)?] in our flattop-current
approximation with d, = dy = 350 yum. We notice that
the factor [1.21 — 1.22(1 — 5/L,,)?] decreases from 1.21 at
the bunch head to —0.01 at the bunch tail. When d, is too
small, the time-dependent focusing in the second dechirper
could be too strong, and (y'(s)) at the exit of the dechirper
system may be no longer monotonic from the head to the
tail of the bunch, as shown in Fig. 4(h). The nonmonotonic
kick in one direction can make the fresh-slice setup more
difficult, as it requires a careful setting of each transverse
orbit in the undulator sections, and can be harmful when
trying to achieve the shortest pulse duration. However, the
effect may be useful if a setup requires more photons
on the pulse produced on the bunch tail, by allowing a
longer pulse.

Because of the CSR effect, the bunch may present a
time-dependent tilt and angles in x before the dechirper
system. The CSR kick influences the shape of (x'(s)) after
the horizontal dechirper and can be harmful for the lasing
suppression. As in the experiment, we rely more on the
dipole kick in y to perform the lasing suppression. Similarly
to the experimental case, we first decrease d, until the
vertical dipole kick is large enough for the lasing suppres-
sion. We then select the smallest d, to make sure that the
mismatching effect can be canceled and (y'(s)) is still
monotonic after the horizontal dechirper. We choose our
optimal dechirper setup to be d,=430um and
d, = 380 um. The angle offsets in the optimal setup are
plotted in Fig. 5. Both (x'(s)) and (y'(s)) can maintain a
quadratic shape pretty well after the transport from the
dechirper system to the undulator entrance.

50 -
) 2000 o L1000
0| [— Do) me—
> 3\_10,
. . Lo . . Lo
0 20 40 0 20 40
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_ (c) 2000 = (d)
x - B
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< & 3.900+
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FIG. 5. (a) and (b) show the angle offsets (x(s)) and (y'(s))
before the first dechirper. (c) and (d) show the angle offsets x'(s)
and y’(s) and at the undulator entrance. The dechirper setup is
d, =430 ym and d,, = 380 um. The tail of the beam is on the
straight trajectory when the lasing slice control is done. (a) shows
CSR kicks along the bunch in x. (e) shows the current, and
(f) shows the E — t distribution of the bunch at the undulator
entrance. The chirp in the phase space is due to the time-
dependent energy loss in the dechirper system.

B. Lasing slice control

Two pairs of orbit correctors are used to control the
electron bunch orbit in order to set the desired temporal
slice to the straight on-axis trajectory suitable to lase in an
undulator section.

Suppose that the averaged transverse position and angle
of the slice at s is ¥;(s) = [(x(s)). ('(s)). (v(s)). (¥'(s))]"
before the first pair of kickers. The first pair of correc-
tors gives the whole bunch a transverse kick AX, =
(0, Ax},0, Ay})T in the thin lens approximation. The beam
transport between the two pairs of kickers can be described
by the 4 x 4 matrix M. After the second pair of kickers, the
slice average position and angles are described by

X/(s) = M[X;(s) + AX|] + AX,, (11)

where AX, = (0, Ax), 0, Ay,)T is the transverse kick from
the second pair of kickers.
The corrector kicks required to set the slice on axis are

calculated by solving X, (s) = 0 in the variables Ax), Ay,
Ax), and Ay). The beam transport described by M between
two pairs of kickers must contain some drifts to make

X/(s) = 0 solvable. In experiments, the orbit correction for
the first undulator section is done by solving the setup of
two pairs of kickers in the Linac to Undualtor (LTU) beam
line. Orbit corrections for the second and third sections are
done by setting up kickers before and after two chicanes in
the undulator beam line.
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The slippage is significant for the short x-ray pulses
produced with the multistage scheme. For 670 eV photons,
the full slippage is ~0.7 fs in each undulator segment
consisting of 110 undulator periods. From the second
undulator section, the FEL process reaches saturation in
one undulator segment, and, given the section length, the
slippage is as large as 4 fs, comparable to or longer than the
x-ray pulse duration. Therefore, one cannot precisely infer
which slice is on the straight trajectory in a certain
undulator section from the time-resolved bunch energy
losses measured downstream of the FEL process.

C. XFEL pulse analysis

We optimize the selection of on-axis slices in three
undulator sections using the beam shown in Fig. 5 and the
undulator strength setup shown in Fig. 6 based on the
produced FEL spectra, favoring intense single spikes.

The optimal selection of on-axis slices is shown in Fig. 7.
The optimal longitudinal distance between the first and the
second on-axis slices is 10.5 fs, and the one between the
second and the third on-axis slices is 9.1 fs, both longer
than the chicane delay 4 fs, due to significant slippage
lengths. The normalized XFEL power distribution along
the bunch of the optimal configuration is shown in Fig. 8.
The emission of undulator radiation, with the power P(s)
proportional to the longitudinal current density I(s), is
visible at the early stage of self-amplified spontaneous
emission in the first section, as shown in the left side of
Fig. 8. Then only the portion of the XFEL pulse over-
lapping with slices on almost straight trajectories can be
further effectively amplified through the FEL exponential
gain. Therefore, the temporal shape of the pulse quickly
becomes cleaner when the bunch moves downstream.

3.5

3.49

3.48

3.47

3.46

3.45

3.44

z (m)

FIG. 6. The undulator strength parameter K used in the fresh-
slice multistage XFEL amplification experiment [11]. By gradu-
ally moving the on-axis slice to the head, the slice energy
becomes higher, since the wake-induced energy loss becomes
smaller from the bunch tail to the head. In order to meet the FEL
resonance condition, the starting point of the undulator parameter
becomes higher from the first to the third stage.

x(t) at different z y(t) at different z
(a)50 100 (0 s 10°
0 102 n 102
= 0 =~ 0
< -1 & -10?
0 -103 0 -103
25 50 75 25 50 75
z (m) z(m)

FIG. 7. At different positions z in the undulator beam line,
(a) the offset x(s) in X and (b) the offset y(s) in Y along the bunch
in micrometers. The center of the beam line is located at
x=y=0.

Because of the significant slippage for soft x-ray pulses,
the location of the peak of the pulse moves around 3 fs to
the bunch head compared to the location of the on-axis slice
in the first undulator section. After the orbit correction and
the 4 fs delay in the first chicane, the XFEL pulse moves
toward the middle of the bunch and overlaps with fresh
electrons that have not lased yet. The slippage of the pulse
is around 4 fs in the second stage. Then, after another orbit
correction and another 4 fs delay in the second chicane, the
XFEL pulse overlaps with and gets further amplified by on-
axis fresh electrons in the middle of the bunch in the
third stage.

It is worth noticing that the selection of the second and
the third on-axis slices shown in Figs. 7 and 8 does not
simply match the chicane delay shift. Our optimization
shows that it is beneficial to select the on-axis slice slightly
in front of the peak of the pulse at the start of both the
second and the third stages. When the bunch moves
downstream, the peak of the pulse moves toward the bunch
head and sweeps through the on-axis slice due to the
slippage, within the same undulator section. In this way,
the peak of the pulse can be continuously amplified by the
fresh on-axis slice. Because of the slippage, the pulse peak
will quickly sweep away and have no more overlap with the
on-axis slice, leading to little gain in the peak, if the on-axis
slice is selected exactly at the peak of the pulse at the start
of the undulator section.

1.0
---- First On-Axis Slice

---- Second On-Axis Slice 0.8
--=-- Third On-Axis Slice

0.0

60 80

FIG. 8. The normalized XFEL power distribution P(s) =
P(s)/max,P(s) along the bunch at different z in the undulator
beam line. The green, blue, and red dashed lines show the
locations of on-axis slices in the first, second, and third undulator
sections, respectively.
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FIG. 9. Multiple-shot FEL pulse energy profile along the
undulator beam line. The blue line shows the evolution of the
averaged XFEL pulse energy I_’pulse (z) in the undulator beam line.

We stop at the end of the seventh undulator module in the
third stage. The lasing suppression is weak in the bunch
head due to the flat slope of transverse offsets there. The
FEL pulse will move further to the bunch head and make
the whole bunch head radiate if we make use of all 15
undulator modules in the third stage. This can make the
pulse become noisier and longer in the time domain. The
single-spike performance in the frequency domain can
be lost.

We perform 500 shots of GENESIS version 4 simulations
with the optimal dechirper and lasing slice setup. The
evolution of 500-shot FEL pulse energy along the undu-
lator beam line is shown in Fig. 9. The pulse energy is
64 + 19, 206 4+ 45, and 397 + 78 pJ at the end of the first,
the second, and the third stage, respectively.

The evolution of the XFEL pulse in both the frequency
and the time domain for a single simulated shot is shown in
Figs. 10(a)-10(f). At the end of the first stage, the pulse has
a side peak in the frequency domain. By the next two stages

One-Stage Lasing

Two-Stage Lasing

of cascaded amplification, the pulse becomes single-spike
Gaussian-like in both the frequency and the time domain.
The generation of single-spike pulses in both the frequency
and the time domain can benefit from strong undulator
tapers in the second and the third stage, as shown in Fig. 6.

Only the portion of electrons overlapping with the peak
of the XFEL pulse seed generated in the previous stage can
quickly lose energy and continuously match the strong
undulator taper. As a result, only the main peak of the
XFEL pulse in the time domain can be effectively ampli-
fied, resulting in a more temporal single-spike pulse at the
end. Figures 10(g)-10(i) show the evolution of the bunch
phase space at the end of the first, the second, and the third
stages. The bunch energy loss and energy spread induced
by different stages of FEL radiation can be clearly verified.

The horizontal and vertical center-of-mass orbits of the
bunch are shown in Figs. 11(a) and 11(b), respectively.
Center-of-mass orbits are experimentally measured by cavity
beam position monitors located between undulator segments.
By selecting the first on-axis slice in the bunch tail, the
oscillation amplitudes of horizontal and vertical center-of-
mass orbits are both around 250 ym. These amplitudes get
reduced to around 100 ym in the second stage, since the
second on-axis slice is selected to be closer to the bunch head
than the first on-axis slice. Center-of-mass orbits become
almost flat in the third stage, since the third on-axis slice is
close to the center of the bunch. The machine model for the
transfer line from the end of the linac to the undulator line
(LTU) is not fully accurate, and, therefore, some discrepancy
in the beam matching and phase advance between the
dechirper and the undulator entrance is expected. In previous
experiments requiring better accuracy of the beam transport
model, such as the matching-based fresh slice [ 18], the beam

Three-Stage Lasing

FIG. 10.
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FIG. 11. Horizontal and vertical center-of-mass orbits of the

bunch in the undulator line. Two gray blocks show the locations
of two chicanes in the undulator beam line.

transport matrices were experimentally measured, and the
measured model was used. However, for the multistage fresh-
slice experiment, this procedure was not carried out.

Table II shows statistics of spike numbers in the
frequency domain of 500 FEL simulations. The 24.0%
single-spike rate in the simulation is higher than 13.0%
shown in Ref. [11]. In experiments, machine jitters in the
LCLS can influence the temporal current of the bunch
before the dechirper system. Transverse kicks produced in
the dechirper system vary with different temporal current
profiles I(s), leading to inaccurate lasing slice controls by
the designed setup of orbit correctors. As a result, exper-
imental spectra can be less clean compared to ones in a
simulation.

Figure 12 shows histograms with the distribution of
relevant XFEL pulses properties at the end of the third
stage. The pulse energy is 397 &= 78 uJ, and the spectral
width is 1.17 £ 0.46 eV. The FWHM temporal duration of
2.79 £0.98 fs has a large variability, because there are
pulses presenting a very intense ultrashort feature of
duration close to 1 fs, as well as pulses presenting a wider
spike or a double-spike structure. For nonlinear pump-
probe experiments using XFEL pulses, the duration of the
dominant temporal spike is typically a relevant quantity.
The pulse duration At44, is defined as the shortest duration
containing 74% of the pulse energy and was measured as
325+0.29 fs. The difference between distributions
shown in Figs. 10(c) and 10(d) is understood from the
variability of the x-ray temporal profile. The peak power is

TABLE II.  Statistics of XFEL pulses in the frequency domain
of two dechirper configurations on 500 shots of simulations.

Spike count Two-dechirper setup One-dechirper setup

1 24.0% 37.2.0%
2 38.8% 31.0%
3 22.6% 14.6.0%
>3 14.6% 17.2%

‘550- §100-
8 251 8
0 o

300 400 500 600
Pulse Energy Epuise (1))

2 €
S 50 A 3307
2 o
S o
0- 0-
Pulse Duratlon AtFWHM (fs
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=3 =]
§ 50 § 25
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100 150
Peak Power Ppeak (GW)

Spectral Width hAvFWHM eV,

Pulse Duratlon Atu/ fs

Average Power P (GW)

FIG. 12. Statistics of 500 shots of the simulation in Sec. III C.
Histograms of (a) the pulse energies Epye, (b) the spectral widths
hAvgwM defined as the full width at half maximum (FWHM) in
the frequency domain, (c) the pulse durations Afgwyy defined as
the FWHM in the time domain, (d) the pulse durations At4q,
defined as the shortest duration containing 74% of the pulse
energy, (€) the peak powers P, and (f) the average pulse power
of each XFEL shot defined as P = Ejye/ At74g,.
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Spectral Wldth hAuFWHM (eV)

FIG. 13. Statistics of 500 shots of experiment data of Ref. [11].
(a) and (b) show histograms of the pulse energies E,, and the
FWHM spectral widths AAvgwyy, respectively.

139 + 34 GW. The average power of each XFEL shot
is 123 =27 GW.

Histograms of the pulse energy and FWHM spectral
width of three-stage FEL experiment data are shown in
Fig. 13. The pulse energy is 287 4+ 117 uJ in the experi-
ment. Compared to Fig. 12(a), the lower average value of
the larger standard deviation of experimental pulse duration
can be understood as a result of the machine jitters in the
LCLS. The FWHM spectral width 1.254+-0.61 eV in
experiment data is in good agreement with simulation
results.

IV. A SIMPLER AND MORE ROBUST SCHEME

The fresh-slice setup with two dechirpers may lead to a
nonmonotonic dipole kick in one direction and be harmful
for achieving the shortest pulse duration. The transverse
slice focusing interplay between the two devices and the
necessity of installing two modules make the possibility of
using a single device appealing. As a result, we discuss an
alternative scheme for the fresh-slice setup using a single
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vertical dechirper identical to the existing one. We consider,
however, a different transverse matching setup.

With only one dechirper, the time-dependent mis-
matching produced in the dechirper can no longer be
cancelled in the downstream beam line. Hence, in order
to make the mismatching effect less harmful, we need to
make the transverse size of the bunch to be small at the
entrance of the dechirper system. The correlation between
the transverse position and angle, described by the Twiss
parameter «, should also be small to reduce the mis-
matching effect. In our simulation, we track the bunch
in ELEGANT using LCLS parameters till the entrance of the
dechirper system in the experiment. We then transversely
scale the beam to a,=a, =0 and p, =p, =4 m.
Downstream of the dechirper, we consider the same
matching section as in the LCLS and a lasing slice control
beam line. When dechirper jaws are fully retracted, focus-
ing strengths of four matching quadrupole magnets in LTU
are tuned to match the scaled beam to the designed optics,
listed in Table I, at the undulator entrance. The electron
bunch is further tracked till the undulator entrance in
ELEGANT using our designed beam line, with the vertical
dechirper jaw in. The lasing slice control is optimized
towards producing high-power single spikes.

With such a small bunch, a setting of d;, = 310 ym in the
vertical dechirper presents still an averaged mismatching
factor ® = 1.83, which can allow a good soft x-ray FEL
performance. The transverse offset of the beam at the
undulator entrance is shown in Fig. 14. By comparing
Figs. 4(h) and 14(b), we can see that the dipole kick at the
bunch tail with the single-dechirper setup is quadratic and
monotonic and has a larger slope. A monotonic transverse
kick with a larger slope can lead to a better lasing
suppression in the surrounding longitudinal area of the
on-axis slice, which is expected to generate x-ray pulses
with a shorter duration.

We optimize undulator strengths and locations of on-axis
slices in all three undulator sections. The optimal undulator
strengths are shown in Fig. 15. We start to taper the K in a
quadratic form from the fifth undulator module in the first
stage. Quadratic tapers start from the first undulator module
in both the second and the third stage. The longitudinal
distance between the first and the second on-axis slices is

(a) /‘ 1001 (b)

T T 0 T T 0
0 25 50 0 25 50

s/c (fs) s/c (fs)

5001 2000

1000

y (um)

y'(urad)

FIG. 14.  With the single-dechirper setup d;, = 310 um, (a) the
y — ¢ distribution and (b) the y’ — ¢ distribution of the bunch at
the undulator entrance. Notice that the tail of the beam is on the
straight trajectory, since the lasing slice control for the first
undulator section has been done.

3.5 | | | | 1
3.48 J
3.46 J

X 344 J

3.42 J

3.4

3.38
0 20 40 60 80

z(m)

FIG. 15. The undulator strength parameter K used in the single-
dechirper setup. The undulator strengths of first four undulator
segments in the first undulator section are the same as the ones
used in Ref. [11].

10.5 fs, and the one between the second and the third
on-axis slices is 6.5 fs.

The quadratic time-dependent transverse offset leads to a
better lasing suppression in a bunch. As a result, the
averaged temporal pulse duration of the single-dechirper
setup is shorter than the one of the double-dechirper setup
at the same z in the undulator beam line, and the undulator
taper stronger than the one of the double-dechirper setup to
maintain the shorter temporal duration in the single-
dechirper setup, which can be verified by comparing Figs. 6
and 15.

s04 (@)

| ®
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(© [ @

€ € 100
3 50 3
(] (o]
0- 0-
1 2 3 4 2 3 4

Pulse Duration Ateyym (fs) Pulse Duration At;49, (fs)

1001 (e) (f)

(] 50 (]
0 0

|
o

50 100 150 200
Peak Power Ppeax (GW)

50 100 150
Average Power P (GW)

FIG. 16. Statistics of 500 shots simulation in the single-
dechirper setup. Histograms of (a) the pulse energies Epy,
(b) the spectral widths hAvpwyy defined as the FWHM in the
frequency domain, (c) the pulse durations Atgywy defined as the
FWHM in the time domain, (d) the pulse durations At4,¢, defined
as the shortest duration containing 74% of the pulse energy,
(e) the peak powers Py, and (f) the average pulse power of each
XFEL shot defined as P = E,ye/ Atr4g,.
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FIG. 17. (a) and (b) show one shot of the simulation with the
single-dechirper setup in the spectral and the time domain,
respectively.

We run 500 shots of GENESIS version 4 simulations with
the optimal setup. Distributions of relevant XFEL pulses
properties at the end of the third stage in the single-
dechirper setup are shown in Fig. 16. The pulse energy is
297 £ 75 uJ, and the spectral widthis 1.10 + 0.25 eV. The
FWHM temporal duration is 2.26 £ 0.50 fs, and pulse
duration Aty defined as the shortest duration containing
74% of the pulse energy is 2.67 + 0.41 fs. We notice that
there is no longer a significant side peak located at around
1.2 fs in Fig. 16(c), in contrast to Fig. 12(c). Both
histograms in Figs. 16(c) and 16(d) have only one signifi-
cant peak. This shows that the generation of powerful short
single-spike pulses can be achieved with the single-
dechirper setup and yields also more stable longitudinal
x-ray profiles. The latter is an important feature to make the
experimental data interpretation easier. The peak power is
117 29 GW. The average power of each XFEL shot is
113 +29 GW. One single-spike shot at the end of
the third undulator section is shown in Fig. 17. Statistics
of numbers of spikes in the frequency domain are shown in
Table II.

V. CONCLUSION

We have developed a start-to-end simulation to analyze
and optimize the fresh-slice multistage FELs. By optimiz-
ing the setup of the double-dechirper system, the time-
dependent mismatching along the beam can be canceled
pretty well, and the transverse dipole kick can still maintain
a monotonic shape to enable the fresh-slice operation for
short pulse generation. Orbit correctors can be optimized to
bring a certain slice in the bunch back to the straight
trajectory, making the slice effectively amplify the FEL
pulse in the downstream undulator beam line. With LCLS
parameters, we perform simulations of the three-stage
670 eV x-ray FEL amplification, the results of which
are in good agreement with data in Ref. [11]. We show that
the peak power of FEL pulses can exceed 200 GW for
the brightest shots and the averaged pulse duration is
around 3.3 fs.

Our study reveals potential difficulties in operating a
long dechirper system consisting of many dechirper
modules. The wake-induced quadrupole effect can make
the transverse kick nonmonotonic, resulting in difficult
lasing slice controls. As a comparison, we show that the

multistage fresh-slice setup can be further realized with
an alternative scheme using only one dechirper and a
strongly focused beam at the dechirper entrance. With the
larger dipole kick, especially at the bunch tail, in the
single-dechirper setup, the pulse duration can be further
shortened to around 2.3 fs with similar pulse power. The
single-dechirper setup may lead to a more robust scheme
to generate ultrashort x-ray pulses and to improve the
single-spike FEL performance.
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APPENDIX A: THE TRANSVERSE MOMENTUM
KICK IN SINGLE-JAW DECHIRPERS

Here, we take the wake-induced transverse kick in the
horizontal dechirper as an example. The horizontal
dipole kick of the test particle at (x,y, s) in the horizontal
dechirper is given by the convolution between the point
wake in Eqs. (1) and the particle density distribution:

Z()CEL +00 +00 400
Ax(x,y,8) = — dx dy d
[ [ [

X WH,X(x7y’)~C’5]’ C)P(ff,j’,s + é_,,),

(A1)

where Z; =377Q 1is the vacuum impedance, Q is
the total charge of the bunch, L is the length of the
corrugated plate, and p(x,y,s) is the 3D density distri-
bution normalized to 1. The kick Ay, (x, y, s) in y is similar
by changing wy (x,y,%.9,.0) to wy,(x,y,%5.{) in
Eq. (Al).

The transverse kicks of the test particle in the horizontal
dechirper can be simplified to

Axyy (x.y.5) = Dy (s) + x £y (s) = Qux(s).

Ayy(x.y.5) = =y [54(s) + O (s). (A2)
Here, the time-dependent dipole kick Dy(s), the quadru-
pole focusing length fy (s), and transverse kicks
On.(s) and Qp (s) coming from quadrupole wake
effects in the horizontal dechirper are given by following
convolutions:
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Du(s) = 25 [ dgwna(its +0)
Fila(5) =225 [ dewn (0265 + 00
Oua(s) =28 [ de(x(s 4 )i (A5 +0)
Oy (5) = 505 [ dety(s + w5 +0).

(A3)

where E is the central energy of the bunch and A(s) =
[ dx [dyp(x,y,s) is the longitudinal density distribution
of the beam. The center-of-mass transverse position
[(x(s)), (y(5))] of elections in slice at s is given by

_ IS dx 13 dyp(R. 5.5 + O)X
A(s) ’

A2 dx [T dyp(R, 5.5 + 0)F
B A(s) ’

(x(s))

(v(s)) (A4)

We can also define the center-of-mass angle [(x(s)),
(y'(s))] of the slice at s in the same way. The wake
formulation for the vertical dechirper is the same as for the
horizontal one, but switching x and y in the notation:

AX,V()C, Y, S) =—X- f\_/',lq(s) + QV,x(s)a

AV, (5,7.5) = Dy(s) + v+ f7,(5) = Oy (). (AS)
Parameters Dy (s), fy,(s), Qv.(s), and Qy (s) are
defined in the same way as Eqs. (A3) by using single-
particle wake functions wy 4({) and wy ,({) of the vertical
dechirper.

By neglecting the CSR effect before the bunch enters the
first (vertical) dechirper, say, (x(s)) = (y(s)) = 0 for all s,
Egs. (AS) can be simplified to

Axy(x.y.8) = =x - fyly(s).

AYy(x.y.5) = Dy(s) +y - fry(s). (A6)

The time-dependent quadrupole effect can be described by
the matrix

1 0 0 0
-l (s) 1 0 0

My ()= "0 ol @D
0 0 fyl(s) 1

Besides the vertical dipole kick, the vertical dechirper leads
to a time-dependent focusing effect in x and a time-
dependent defocusing effect in y. Given the transverse

trace space X; = (x,x’,y,y’)! of a particle at (x, y, s) before
the vertical dechirper of length L, the transverse trace space
X; of this electron after the vertical dechirper can be
modeled by

Xp= MMy (s)MpppX; + AXy], (A8)
where M ), is the matrix of a drift of length L/2 and
AXy =1[0,0,0,Dy(s)]" is the vertical dipole kick.

The wakefield-induced transverse kick in the second
dechirper is more complicated. The bunch enters the
second dechirper with all slices not on the axis, leading
to nonzero terms Qp (s) and Qp ,(s) in Egs. (A2). This
will be calculated in Appendix B on a flattop current model.

APPENDIX B: THE NONQUADRATIC
TRANSVERSE KICK IN THE DOUBLE-
DECHIRPER CONFIGURATION

Here, we model our bunch shown in Fig. 5 as a uniform
flattop distribution:

1/L,, ifL,>s>0,
As) = .
0, otherwise,

where L, ~ 12 um is the bunch length. For the common
dechirper setup d, ~d, ~400 um, characteristic lengths
sox and sg, of the horizontal and the vertical dechirper are
around 100 gm, which is one order of magnitude longer
than the bunch length L,. In this case, wake functions of
two dechirpers described by Egs. (2) and (3) can be greatly
simplified to

2
s ()

¢
d—i»
3s0x ¢ ¢ ¢
i =5 =) ()
3¢
7 (B1)

Similarly, wy 4(¢) = ¢/d; and wy ,({) = 3¢/2d;. With the
above approximations, the vertical dipole kick Dy (s) in the
first dechirper can be given in an analytical solution:

Z L [+
:%ﬂc% / dowy a(O)A(s + )

_ ZyceQL (L, —s)?
C4r E 2L,ds

Dy(s)

which is in a quadratic form.
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We model the wake effect of the horizontal dechirper of
length L on the bunch in the following way: The bunch first
goes through a free space drift of length L/2, then gets
transverse kicks described by Egs. (A2) and (A3), and then
goes through another free space drift of length L/2. By
propagating the transverse dipole kick in Egs. (7) of length
L /2, the transverse offsets in the space and the angle are,
respectively,

(()) = Dy(s)(L +2Ly) (1 +LZJ3L>
/ . s L/2+L1
() = Dy >(1 St ) (83)

We focus on the averaged vertical kick (Ay),(s)) of a
slice at s in the horizontal dechirper:

(@) = =525 [* deltvis)
— (5(s + g (DA +8)

_ (ZyceQL\25L*(L; — s)*
-~ \4r E 8Lidid}

(B4)
where the effective length L* is given by

(B5)

L+2L
L*—(L—|—2L1)<1+ i 1).

4f
The minus sign in the last line of Egs. (B4) shows that
the horizontal dechirper leads to a time-dependent kick in y.

The angle offset in y along the bunch at the end of the
horizontal dechirper is

ts1) = Do) (14 E2EE) g ()

- Dv(s)<1 +%

_ ZyceQLSL*(Ly — s)?
4r E 8L,d?

(B6)
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