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The X-ray free-electron lasers (XFELs) are cutting-edge instruments pivotal in a broad range of
fields, providing high-power X-ray pulses with durations spanning from femtoseconds to attoseconds.
One of the critical challenges in XFEL facilities is the simultaneous accommodation of diverse
requirements for XFEL operation modes and photon properties across different undulator lines.
This paper proposes a dipole-kicker combination in the bunch compressors to vary the electron
bunch length for the continuous-wave XFEL facilities driven by a superconducting linac. This
method enables optimization of the electron bunch length on a per-bunch basis, tailored to each
specific needs of each undulator. Through start-to-end simulations based on the parameters of the
Shanghai high-repetition-rate XFEL and extreme light facility, we demonstrate the feasibility of this
technique. The results show its effectiveness in enabling simultaneous operations of self-amplified
spontaneous emission and externally seeded FEL across different undulator lines, ensuring optimal
electron bunch compression for each undulator line.

I. INTRODUCTION

X-ray free-electron lasers (XFELS) can generate ultra-
short X-ray pulses with high brightness [1, 2], facilitat-
ing scientific research in the fields of condensed matter
physics, material science, chemistry, and life science [3—
5]. Unlike synchrotron radiation facilities, XFELs driven
by linear accelerators (linacs) face challenges in simul-
taneously supporting multiple experimental stations. A
key feature that enhances the operational flexibility of
XFEL facilities is the configuration of multiple undula-
tors, which allows for the simultaneous conduct of differ-
ent FEL operation modes or scientific experiments with
different requirements for photon properties such as pho-
ton energy and pulse duration.

The electron bunches generated in the linac section are
typically distributed by a switchyard section to differ-
ent undulator lines. Therefore, achieving precise control
over the characteristics of each electron bunch is essen-
tial to customize the FEL output of the different undu-
lator lines to meet the varying demands of simultaneous
experiments. Different methods have been proposed to
enable multi-beam-energy operation [6-8] and thus sig-
nificantly broaden the range of tunable photon energies
and increase the flexibility of XFEL facilities. Apart from
electron beam energy, the requirements on bunch length
also vary for different FEL operation modes or experi-
mental stations. For self-amplified spontaneous emission
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(SASE) [9, 10], a higher peak current is normally required
to obtain a higher peak power and shorter pulse dura-
tion [1]. However, externally seeded FELs [11-15] require
electron beams with long and flat current profiles to be
less sensitive to fluctuations of arrival time and to have
more stable output characteristics of the radiation, espe-
cially for the cascading scheme [16-20]. Therefore, there
is a growing demand for feasible approaches to simul-
taneously distributing electron bunches with adjustable
bunch lengths into multiple undulator lines.

In most XFEL facilities, bunch length adjustment is
realized by varying the compression in the multi-stage
magnetic bunch compressors. This can be achieved by
introducing different energy distributions imprinted by
RF curvature in the upstream accelerating cavities. The
efficiency of adjusting the electromagnetic field is depen-
dent on the time it takes to transfer the RF power into
the cavity, that is, RF filling time, which can be esti-
mated as

Tan = §, (1)

where @ is the quality factor (Q-factor) of the cavity, and
w is the RF angular frequency. For normal-conducting X-
ray facilities running at around 100 Hz, switching within
an RF pulse (within us) has been achieved at SwissFEL
and is now used to switch between the two undulator lines
Athos and Aramis [6, 21]. They produce two bunches
within an RF pulse, each with slightly different RF set-
tings. For a high-repetition-rate XFEL facility based on
superconducting (SC) technology, the RF pulse length
can range from several hundred microseconds up to con-
tinuous wave (CW) and the separation between bunches
is normally of the order of one microsecond [22-25]. How-
ever, the RF filling time in these facilities is of the order of
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one millisecond or more due to the much higher Q-factor
in the SC accelerating cavities (~ 10'°), which makes it
impossible to change the RF parameters within shot-to-
shot bunch spacing. Hence, alternatives are needed to
facilitate shot-to-shot control of bunch length.

In this paper, we proposed a novel scheme to achieve
multi-bunch-length operation in a CW XFEL facility
driven by SC linac. Instead of adjusting RF parame-
ters to change compression, the trajectory in the bunch
compressor can be changed from bunch to bunch by in-
tegrating a series of kickers into the bunch compressor
chicanes. These kickers add small kicks to some bunches
with a high repetition rate, facilitating the desired shot-
to-shot control of bunch length for XFEL facilities driven
by SC linac. In the following, section II describes the
general idea of bunch compression used in FELs. Sev-
eral strategies used so far for switching the bunches of
different bunch lengths between multiple undulator lines
are summarized and analyzed in Section III. Section IV
shows the principle of the dipole-kicker combinations for
adjusting bunch compression. The start-to-end optimiza-
tion results are presented in Section V to demonstrate the
proposed scheme. Section VI discusses the research and
a conclusion is drawn in Section VII.

II. PRINCIPLE OF BUNCH COMPRESSION

In an FEL facility, the magnetic chicane is universally
introduced to achieve longitudinal compression to gen-
erate a short electron bunch with the required current
profile. For a typical bunch compressor chicane consist-
ing of 4 rectangular dipole magnets, the bending radius p
and bending angle 6 of electrons deflected in a magnetic
field B can be calculated by

P YMev
eB  eB
where p is the relativistic electron momentum, m, is the
electron rest mass, v is the electron velocity and the -y is
Lorentz factor. Lgipole is the length of the dipole magnet

Provided the dipole length with respect to other
lengths of the chicane involved is neglected, the differ-
ence between the path length of beam through the chi-
cane section and the straight trajectory can be written
as

L ipole
p= ,0 = arcsin —4eole. (2)

1
AL = 2Layist <cos€ 1) . (3)
where Lqifs is the drift length between the center of the
1%t and 2°¢ dipole magnets.

In reality, the bunch experiences nonlinear compres-
sion in the dispersive section. If the longitudinal phase
space transformation is formulated by the transfer ma-
trix expanded to the third order, the correlation between
the electron final longitudinal position z¢ and the initial
position z; can be given by

zp = 2 + Rs66 + Ts60> + Useesd” + O(5Y),  (4)

with momentum deviation = Ap/p, and where each co-
efficient can be obtained as:

3
Rsg ~ —0? Lagity, Tree ~ _§R567 Usees ~ 2Rs6.  (5)

In addition to the nonlinear dispersion terms, the en-
ergy chirp introduced by RF curvature in the acceler-
ating modules upstream of the dispersive section also
contributes to the nonlinearity in the beam longitudinal
modulation. The energy deviation correlated with the
longitudinal position along the bunch can be expressed
as:

5 = 50 —+ C1%2; + CQZiz + 6321'3 + 0(214), (6)

where dj is the initial uncorrelated energy spread, ci, ¢
and c3 are the first-, second-, and third-order terms of
the energy chirp fitted with polynomial, respectively.

Substituting the correlated energy spread § that is de-
fined in Eq. 6 into the Eq. 4, the longitudinal position
after compression can be expressed as:

zp = (14 c1Rs6)zi + (coRs6 + c1T566)27
+ (c3Rs6 + 2¢102T566 + €3 Useos) 25 + O(27).

(7)

If we ignore here for convenience the nonlinear disper-
sion coefficients and nonlinear energy chirp, the Eq. 7
becomes the simplest expression as follows:

zf = (1+61R56)Zi, (8)

After differentiating at both sides of the equation, Eq. 8
comes to

AZf = (1 + 01R56)Azi = Azz/C,
1 (9)

C=——,
1+ C1R56

where C' is the approximated compression ratio after the
modulation. The method used to change the compres-
sion so far has always been adjusting the coefficient ¢y
in Eq. 9. Two such methods that are used or have been
tested in SC accelerators are described in the next sec-
tion. Changing the Rsg has not been considered, because
changing the dipoles in the chicane would be much too
slow. Nevertheless, a method around this problem is sub-
ject of this paper and studied in Sec. IV and the following
sections.

III. RF-SWITCHING SCHEMES FOR SC XFELS

As an XFEL operating in CW mode, Shanghai high-
repetition-rate XFEL and extreme light facility (SHINE)
is under construction in Shanghai, China [25-27]. It aims
at delivering the x-ray pulses from 0.4 to 25 keV with
a repetition rate of up to 1 MHz. At the end of the
linac section, the electron bunches are distributed into
the three undulator lines referred to as the FEL-I, FEL-
IT and FEL-III, which will be installed in two of the three



tunnels. The operation modes of the FEL-I and FEL-ITI
are SASE and self-seeding, while FEL-II generates XFEL
pulses based on SASE and external-seeding FELs. Based
on the design of SHINE, the different potential strategies
for distribution are analyzed in the following part of this
section.

The first SC facility where different compression is used
for different FELs is FLASH. It runs in a so-called burst
mode, with 500-microsecond long RF pulses filled with
bunches separated by one microsecond [28]. This bunch
pattern is repeated with a frequency of 10 Hz. The 800-
microsecond long bunch trains are split into two parts,
separated by about 50 us, which is about a factor of 100
slower than the change possible in the normal conduct-
ing XFELs such as SwissFEL discussed earlier. There-
fore, there is a gap in the bunch train of this duration,
allowing time for the flat-top kicker for beam distribu-
tion and the RF to change parameters. A fraction of the
bunches are delivered to FLASH1 with one set of kicker
and RF settings, another fraction to FLASH2 with dif-
ferent settings [29, 30]. With this scheme, a change of
the longitudinal compression can be achieved, resulting
in the control of the final photon pulse duration for both
FELs independently. A similar system is used for the
European XFEL.

For CW hard x-ray XFEL facilities like Linac Coher-
ent Light Source II (LCLS-II) [24] and SHINE [25-27],
the Q-factor of the SC cryomodules is even higher than
in FLASH and European XFEL, thus the switching du-
ration is longer than 1 ms. Therefore, the method de-
scribed above can only be used to deliver short bursts
of photon pulses to the experimental stations. To illus-
trate this bunch operation model, the timing pattern is
divided into 10 portions of 100 ms as an example. After
100 ms, the bunch pattern repeats itself. It is shown in
Fig. 1. The green line indicates the changes in RF set-
tings. During its flat-top, bunches can be transported
to one of the undulators with the required RF settings.
During a transition time of up to several ms, RF param-
eters are changed to deliver optimal conditions for the
next undulator, etc. The kicker system for the beam dis-
tribution is designed to be fast enough to deliver bunches
to an arbitrary undulator on a bunch-by-bunch basis.

RF signal
FEL-II dumped
(amplitude, bunch train

phase)

FIG. 1. Bunch pattern of burst mode. The bunches between
flat-tops and not those needed (both shown in grey) at the
end stations are extracted and deflected into the intermediate
dump. RF parameters can be customized for each undulator
line independently. Each transition needs the order of a ms,
which means only a few percent of the total available time is
lost.
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100 ms 100 ms 100 ms

Another scheme, of which the theory was discussed in
Ref. [8] for CW FELs, has been experimentally tested in
2018 at FLASH [31]. Here, a special cavity is used with a
slightly different frequency determined by the minimum
bunch spacing. Because of the frequency difference, a
modulation of amplitude and phase can be used to set a
slightly different amplitude and phase for the two FELs.
As a result, bunches can be compressed differently in an
interleaved train. Minimally a single cavity with this fre-
quency difference is needed for each bunch compressor.
This would be sufficient for FLASH, but for larger dif-
ferences in compression phases, maybe several cavities
will be required. By adding another set of cavities for
each compressor with a 3¢ frequency appropriately cho-
sen, an additional modulation can be used for 3 FELs,
etc., as shown in Fig. 2. Compared to the previous mod-
ulation shown in Fig. 1, there is no flat-top RF setting.
Instead, a periodic modulation of amplitude and phase is
used. In the example shown, a total of 3 frequencies are
used, which means that only 3 FELs can have indepen-
dent settings. This automatically means, that at several
locations within the RF pulse, the RF settings cannot be
used and the bunch properties at those locations are not
suitable for lasing.

With this scheme, the beam pattern can only be set
periodically. If one undulator line is running at 250 kHz
and another at 125 kHz, a third beamline cannot use
the empty RF buckets with an independent compression
phase. The strength of this method is that it is very sta-
ble in view of the high @-Factor of the SC cryomodules.
On the other hand, intrinsic stability also means that
non-periodic bunch patterns are not possible and many
possible bunch locations cannot be used, which becomes
worse as the number of independent settings increases
due to an increased number of undulators, resulting in a
strongly reduced repetition rate. An additional disadvan-
tage is that the detuning of standard cavities is limited
to about 250 kHz for FLASH. This implies that for two
undulator lines, the maximum repetition rate is 250 kHz
each. With more undulator lines in parallel, the maxi-
mum repetition rate further decreases. For a detuning
larger than 250 kHz, dedicated cavities would need to be
produced. Also, this amplitude and phase of the lineariz-
ing module (at 3.9 GHz) are not modified, which means
that the linearization of phase space can only be opti-
mized for one FEL. Therefore, if two FELs use a seeding
scheme, which needs a flat current profile, this may be-
come a problem with this scheme.

IV. CHANGING BUNCH COMPRESSOR
SETTINGS

Both approaches described in the previous section fo-
cus on adjusting the RF parameters to change the com-
pression for each undulator line. Because the RF filling
time is too slow to change the properties between the
successive bunches, the parameters c; cannot be used
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FIG. 2. Bunch pattern with detuned cavities, in this case
with 3 different frequencies, as shown by the green line. The
bunches are distributed equally between undulators. The
bunches not needed for each of the undulators are diverted
to the intermediate dump and cannot be used by another
FEL instead. RF parameters can be customized periodically
for each undulator line independently.
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FIG. 3. The schematic of dipole-kicker combination in a typ-
ical 4-rectangular-dipole chicane.

for fast switching in a CW FEL. Instead, the proposed
scheme is based on slightly adapting the dispersive coef-
ficient Rsg. The dipoles themselves are left without any
changes during the operation since tuning the magnetic
field distribution of dipole magnets within the chicanes is
too slow to achieve the modulation on a time scale of mi-
croseconds, but a kicker is installed at each dipole within
the chicane, as shown in Fig. 3.

Changing the Rsg of the chicane possibly has three
consequences. Firstly, the longitudinal dispersion of the
chicane is altered. Secondly, the arrival time of the bunch
in the RF structures downstream changes. Lastly, there
is an impact on the energy gain downstream of the chi-
cane. These impacts are discussed separately below.

A. Change of Rs¢

As already mentioned in Eq. 5, Rsg ~ —02 Lyise, With
0 the deflection angle by the dipoles. If the deflection
angle by the kicker is 6, the kickers alone will create an
Rs6 ~ —(66)? Layiy, which is around 10~ and will hardly
be visible. However, a dipole-kicker combination will add

AR56 ~ —2959Ldrift, (10)
which is of percent level of the main effect and is in prac-

tice enough for the small changes needed.

B. Change of effective RF phase

The deviation in trajectory lengths of the different elec-
tron bunch modes is AL = ARsg/2. This results in the

arrival time deviation in the following RF cavities, hence
the phase differences of the two modes are expressed as
follows:

A(ZSRF:QWX%:QT(XALJC

~ 1.56 950Ldrifta (11)

where A and f are the wavelength and the frequency of
the RF pulse, and c is the light speed in the vacuum,
where we substituted into the Eq. 11 the L-band (1.3
GHz) cavities. In practice, it means that the change in
the compression phase is a fraction of a degree.

C. Change of energy gain

For a string of cavities, assuming a phase change of
A¢gr as given in Eq. 11, the total energy change is

AE A¢rp

f ~ 7A¢RF(T + tan(gbRp)) (12)

With the original acceleration close to the on-crest phase,
Eq. 12 results in a 10~ *-effect, which does not play a sig-
nificant role, but for a compression phase, the dominant
term in Eq. 12 is linear in A¢grr and will result in a mea-
surable effect. The caused energy discrepancy can not
be compensated by adjusting the RF voltage due to the
high quality factor in SC XFELs. It is hard to predict
if this will result in additional beam loss, especially of
halo particles. The optics mismatch, which is a logical
consequence, can be compensated after separation of the
beams in the distribution area in front of the undulator
lines. To avoid accumulation of the effect, for several
bunch compressors, the kicker settings have been chosen
such, that they add a kick to the dipoles in one compres-
sor, but reduce the kick in the next.

BC1 L2 BC2 L3

. Dipole magnet

f/j/’ Kicker magnet

Mode 1 (with kickers on)
Mode 2 (with kickers off)

FIG. 4. Layout of the typical two-stage bunch compression
section in XFELs. The red and green lines indicate the dif-
ferent beam orbits and relative arrival times in the cavities.

The schematic of the method for the complete facility
is presented in Fig. 4. The accelerating modules are lo-
cated between and after the two dispersive sections. The
kickers are combined with each individual dipole magnet
in the standard 4-dipole C-shape chicane section. The
electron bunches travel with the same trajectory until the
entrance of the first bunch compressor chicane (BC1) in



the linac section. At the first dipole of BC1, one elec-
tron bunch mode will travel through the dispersive sec-
tion with the group of fast kickers powered off (mode 1),
while under the influence of the fast kickers, the other
bunch will be deflected with a different bending angle
0 £ 00 and therefore with a different density compression
ratio (mode 2). The section is an achromatic structure for
both modes with kickers on and off, there is no transverse
offset or angle at the exit, only the compression varied.
In the following cavity (L2), the bunches from different
modes witness slightly different RF phases due to the
varied arrival times. Similar to the operation scheme in
BC1, in the second magnetic chicane (BC2), the current
profile can be managed by slightly changing the Rs¢ with
the activated fast kickers. As a consequence, the devia-
tion of the traveling path leads to different energy gain
in the downstream accelerating cavities.

Additionally, kickers can also be added in the laser
heater chicane in the injector section to achieve the ar-
rival time difference in the cryomodules before the bunch
compressors. This would cause effectively a phase change
in L1, which would be equivalent to a change in cl, but
because the modules in front of the laser heater chicane
are not operated off-crest, the dispersion will not change.
The advantage is that the first change is at low energy,
which makes the kickers more effective. The disadvantage
is that you start in the injector already with an energy
mismatch, which needs to be compensated. Therefore,
in the following sections of this paper, this option is not
pursued.

V. SIMULATION RESULTS

In this section, the beam dynamics simulation based
on the SHINE design is presented using the proposed
scheme. The facility layout is presented in Fig. 5. The
photoinjector section of SHINE provides the electron
bunch charge of 100 pC. The 216.7 MHz VHF gun cav-
ity is followed by the 1.3 GHz buncher modifying the
bunch longitudinal distribution with velocity bunching.
The injector also consists of a single 9-cell cryomodule
and an eight 9-cell cryomodule to accelerate the electron
bunch to 100 MeV. A laser heater is used to suppress the
microbunching instability. The main accelerating sec-
tion includes the superconducting linac L1, which runs at
the off-crest phase to produce the energy chirp for bunch
compression. At the end of L1 is the 3.9 GHz harmonic
module to linearize the longitudinal phase space. The
first bunch compressor chicane BC1 is located behind L1
at a beam energy of nearly 300 MeV. The second acceler-
ating section, L2, accelerates the beam to a beam energy
of around 2.05 GeV and provides the necessary energy
chirp for the final longitudinal charge compression, which
takes place in BC2. Downstream of BC2 there are two
accelerating sections, L3 and L4, to increase the beam
energy to 5 and 8 GeV, respectively. A corrugated struc-
ture is placed at final energy as a dechirper to compensate

for the correlated energy spread.

FIG. 5. Layout of the SHINE facility.

Downstream of the linac section, the beam is dis-
tributed in up to 6 undulators, located in three tun-
nels. Three additional undulators is foreseen for future
upgrades. The modified design with integrated kick-
ers in BC1 and BC2 aims to provide electron bunches
with two different longitudinal properties in the linac to
drive the FEL lasing in the corresponding configuration.
In the previous design of SHINE, the three undulator
lines are driven by the same 8-GeV electron bunch to
generate FEL pulses with different designed wavelength
ranges at repetition rate up to 1 MHz [27]. As mentioned
before, the first and third undulator lines (FEL-I and
FEL-III) are operated in SASE [9, 10] and self-seeding
mode [32-37] to cover the photon energy of 3-15 keV
and 10-25 keV, respectively. The FEL-II is specifically
designed as a soft X-ray undulator line, covering a pho-
ton energy range from 0.4 to 3 keV. It is the most ver-
satile undulator line, incorporating various modes such
as SASE, self-seeding, high-gain harmonic generation
(HGHG) [11, 38, 39], echo-enabled harmonic generation
(EEHG) [12, 13, 19, 40], and other advanced FEL modes
[20, 41-44]. The FEL-II could employ the EEHG-HGHG
cascading scheme to generate fully coherent soft X-ray
FEL pulses. This configuration requires highly stringent
spatial and temporal synchronization between the elec-
tron bunch and the seed laser, thus necessitating a more
uniform longitudinal beam phase space with a relatively
longer bunch length [43, 45]. In contrast, it also requires
electron bunches with a high peak current to produce
high-power SASE pulses in FEL-I and FEL-ITI. As a re-
sult, stronger longitudinal compression is indispensable
to achieve a high peak current of more than 1.5 kA, which
corresponds to a bunch length of about 30 fs for a 100
pC bunch.

Here, we demonstrate the feasibility and effectiveness
of the dipole-kicker scheme through start-to-end simula-
tions based on SHINE physical design. The beam dynam-
ics simulations based on SHINE are conducted with the
ELEGANT, which includes collective effects such as lon-
gitudinal space charge, coherent synchrotron radiation,
and wakefield effects [46]. The GENESIS code is used to
perform FEL simulations [47]. If the kicker combination
exerts the bump in the same direction as the bending
dipoles, the electron bunch will experience stronger lon-
gitudinal compression and a slight arrival time delay in
the following RF section. Since the kickers can add a
flexible bump on the nominal beam trajectory, they can



kick the bunches in or against the bending direction to
enhance or weaken the compression.

We consider two electron beam modes, which have the
same bunch properties until the entrance of BC1. Here,
mode 1 is referred to as the nominal operation without
activating the fast kickers, while electron bunches op-
erated in mode 2 are exerted with an additional bump
strength from the fast kickers in the dispersive sections.
Table I presents the detailed chicane parameters and
beam dynamics properties of the two modes. Note that
in SHINE, bunches in the chicane are deflected in the ver-
tical plane. Here, the strength from kickers is decreasing
the bending angle of dipole magnets, resulting in a re-
duced Rsg strength and an early arrival in the L2 section.
Though the momentum compaction factor is smaller, it
can introduce a larger chirp required in the following dis-
persive section to achieve the target peak current. Fig-
ure. 6 presents the comparison between the two modes of
dispersive function values Rs¢ and R3g along BCI.

TABLE I. Parameters of two bunch modes at BC1.

Parameter Unit Mode 1 Mode 2
Nominal beam energy MeV 297 297
Energy spread % 1.583 1.583
Drift length between 1% & 2"¢ m 4.7143  4.7143
Drift length between 2"¢ & 3¢ m 1.75 1.75
Length of dipole magnet m 0.2 0.2
Length of kicker magnet m 0.2 0.2
Dipole Magnetic field T 0.39 0.39
Kicker Magnetic field mT 0 -1.10
Bending angle degree 4.526 4.539
Momentum compaction Rse mm -62.003 -61.677
Phase difference in L2 degree 0 -0.265
0.01 BC1 01
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FIG. 6. The evolution of dispersive function values Rss and
R3¢ along the BC1 from the two mode.

The longitudinal phase space of the beam is presented
at the BC1 exit for the two operation modes in Fig. 7.
No significant difference can be found between the two
operational modes. This is attributed to the fact that the
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FIG. 7. Longitudinal phase space distributions at the BC1
end of two modes. (a) for mode 1, (b) for mode 2.

beam energy and chirp upon entering the bunch compres-
sor of both modes are identical. Only a minor difference
in density modulation introduced by the kicker magnets
exists, which causes slight deviations in the trajectory of
the beam transport within the dispersive section. This
introduced variation in the arrival times can be estimated
by Eq. 11. As the L2 section imprints the required energy
chirp on the beam longitudinal phase space using an off-
crest accelerating phase, this scenario varies the energy
chirps of bunches from the two operational modes.

For bunches operated in mode 2, the Rsg strength of
the chicane is reduced, but its accelerating phase in the
cryomodules will deviate away from the crest, increasing
the introduced energy chirp. Meanwhile, due to the re-
duced energy gain, the bending angles imposed by the
dipole magnets in BC2 will be larger. Moreover, the
kicker combination adds an additional kick strength to
enhance the compression in BC2. These factors can work
together to adjust the compression in the second-stage
bunch compressor to induce the required final compres-
sion. The chicane parameters and beam properties at the
second dispersion section are shown in Table II.

TABLE II. Parameters of two bunch modes at BC2.

Parameter Unit Mode 1 Mode 2
Nominal beam energy MeV  2056.5  2050.6
Energy spread % 1.584 1.584
Drift length between 15 & 2"¢ m 9.9072  9.9072
Drift length between 2" & 3¢ m 1.75 1.75
Length of dipole magnet m 0.55 0.55
Length of kicker magnet m 0.2 0.2
Dipole Magnetic field T 0.567 0.567
Kicker Magnetic field mT 0 3
Bending angle degree 2.616 2.621
Momentum compaction Rse mm  -43.950 -44.290
Phase difference in L3 degree 0 0.2808

In the SHINE linac design, the compression in BC2 is
much larger than in BC1. The more the modulation, the
more distortion can be observed in the final longitudi-
nal phase space. Fig. 8 shows the comparison between
the two modes of dispersive function values Rsg and Rsg
along the BC2 section, from which we can find the max-
imum dispersion in the chicane sections is around 0.5
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FIG. 9. Longitudinal phase space distributions at the linac
end of two modes. (a) for mode 1, (b) for mode 2.

m. The final longitudinal phase space distributions are
presented in Fig. 9. The RMS bunch length can vary
from 3.9 pm to 10.7 um with a slight deviation of beam
energy from the nominated mode by about 5 MeV at a
nominal value of around 8 GeV. It demonstrates that the
proposed scheme successfully realizes the flexible bunch
length control in a CW XFEL facility.

Furthermore, Fig. 9(b) shows the typical single-spike
shape in the current profile after undergoing intense non-
linear density modulation, which is distorted by nonlin-
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FIG. 10. Beam slice properties of the two operation modes.
(a) for mode 1, (b) for mode 2.

ear effects. A dense distribution at the head and/or tail
of the bunch is a common phenomenon due to the non-
uniform compression ratios along the longitudinal dis-
tribution. This amplifies slice energy spread and slice
transverse emittance. Figure 10 compares slice beam
properties between the two operation modes. It illus-
trates that for short bunch mode with high peak cur-
rent, the favorable slice parameters are well-preserved in
the bunch core, meeting the requirements for subsequent
SASE mode operation. Thus, the kickers in the bunch
compressor accomplish the final bunch length adjustment
by more than a factor of two in the core of the bunch, al-
lowing a change of operation mode from externally seeded
FEL to SASE FEL.

Because the beam in the cryomodule downstream of
the BC1 has a different accelerating phase with the kick-
ers switched on, there is a small deviation of beam energy
at the entrance of the second bunch compressor. As the
bunches from mode 1 and mode 2 are inverted in the two
bunch compressors (decreased Rsg strength in BC1, but
increased Rjse strength in BC2), the final bunch energy
from the two modes doesn’t differ much. The final en-
ergy of the long bunch is 7955 MeV and 7949 MeV for



the short one, as can be examined in Fig. 9.

To demonstrate the electron beam parameters are sat-
isfied for both the externally seeded FEL and the SASE
FEL, we simulate the FEL performance in both FEL-
II and FEL-IIT undulator lines, respectively. The longer
bunches of mode 1, with the kickers switched off, are de-
flected to the FEL-II which is designed to the cascaded
EEHG-HGHG configuration [43]. In our simulations, two
seed lasers can be split precisely from optics, resulting in
negligible relative timing jitter. For the sake of simplic-
ity, we only consider the relative timing jitter of the seed
laser and the electron beam at the entrance of the mod-
ulators. The pulse duration of the seed lasers is 20 fs
(FWHM), and a relative timing jitter of 3 fs (RMS) is
assumed. Figure 11 presents the power and spectrum of
the output FEL performance after the first stage. The
mean pulse energy of the 5 nm FEL after the first stage
EEHG is 10.24 pJ with a standard deviation of 0.7 pJ and
a jitter of 6.87 %. The output FEL from the first stage
EEHG is used to seed the second stage HGHG with the
fresh bunch technique. Figure. 12 shows the final output
FEL performance after the second stage HGHG at 24 m,
with a mean pulse energy of 46.43 pJ, a standard devia-
tion of 2.29 uJ, and a jitter of 4.93 %. Driven by the long
electron bunches of mode 1, the output FEL pulse energy
stability of the cascaded EEHG-HGHG configuration is
at least four times better than that of the short-bunch
operation.
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FIG. 11. The 100 shots output FEL performance from the
first stage EEHG. The gray lines represent FEL pulses with
different temporal interaction positions between the electron
beam and the seed laser. The red line represents one of the
shots.

The baseline operation mode of FEL-IIT is SASE,
which prefers shorter bunch with a higher peak current.
The simulated FEL performance at the photon energy of
15 keV based on the electron bunch of mode 2 is pre-
sented in Fig. 13. Despite the non-uniform compression
leading to spike formations at the head and tail of the
bunch, the transverse emittance and slice energy spread
in the central part of the bunch are still well-preserved.
These properties ensure a good SASE performance, re-
sulting in a pulse energy of 291.54 pJ and a peak power
of 96 GW.
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FIG. 12. The 100 shots final output FEL performance from
the second stage HGHG. The gray lines represent FEL pulses
with different temporal interaction positions between the elec-
tron beam and the seed laser. The red line represents one of
the shots.
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FIG. 13. Simulated power profile (a) and spectrum (b) of the
SASE pulse using the electron beam of the short-bunch mode.

VI. DISCUSSION

We verify the feasibility of the dipole-kicker combina-
tion with start-to-end simulations. While these simula-
tions demonstrate the potential of the proposed scheme,
additional technical considerations must be addressed be-
fore implementing it in practical operation at a continu-
ous wave (CW) XFEL user facility.

One significant question is the availability of kick mag-
nets in terms of switching speed, stability, and strength.
The resonant kickers installed at SwissFEL have the re-
quired properties. However, it is unclear regarding the
rapidity with which both flanks go to zero before the next
bunch arrives. The kickers installed for the intermediate
dump at European XFEL have the speed and amplitude
of the magnetic field, but the stability remains a con-
cern. Hence the feasibility of extending this system to
CW machines requires more exploration.

One approach to mitigating instability is to power all
the kickers in series with a single power supply. With sta-
bility of the order of one percent, this configuration will
not result in a (fluctuating) transverse angle and offset
and the jitter will only result in a change in Rs6. How-
ever, the effect is of percent level of an already small effect
and is believed to play a minor role. This should never-
theless be checked in a future study. With the kickers in



series, the amplitude of the kicker pulses will attenuate
with each kicker. The difference in travel time between
electron bunches and field between the kickers gives rise
to a shift in time along the kicker pulse from kicker to
kicker, which in turn leads to a minimum length of the
kicker pulse required or, for a given kicker, on the max-
imum length of the chicane in which they are installed.
The loss in kicker power can be compensated by adding a
chirp on the kicker pulse which exactly compensates the
attenuation.

Another potential problem could arise if quadrupoles
are integrated into the chicane. As the trajectory within
the chicane is different with kickers powered on and
off, these kinds of chicanes can only be used if the
quadrupoles are outside of the kicker system. If the
kickers are placed between the outermost dipoles, the
quadrupoles would need to be in front of the first and
behind the last kicker. In the BC2 section of SHINE, it
is possible, but the BC1 chicane would need to be much
longer than currently designed, otherwise, a scheme with
an integrated quadrupole can not be implemented.

VII. CONCLUSION AND OUTLOOK

This paper proposes a multi-bunch-length operation
for CW XFEL facilities based on fast kickers. This
method facilitates the generation of bunch patterns with

arbitrary compression scenarios to drive the FEL lasing
in several undulator lines based on each specific operation
mode. Start-to-end simulations based on SHINE physics
design demonstrate that this dipole-kicker combination
scheme can realize bunch-to-bunch current profile con-
trol that meets the requirements for different undulator
lines. Although only the operation mode of two bunch
lengths is presented in this paper, this approach can also
be extended to arbitrary bunch length modes. The kicker
amplitudes assumed in this paper are rather conserva-
tive and were derived from the specifications at European
XFEL with very large apertures of around 30 mm. With
a reduced kicker aperture, the kicker amplitude can eas-
ily be increased by a factor of 2 with the same stability
parameters.
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