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X-ray free-electron lasers (XFELs) open a new era of X-ray based research by

generating extremely intense X-ray flashes. To further improve the spectrum

brightness, a self-seeding FEL scheme has been developed and demonstrated

experimentally. As the next step, new-generation FELs with high repetition

rates are being designed, built and commissioned around the world. A high

repetition rate would significantly speed up the scientific research; however,

alongside this improvement comes new challenges surrounding thermal

management of the self-seeding monochromator. In this paper, a new

configuration for self-seeding FELs is proposed, operated under a high

repetition rate which can strongly suppress the thermal effects on the

monochromator and provides a narrow-bandwidth FEL pulse. Three-dimension

time-dependent simulations have been performed to demonstrate this idea.

With this proposed configuration, high-repetition-rate XFEL facilities are able

to generate narrow-bandwidth X-ray pulses without obvious thermal concern on

the monochromators.

1. Introduction

The free-electron laser (FEL) opens the door to a new frontier

of high-intensity X-ray experiments in various research fields,

e.g. physics (Young et al., 2010), chemistry (Zhang et al., 2014),

life (Seibert et al., 2011) and material sciences (Milathianaki et

al., 2013). Combined with ultra-short duration, refined spatial

resolution and high photon flux, hard X-ray FELs have

become powerful tools to capture simultaneous information

on atomic structure and dynamics, which have been exempli-

fied by the successful operation of various X-ray FEL sources

(Emma et al., 2010; Ishikawa et al., 2012; Kang et al., 2017;

Decking et al., 2020), e.g. the Linac Coherent Light Source

(LCLS). The process of X-ray generation in these machines

is based on self-amplified spontaneous emission (SASE)

(Kondratenko & Saldin, 1980; Bonifacio et al., 1984), in which

the electron beam spontaneous emission is amplified during

the continuous interaction while the electron beam is traveling

through the undulators. The X-rays produced in the SASE

process are transversely coherent; however, due to the

stochastic nature of this process, one cannot fully utilize the

electron beam to generate photons all in a narrow bandwidth

(Andruszkow et al., 2000; Wu et al., 2010; Zhou et al., 2020).
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One efficient way to improve the X-ray temporal properties

is the self-seeding technique, which has been demonstrated

experimentally at LCLS (Amann et al., 2012). With an inserted

transmissive monochromator in the undulator system, the

SASE FEL spectrum is filtered and a narrow-bandwidth wake

seed is generated. Then, the narrow bandwidth seed will be

amplified in the later undulator segments. In this way, the

self-seeding scheme improves the FEL spectrum brightness

dramatically. Naturally, the ‘seed’ property has a strong

dependence on the monochromator properties, e.g. the

material, the atomic reflection layer, inner strain field

(bending, temperature field, etc.). Next-generation FEL

facilities, like European XFEL, LCLS-II (Decking et al., 2020;

Emma et al., 2014), are employing superconducting tech-

nology to improve the repetition rate (X-ray pulse per second)

to the MHz level, to speed up the scientific discoveries

utilizing the FEL pulses. Alongside these advances, these high-

repetition-rate machines will bring new challenges on the

thermal management of the self-seeding monochromator.

Due to the ultra-short duration of FEL pulses, the self-seeding

monochromator would be heated up instantaneously. This

sudden temperature change will induce local strain and elastic

waves (Yang et al., 2018a). For a low-repetition machine, there

is enough time for the monochromator to recover. But for the

high-repetition machines, there is not enough time for the

monochromator to recover before the next FEL pulse arrives.

Strain field induced by this thermal effect would lead to seed

property degradation, e.g. bandwidth broadening, central

photon energy shift (Qu et al., 2020a).

With regard to this issue, various studies on monochromator

thermal control and self-seeding scheme design, e.g. two-stage

transmissive self-seeding, have been carried out (Liu et al.,

2019; Samoylova et al., 2019; Yang et al., 2018b; Geloni et al.,

2011). Meanwhile, recently, it has been demonstrated that

reflective self-seeding schemes can be used to generate

Fourier transform limited FEL pulses (Inoue et al., 2019).

Instead of using the forward Bragg diffraction as the seed, the

reflective self-seeding scheme employs a micro channel-cut

monochromator as the bandwidth filter and utilizes Bragg

diffraction as the seed. Inspired by this success and the

configuration of two-stage transmissive self-seeding, we

propose a scheme that distributes the thermal load on two

reflective, silicon micro channel-cut monochromators with

different atomic layers for reflection: a two-stage reflective

self-seeding (TRSS) scheme. Hence, the thermal effects on

each monochromator would be reduced. Based on this

configuration, using three-dimensional time-dependent FEL

simulation, we successfully demonstrated that it is possible to

generate high-repetition-rate narrow bandwidth X-ray pulses.

2. Two-stage reflective self-seeding scheme

In a FEL, a bunch of highly relativistic electrons are injected

into a periodically varying magnetic field, known as an

undulator. While traveling through the undulator, the elec-

trons are forced to wiggle transversely and emit spontaneous

radiation. This process produces ultra-short bursts of X-rays at

the wavelengths

�r ¼
�u

2�2
0

1þ a2
u

� �
; ð1Þ

where �u is the undulator period, �0 is the electron beam

Lorentz factor, and au is the RMS undulator parameter.

Generally, this process can be described with the well

known one-dimensional model analytically. Universally scaled

collective variables are induced to describe the FEL dynamics

(Bonifacio et al., 1984). The normalized radiation field is

defined as A = E/(4�mc2��ne)1/2 where E is the radiation field,

m is the electron mass, c is the speed of light, ne is the electron

beam density, and � = (au!p /4cku)2/3/� is the Pierce parameter,

with !p = (4�e2ne /m)1/2, the plasma frequency and ku = 2�/�u,

the undulator wavenumber. The bunching factor is defined as

B ¼
1

N�

XN�

j¼ 1

exp �i�j

� �
;

where �j = (ku + kr)z � ckr tj is the ponderomotive phase, kr is

the radiation wavenumber, z is the coordinate along the

undulator axis, tj is time, and N� is the number of electrons

within one radiation wavelength �r . A high-gain FEL process

can be described by

@Aðz; z1Þ

@z
þ
@Aðz; z1Þ

@z1

¼ Bðz; z1Þ þ i�Aðz; z1Þ

@2Bðz; z1Þ

@z2
¼ iAðz; z1Þ;

ð2Þ

where the normalized coordinate variables are introduced, � =

(� � �0)/�0, the relative energy spread, z = z=lg, with lg = �u /

4��, the gain length and z1 = �cðt � z=vzÞ=lc, with lc = �r /4��,

the cooperation length. The solution in the spectrum domain

can be expressed as

aðz; !Þ ¼ bð0; !Þ gðz; !Þ þ að0; !Þ g0ðz; !Þ; ð3Þ

where the prime indicates the derivative with respect to z,

bð0; !Þ and að0; !Þ are the Fourier transforms of the initial

bunching Bð0; z1Þ and the input signal Að0; z1Þ, and gðz; !Þ is

defined as

gðz; !Þ ¼ �i
X3

j¼1

exp i�jð!Þ z
� �

3�jð!Þ � 2ð�þ !Þ
; ð4Þ

and ! are the solutions of the cubic equation �3 � ð�þ !Þ�2 +

1 = 0 (Bonifacio et al., 1994). Here, gðz; !Þ and g0ðz; !Þ
describe the exponential gain of the FEL in the high-gain

regime.

The emitted field spectrum aðz; !Þ consists of two terms.

One, proportional to the initial bunching of the electron beam,

bð0; !Þ, describes the SASE regime, and the other, propor-

tional to the initial field að0; !Þ, describes the seed amplifica-

tion. They are in a linear competition. In the self-seeding

scheme, we have to guarantee that the seed amplification

effect is much stronger than the SASE to keep the spectrum

clean during the FEL gain.
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In a self-seeding scheme, the crystal monochromator can be

well described by the theory of dynamic diffraction (Shvyd’ko

& Lindberg, 2012; Lugovskaya & Stepanov, 1991). Based on

this, one can calculate the frequency filter of a micro channel-

cut monochromator. Then, the relation between the output

seed and input pulse can be described as

aoutð!Þ ¼ ainð!ÞRmonoð!Þ; ð5Þ

where Rmonoð!Þ, a complex function of !, describes the X-ray

diffraction effects of frequency filtering. Then, the X-ray

absorption by the monochromator can be calculated with

Iabpð!Þ ¼ Iinð!Þ 1�
��Rmonoð!Þ

��2 � ��Tmonoð!Þ
��2h i
; ð6Þ

where Tmonoð!Þ describes the forward X-ray diffraction effects.

Fig. 1 illustrates the configuration of the TRSS scheme and

depicts in essence how it works. Similar to two-stage trans-

missive self-seeding scheme (Liu et al., 2019; Geloni et al.,

2011; Yang et al., 2018b), the whole undulator system is split

into three segments separated by two components each

containing a micro channel-cut monochromator, a chicane and

a dogleg. A SASE FEL pulse with sufficient power will be

generated in the first segment of undulators. The first micro

channel-cut monochromator is used to preliminarily purify the

X-ray spectrum. After that, the seed signal will be amplified in

the second segment of undulators and be further purified by

the second micro channel-cut monochromator. Finally, the

seed signal will be further amplified in the third segment of

undulators. As illustrated in Fig. 1, the micro channel-cut

monochromator will induce a transverse shift (shown in side

view) and a delay (shown in top view) between the X-ray pulse

and the electron beam. Similar to the reflective self-seeding

scheme (Inoue et al., 2019), to compensate for the delay, we

use a chicane to generate an electron beam bypass to

synchronize it with the X-ray pulse and employ a dogleg to

induce a transverse shift to align the electron beam with the

X-ray pulse.

The SASE generation in the first undulator section can be

modeled as the case that að0; !Þ = 0 in equation (3). Then at

the first reflective mono, the SASE spectrum will be purified.

Since the chicane would wash out the microbunching in the

electron beam which is still relatively ‘fresh’ (with good

quality), for the next section, we can approximately model it as

a seeded high-gain FEL process with að0; !Þ � bð0; !Þ. This

means that the seed can dominate the electron beam shot

noise which triggers the SASE process. Then the signal

amplified by the second section will be further purified by the

second reflective mono and the so-produced signal will drive

the FEL gain in the final undulator section.

It is worthwhile to mention that the energy absorbed by a

reflective monochromator depends on two factors: (1) the

FEL pulse energy and (2) the ratio between the Darwin width

of the crystal and the bandwidth of the input pulse. Assuming

that the input FEL pulse bandwidth is fixed, if the Darwin

width of the crystal is wider, the absorption ratio (the ratio

between absorbed energy and input pulse energy) will be

lower, since a larger fraction of the spectrum has been

reflected. This leads to higher seeding efficiency, and vice

versa. Of course, if the absorption ratio is fixed, higher pulse

energy means higher absorption. Base on this, by subtly

choosing the atomic layer and undulator length in each

segment, we can make the first monochromator (working with

SASE pulses) have a wider bandwidth, higher seeding effi-

ciency and lower absorption ratio, which helps to reduce the

absorption on the first monochromator. For the second

monochromator, since the input pulse is already narrow-

bandwidth, a further bandwidth reduction will not raise a

thermal issue. This idea provides a way to balance the heat

load on each monochromator.

3. Simulation

In this section, we are going to investigate the performance of

this TRSS scheme by three-dimensional (3D) time-dependent
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Figure 1
Two-stage reflective self-seeding configuration: (a) top view (b) side view.



FEL simulations. Two typical cases have been studied. One is

with the FEL photon energy set to 4.5 keV, close to the lowest

photon energy of the hard X-ray self-seeding operation; and

the other is 9.5 keV, close to the highest photon energy for

LCLS-II High Energy Upgrade (LCLS-II-HE) operation

(Raubenheimer, 2018).

Through these simulations we will observe the evolution

of the average FEL pulse energy and power spectrum. The

undulator system configuration is optimized by revising the

LCLS-II-HE baseline. In total, there are 32 slots in which the

8th and the 16th are replaced with chicanes, and the 9th and

the 17th are reserved for doglegs. The remaining ones are

variable gap undulators, with �u = 2.6 cm. For the 9.5 keV case,

all undulators are enabled, but, for the 4.5 keV case, since the

gain length is much shorter than that of the 9.5 keV case, to

avoid early FEL saturation, we must disable several undula-

tors in the second undulator section. The electron beam

energy is set at 8 GeV and the current is 1.3 kA. Detailed

information of the electron beam parameters is shown in

Table 1. As shown in Table 2, we always choose Si(111) as the

the first monochromator as the preliminary spectrum filter, so

that we can generate a relatively wide bandwidth seed. In the

9.5 keV case, we choose Si(004) as the second monochromator

to generate a narrow-bandwidth seed. In the 4.5 keV case, we

choose Si(311) instead. The reflectivity and absorption curves

of each one are shown in Fig. 2, which are calculated based on

dynamic diffraction theory and equation (6), in which the

input parameter are from X-ray Server (Stepanov, 1997).

Notice that, since the thickness of the silicon used to manu-

facture the micro channel-cut monochromator is thick

(500 mm), much longer than the absorption length, the trans-

mission is almost zero.

We employ Genesis 1.3 (Reiche, 1999), a 3D time-depen-

dent FEL simulation code to demonstrate our idea. Based on

the simulation, we find that in order to capture well the

stochastic nature of a SASE FEL, we need to run 25 simula-

tions with different initial electron beam shot noise for each

photon energy. In these FEL simulations, the mono-

chromators are made by perfect crystals. Later in this section,

we will demonstrate that one can effectively suppress the heat

load by cryo-cooling.

For the 9.5 keV case, the seed performance for a TRSS

scheme is shown in Fig. 3. Figs. 3(a) and 3(b) show the spec-

trum impinging on the first reflection point of the first and

second micro channel-cut monochromator, respectively. The

spectrum-domain profile in Figs. 3(c) and 3(d) shows that

there are more modes going through the first monochromator,

which is consistent with the fact that the first monochromator

has a wider bandwidth than the second one. We also can

observe this in the time domain shown in Figs. 3(e) and 3( f).

The comparison of SASE and TRSS at 9.5 keV is shown in

Fig. 4. From Figs. 4(a) and 4(b), we can find that the SASE and

TRSS schemes have similar saturation

power, and to achieve saturation they

need almost the same number of

undulators enabled. By comparing

Figs. 4(c) and 4(d), it is clear that the

TRSS scheme has a much narrower

bandwidth than SASE, around a factor

of nine. Hence, two-stage reflective self-

seeding has a strong advantage with

respect to spectrum brightness.

For the 4.5 keV case, the seed quality

can be found in Fig. 5. The comparison

between SASE and TRSS can be found

in Fig. 6. The slippage effect in the

4.5 keV case is much stronger than that

in the 9.5 keV case and the slippage

effect helps to narrow the SASE FEL

bandwidth (Bonifacio et al., 1994). Thus,

the spectrum brightness improvement

is not as efficient as the 9.5 keV case.

It is about five times better than

the SASE.
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Table 2
Key parameters of the micro channel-cut monochromator.

9.5 keV 4.5 keV

First mono atomic layer Si(111) Si(111)
First mono Bragg angle 12.012 26.063
Second mono atomic layer Si(004) Si(311)
Second mono Bragg angle 28.726 57.278

Table 1
Key parameters of the electron beam.

Parameters Symbol Value Unit

Energy E 8.00 GeV
Current I 1300 A
Normalized emittance �0	x, y 0.35 mm rad
Relative energy spread 
� 0.01243% a.u.
Core part duration �T 10 fs
Repetition rate f 300 kHz

Figure 2
Reflectivity and absorption curves of given atomic layers and photon energies: (a) Si(111) with
4.5 keV X-rays; (b) Si(311) with 4.5 keV X-rays; (c) Si(111) with 9.5 keV X-rays; (d) Si (004) with
9.5 keV X-rays.



Here, we show that the thermal load effects under the

designed operation conditions can be effectively suppressed if

the micro channel-cut monochromator is cryogenically cooled.

We verify this by conducting finite-element analysis (FEA)

using COMSOL Multiphysics software. To avoid excessive

computational load, we simplify the periodic pulse heating by

a quasi-continuous heating as shown in previous studies (Liu

et al., 2019), even though a pulse-by-pulse simulation can be

performed by iteratively carrying out the procedure described

in our previous work (Qu et al., 2020b). The quasi-continuous

analysis can significantly decrease the computational load,

even though it tends to overestimate the residual strain

compared with a pulse-by-pulse simulation. In fact it can give

the actual design some safety margin, if the quasi-continuous

analysis can satisfy the requirements.

The computational domain and corresponding boundary

conditions are given in Fig. 7. Only the first reflection crystal

is simulated because it absorbs around 85% heat load as

compared with about 7% on the second reflection. The

geometry of the monochromator is similar to the micro

channel-cut monochromator used in SACLA hard X-ray self-

seeding operation (Inoue et al., 2019), but the lower part of the

crystal is removed and replaced with a thermal insulation to

improve computational efficiency. Such a simplification, again,

introduces an overestimation of the residual thermally

induced strain because one would expect considerable heat

dissipation through this part. All surfaces in contact with metal

parts [shown in Fig. 2(b) of Osaka et al. (2019)] are assumed to

be cooled to 123 K (near the zero thermal expansion point of

silicon) and fixed in normal direction. All other surfaces (top,
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Figure 4
Performance comparison between SASE and TRSS with photon energy
at 9.5 keV. Gray lines are the result of each shot with a different initial
electron beam noise and black lines show the average result. (a) SASE
FEL gain curve; (b) TRSS FEL gain curve; (c) SASE FEL spectrum
around saturation; and (d) TRSS FEL spectrum around saturation.

Figure 3
Seed performance of the 9.5 keV case. Gray lines indicate each shot
starting from different initial electron beam shot-noise and black lines
show the average seeds: (a) the spectrum impinging on the first reflection
point of the first monochromator; (b) the spectrum impinging on the first
reflection point of the second monochromator; (c) spectrum-domain seed
profile after the first monochromator; (d) spectrum-domain seed profile
after the second monochromator; (e) time-domain seed profile after the
first monochromator; and ( f ) time-domain seed profile after the second
monochromator. P.S. = power spectrum.

Figure 5
Seed performance of the 4.5 keV case. Gray lines indicate each shot with
a different initial electron beam noise and black lines show the average
seed: (a) the spectrum impinging on the first reflection point of the first
monochromator; (b) the spectrum impinging on the first reflection point
of the second monochromator; (c) spectrum-domain seed profile after the
first monochromator; (d) spectrum-domain seed profile after the second
monochromator; (e) time-domain seed profile after the first monochro-
mator; and ( f ) time-domain seed profile after the second monochro-
mator. P.S. = power spectrum.

Figure 6
Performance comparison between SASE and TRSS with photon energies
at 4.5 keV. Gray lines are the result of each shot with a different initial
electron beam noise and black lines show the average result. (a) SASE
FEL gain curve; (b) TRSS FEL gain curve; (c) SASE FEL spectrum
around saturation; and (d) TRSS FEL spectrum around saturation.



front and bottom) are assumed to be thermally insulated and

free of stress. The FEL spot size (FWHM) is about 50 mm and

the spontaneous emission spot size (FWHM) is about 1 mm.

In addition, we summarize the key parameters for thermal

mechanical simulations in Table 3.

The results of maximal strain in 3
 transverse XFEL foot-

print are summarized in Table 3. Among all cases, the maximal

residual strain, even if overestimated by multiple simplifica-

tions, remains negligible (7.06 � 10�9) compared with the

Darwin width. This is attributed to (1) the superior thermal

properties of silicon at cryogenic temperatures, especially near

the zero thermal expansion point around 123 K, and (2) well

controlled incident pulse energy, thanks to a high seeding

efficiency (the pulse energy ratio between the seed and inci-

dent beam) of a reflective monochromator. Therefore, the

crystal is able to avoid the thermal deformation as well as the

resulted spectrum mismatch. Furthermore, in reality one

should expect an even smaller impact, since the thermal load

effect is overestimated in the simulation, as stated previously.

Notice that this method can be further extended to the case

for an electron beam with higher power, e.g. the European

XFEL, by lowering the cooling temperature, which is

straightforward for typical liquid-nitrogen cooling.

It is also worth pointing out that the cooling device for the

reflective monochromator is easier to design as compared with

the counterpart for transmissive monochromator. The trans-

missive monochromator is usually a thin diamond crystal and

vulnerable to the internal strain due to even very minor

external contact. On the contrary, the large crystal size in the

reflective monochromator indicates much stronger resistance

to strain by external force, which is a significant benefit for

cooling implementation. On the other hand, it is difficult to

implement a two-color self-seeding scheme (Lutman et al.,

2014) with the reflective-type monochromator.

4. Conclusion and outlook

A new scheme for solving the thermal load problem of a self-

seeding FEL operated under high repetition rate has been

proposed. We numerically demonstrated that the two-stage

reflective self-seeding scheme has a clear advantage on miti-

gating the thermal load on the monochromator, so that the

narrow spectrum of the output X-ray pulse can be preserved

well. To fully explore the potential of this scheme, one can

consider the crystal detuning effect and taper optimization to

generate high-performance FEL pulses (Yang et al., 2019; Jiao

et al., 2012; Tsai et al., 2019). Also, one can consider using

diamond to build artificial micro channel-cut monochromator

to perform the TRSS scheme to reach higher seeding effi-

ciency. In the future work, we will further investigate

these topics.

Acknowledgements

The authors would like to thank the LCLS operation group for

their dedicated support. The authors thank Diling Zhu, Zhibin

Sun and Aaron Holman for their useful discussion and

comments. The work was supported by the US Department of

Energy (DOE) under contract DE-AC02-76SF00515 and the

US DOE Office of Science Early Career Research Program

grant FWP-2013-SLAC-100164.

Funding information

Funding for this research was provided by: the US Depart-

ment of Energy (DOE) (contract No. DE-AC02-76SF00515);

the US DOE Office of Science (award No. FWP-2013-SLAC-

100164 to Juhao Wu).

research papers

J. Synchrotron Rad. (2021). 28, 44–51 Guanqun Zhou et al. � Two-stage reflective self-seeding scheme for XFELs 49

Figure 7
(a) Residual strain field for the first crystal in the second stage at 4.5 keV under heat load and (b) a zoom-in view near the XFEL footprint. The top, front
and bottom surfaces are assumed thermally insulated and free of stress. All other surfaces are at constant temperature of 123 K and fixed in normal
direction to simulate the mounting.

Table 3
Key inputs of the thermal mechanical simulation.

9.5 keV 4.5 keV

First mono FEL absorption 0.023 0.055 mJ
First mono spontaneous emission absorption 2.96 7.77 mJ
Second mono FEL absorption 0.037 0.25 mJ
Second mono spontaneous emission absorption 2.53 6.52 mJ
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