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Thermal load has been a haunting factor that undermines the brightness and

coherence of the self-seeded X-ray free-electron laser. Different from uniformly

pulsed mode, in pulse train mode a thermal quasi-steady state of the crystal

monochromator may not be reached. This leads to a dynamic thermal distortion

of the spectral transmission curves and seed quality degradation. In this paper,

the pulse-to-pulse thermal load effects on the spectral transmission curves and

seed quality are shown, and some instructive information for the tuning process

is provided.

1. Introduction

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

of 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 resolution, and high photon peak

power, hard X-ray FELs have become powerful tools to

capture simultaneous information of the atomic structure and

dynamics, which have been exemplified by the successful

operation of various X-ray FEL sources (Emma et al., 2010;

Ishikawa et al., 2012; Kang et al., 2017; Scholz, 2018), e.g. 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’s sponta-

neous undulator emission is amplified during the continuous

interaction when the electron beam travels through the

undulator sections. The X-rays produced in the SASE process

are transversely coherent. However, due to the stochastic

nature of this process, the photons so generated have a

temporal coherent duration much shorter than the entire

electron bunch duration. Therefore the photons will not be all

in a narrow bandwidth (Andruszkow et al., 2000; Wu et al.,

2010; Zhou et al., 2019).

One effective way to improve the X-ray temporal proper-

ties is the self-seeding technique, which has been demon-

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

inserted monochromator in the undulator system, the SASE

FEL spectrum is filtered and a narrow-bandwidth wake seed is

generated (Geloni et al., 2011). Then, the narrow-bandwidth

seed will be amplified in the later undulator segments. An

alternative method to achieve hard X-ray self-seeding is

to implement a reflective two-bounce monochromator, as

successfully demonstrated at SACLA (Inoue et al., 2019). In

this way, the self-seeding scheme improves the FEL spectrum-

brightness dramatically. Naturally, the ‘seed’ property has a
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strong dependence on the monochromator properties, e.g. the

material, the atomic reflection layer, lattice deformation field

(bending, thermal deformation, etc.). Next-generation FEL

facilities, like European XFEL, LCLS-II (Scholz, 2018; Emma

et al., 2014; Raubenheimer et al., 2014) and LCLS-II-HE

(Raubenheimer, 2016, 2018), are employing superconducting

technology 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. For a low repetition machine, there is enough time for

the monochromator to recover; but for the high repetition

machines, there will not be enough relaxation time before the

next FEL pulse. Strain and surface slope field induced by this

thermal effect would lead to seed property degradation, e.g.

central photon energy shift, bandwidth broadening and seed

pulse energy reduction.

With regard to this issue, studies on thermal load reduction

and cooling have been carried out (Liu et al., 2019; Samoylova

et al., 2019). In addition to thermal load reduction, it is also

suggested that tuning the monochromator with a pitch oscil-

lator (Liu et al., 2019) can achieve better tolerance of the

temperature increase. The implementation of the pitch oscil-

lator actually raises a further question: how should the pitch

angle (glancing angle for LCLS, EuXFEL and PAL-XFEL) of

the monochromator be adjusted to yield better protection

against the seed quality degradation? In this study, we provide

some implications from the simulation perspective for the self-

seeding operation in a pulse train mode, where the crystal

periodically receives a train of pulses at a high repetition rate

and relaxes for some time (Liu et al., 2019). For reflective

hard X-ray configuration as in SACLA, the analysis is

more complicated due to multiple reflections. For simplicity,

we focus on the transmissive self-seeding configuration as

implemented in LCLS, LCLS-II, LCLS-II-HE, EuXFEL and

PAL-XFEL, but similar analysis is also applicable for reflec-

tive configuration. We show the dynamic change of the seed

quality including the transient behavior of the seed central

photon energy shift and seeding efficiency (the pulse energy

ratio between the seed and the incident SASE) reduction

when a quasi-steady state is not reached. We accordingly

address how the monochromator pitch angle should be

adjusted and the pros and cons of this tuning method.

2. Simulation method

In this section, we briefly present the simulation details. The

simulation tool can be divided into three interconnected

modules: diffraction, thermal, and mechanical. The diffraction

module was developed as an in-house MATLAB script based

on Shvyd’ko’s response function method (Shvyd’ko & Lind-

berg, 2012). The thermal and mechanical modules were based

on the commercial finite-element analysis software COMSOL.

During the simulation process, the diffraction module was

implemented first to obtain the seed quality and the absorp-

tance of the crystal. The absorptance then was imported as an

input into the thermal and mechanical module, where the

quasi-static strain and displacement field was simulated and

exported back to the diffraction module to assess the seed

quality of the next XFEL pulse. More details of the simulation

module can be found in our previous work (Qu et al., 2020a;

Qu, 2020)

To evaluate the thermal load effects on the hard X-ray self-

seeding, we choose a typical set of parameters: the SASE

central photon energy is selected as 8.3 keV with 3 mJ pulse

energy, 1.2 � 10�3 relative bandwidth, 40 mm (FWHM) spot

size and 4.54 MHz repetition rate (Liu et al., 2019). The

diamond crystal monochromator is in (4 0 0) reflection of

(1 0 0)-plane surface crystal with geometry specified by

Dong et al. (2017). At the clamped edge of the crystal, the

temperature is assumed to remain at environment tempera-

ture of 300 K due to cooling of the base holder. The cooling

due to radiation emission from the crystal is neglected due to

low crystal temperature. In total, 1000 pulses are simulated.

3. Results and discussions

Fig. 1 presents the temperature rise at the center of the SASE

spot. Following the same terminology as in Liu et al. (2019),

the pulsed results and quasi-continuous results (for validation

only) are plotted and compared. Both curves capture the

accumulated thermal load as more pulses arrive, and both

curves indicate that a quasi-steady state, where pulse-to-pulse

variation diminishes, has not been reached after 1000 pulses.

Therefore, the thermal load is dynamic and varies with time, or

number of pulses.

Accordingly, the seed quality is dynamic and varies from

pulse to pulse as shown in Fig. 2. The central photon energy

is normalized by the central photon energy of the spectral

transmission curve of a perfect crystal. The seeding efficiency

is also normalized by the seeding efficiency of a perfect crystal.

Both the normalized seed central photon energy and the
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Figure 1
Temperature rise history at the center of the SASE spot. The red line
represents the pulsed simulation results, while the thick dash green line
shows the quasi-continuous results where the SASE pulse energy is
averaged over time as indicated by Liu et al. (2019).



seeding efficiency decrease as more pulses passing through the

crystal. After 1000 shots, the seed central energy shifts outside

the half Darwin width [half of the relative bandwidth

1.36 � 10�5 (Liu et al., 2019)], and the seeding efficiency

decreases to about 70% of its original value (when the crystal

is not deformed). The seed bandwidth is not significantly

affected because the spectral transmission curve is not

significantly distorted from a rectangular function shape, so it

is not discussed in this study. More details of the generation of

the wake seed can be found in the book by Geloni (Geloni,

2016).

The decrease of the seed central photon energy is due to the

lattice thermal expansion (strain " > 0), as explained by the

differential form of Bragg condition

�
�E

E
¼
�d

d
þ cot � ��; ð1Þ

where E is the photon energy, d is the interplanar distance and

� is the glancing angle of the SASE pulse. If strain "� ð�aÞ=a =

ð�dÞ=d > 0, then ð�EÞ=E < 0 and the central photon energy

decreases.

On the other hand, the reduction of the seeding efficiency is

attributed to the non-uniformity of the strain (") and surface

slope (��) field within the SASE footprint. A more explicit

explanation based on equation (1) is that ð�EÞ=E varies for

different locations inside the spot if the strain and surface

slope field are non-uniform. For example, within the footprint

(3� range) on the top surface, the maximal and minimal strain

is 6.5 � 10�6 and 4.3 � 10�6. Therefore, the overall spectral

transmission curve, which is a weighted average of all different

locations, will be broadened, leading to the reduction of the

seed quality.

Based on the curves in Fig. 2, the tuning process can be

employed if one is able to vary the angle between the crystal

and the XFEL. By introducing a pitch angle change, ��tuning,

we can rewrite equation (1) and set it to be zero,

�
�E

E
¼
�d

d
þ cot � ð�� þ ��tuningÞ ¼ 0: ð2Þ

By solving equation (2), we obtain the required glancing angle

change (��tuning) and corresponding angular speed of the

motor (!tuning) to keep the seed central photon energy from

shifting, as plotted in Fig. 3. The pitch angle should be adjusted

smaller in an approximately logarithmic manner due to the

mathematical form (harmonic series) of the temperature

evolution (Qu et al., 2020b), which requires the motor to

provide angular speed also in a logarithmic manner.

With tuning, the seed quality is re-evaluated and plotted in

Fig. 2 as the blue triangles and violet diamonds. The seed

central photon energy shift is successfully eliminated, as

indicated by the flat blue curve on the top. However, the

seeding efficiency does not recover to its original value and

still behaves in the same pattern as that in the untuned case.

This is because tuning the crystal pitch angle does not refrain

the non-uniformity of the strain and surface slope field within

the SASE footprint.

The elimination of the seed central photon energy shift

is very important and beneficial to many photon science

experiments. It is also very important for cascade systems with

multiple monochromators: if the spectral transmission curves

mismatch between different monochromators, there could

be significantly increased thermal load on the downstream

monochromator, or there could be no detectable seed gener-

ated from the downstream monochromators. On the other

hand, the seeding efficiency reduction could also be a severe

issue since the self seeding could not work if the seed cannot

remain dominant over the noise.

4. Conclusions

In this study, we simulated the dynamic pulse-to-pulse thermal

load in pulse train mode and evaluated the dynamic seed

quality degradation as a function of number of pulses. Our

results indicate that a quasi-steady state was not reached

under the specified conditions. Both seed central photon

energy and seeding efficiency decrease throughout the simu-

lated 1000 pulses. Based on the simulation, we extracted the

pitch angle tuning curve and show that the seed central photon

energy can be tuned back. However, the seed efficiency

degradation cannot be tuned back in this method.
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Figure 3
The tuning pitch angle change and corresponding angular speed for the
motor with time. The red squares are the tuning pitch angle change, while
the green circles are the angular speed.

Figure 2
The seed quality degradation history due to dynamic thermal load. The
red squares and green circles display the seed quality history without
tuning (the crystal monochromator is fixed), while the blue triangular and
violet diamond lines show the seed quality history with tuning (the crystal
monochromator pitch angle is changing following the tuning curve).



Acknowledgements

This work was supported by the National Science Foundation

(#1637370) and the US Department of Energy (DE-AC02-

76SF00515 and Office of Science Early Career Research

Program grant FWP-20l3-SLAC-100l64). The authors thank

T.O. Raubenheimer, M. Rowen, D. Zhu, J. Kryzwinski, Y.

Feng, L. Zhang, F.-J. Decker, A. A. Lutman, H.-D. Nuhn, J.

Welch, Z. Huang of SLAC, M. Yabashi, T. Osaka of SAC LA,

H.-S. Kang, I. Nam, G. Kim of PAL-XFEL, H. Sirm, J.

Gruenert, S. Liu, S. Serkez, J. Liu of EuXFEL for stimulating

discussions.

Funding information

Funding for this research was provided by: US Dependent of

Energy (contract No. DE-AC02-76SF00515; grant No. FWP-

2013-SLAC-100164); National Science Foundation (grant No.

1637370).

References

Amann, J., Berg, W., Blank, V., Decker, F., Ding, Y., Emma, P., Feng,
Y., Frisch, J., Fritz, D., Hastings, J., Huang, Z., Krzywinski, J.,
Lindberg, R., Loos, H., Lutman, A., Nuhn, H., Ratner, D., Rzepiela,
J., Shu, D., Shvyd’ko, Y., Spampinati, S., Stoupin, S., Terentyev, S.,
Trakhtenberg, E., Walz, D., Welch, J., Wu, J., Zholents, A. & Zhu, D.
(2012). Nat. Photon. 6, 693–698.

Andruszkow, J., Aune, B., Ayvazyan, V., Baboi, N., Bakker, R.,
Balakin, V., Barni, D., Bazhan, A., Bernard, M., Bosotti, A.,
Bourdon, J. C., Brefeld, W., Brinkmann, R., Buhler, S., Carneiro, J.,
Castellano, M., Castro, P., Catani, L., Chel, S., Cho, Y., Choroba, S.,
Colby, E. R., Decking, W., Den Hartog, P., Desmons, M., Dohlus,
M., Edwards, D., Edwards, H. T., Faatz, B., Feldhaus, J., Ferrario,
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Young, L., Kanter, E. P., Krässig, B., Li, Y., March, A., Pratt, S.,
Santra, R., Southworth, S., Rohringer, N., DiMauro, L., Doumy,
G., Roedig, C. A., Berrah, N., Fang, L., Hoener, M., Bucksbaum,
P. H., Cryan, J. P., Ghimire, S., Glownia, J. M., Reis, D. A., Bozek,
J. D., Bostedt, C. & Messerschmidt, M. (2010). Nature, 466,
56–61.

Zhang, W., Alonso-Mori, R., Bergmann, U., Bressler, C., Chollet, M.,
Galler, A., Gawelda, W., Hadt, R. G., Hartsock, R. W., Kroll, T.,
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