
Cascaded hard X-ray self-seeded free-electron laser
at MHz-repetition-rate
Shan Liu  (  shan.liu@desy.de )

Deutsches Elektronen-Synchrotron DESY https://orcid.org/0000-0002-6178-051X
Christian Grech  (  christian.grech@desy.de )

Deutsches Elektronen-Synchrotron DESY https://orcid.org/0000-0003-3046-401X
Marc Guetg  (  marc.guetg@desy.de )

Deutsches Elektronen-Synchrotron DESY https://orcid.org/0000-0001-9723-0467
Suren Karabekyan  (  suren.karabekyan@xfel.eu )

European XFEL GmbH
Vitali Kocharyan  (  vitali.kocharyan@desy.de )

DESY
Naresh Kujala  (  naresh.kujala@xfel.eu )

European XFEL GmbH
Christoph Lechner  (  christoph.lechner@xfel.eu )

European XFEL GmbH
Tianyun Long  (  tianyun.long@desy.de )

DESY
Najmeh Mirian  (  najmeh.mirian@desy.de )

Elettra-Sincrotrone Trieste https://orcid.org/0000-0002-6152-2721
Weilun Qin  (  weilun.qin@desy.de )

DESY
Svitozar Serkez  (  svitozar.serkez@xfel.eu )

European XFEL GmbH https://orcid.org/0000-0002-6224-1569
Sergey Tomin  (  sergey.tomin@desy.de )

DESY
Jiawei Yan  (  jiawei.yan@xfel.eu )

European XFEL GmbH
Suren Abeghyan  (  suren.abeghyan@xfel.eu )

European XFEL
Jayson Anton  (  anton@anl.gov )

ANL
Vladimir Blank  (  vblank@tisnum.ru )

Technological Institute for Superhard and Novel Carbon Materials
Ukrike Boesenberg  (  ulrike.boesenberg@xfel.eu )

https://doi.org/
mailto:shan.liu@desy.de
https://orcid.org/0000-0002-6178-051X
mailto:christian.grech@desy.de
https://orcid.org/0000-0003-3046-401X
mailto:marc.guetg@desy.de
https://orcid.org/0000-0001-9723-0467
mailto:suren.karabekyan@xfel.eu
mailto:vitali.kocharyan@desy.de
mailto:naresh.kujala@xfel.eu
mailto:christoph.lechner@xfel.eu
mailto:tianyun.long@desy.de
mailto:najmeh.mirian@desy.de
https://orcid.org/0000-0002-6152-2721
mailto:weilun.qin@desy.de
mailto:svitozar.serkez@xfel.eu
https://orcid.org/0000-0002-6224-1569
mailto:sergey.tomin@desy.de
mailto:jiawei.yan@xfel.eu
mailto:suren.abeghyan@xfel.eu
mailto:anton@anl.gov
mailto:vblank@tisnum.ru
mailto:ulrike.boesenberg@xfel.eu


European X-Ray Free Electron Laser
Frank Brinker  (  frank.brinker@desy.de )

DESY
Ye Chen  (  ye.lining.chen@desy.de )

DESY
Winfried Decking  (  winfried.decking@desy.de )

Deutsche Elektronen-Synchrotron DESY https://orcid.org/0000-0001-6994-4083
Xiaohao Dong  (  dongxiaohao@zjlab.org.cn )

European XFEL
Steve Kearney  (  skearney@anl.gov )

ANL
Daniele La Civita  (  daniele.lacivita@xfel.eu )

European XFEL
Anders Madsen  (  anders.madsen@xfel.eu )

European XFEL https://orcid.org/0000-0001-6594-1029
Theophilos Maltezopoulos  (  theophilos.maltezopoulos@xfel.eu )

European XFEL
Angel Rodriguez-Fernandez  (  angel.rodriguez-fernandez@xfel.eu )

European XFEL
Evgueni Saldin  (  evgueni.saldin@desy.de )

DESY
Liubov Samoylova  (  liubov.samoylova@xfel.eu )

European XFEL
Matthias Scholz  (  matthias.scholz@desy.de )

DESY
Harald Sinn  (  harald.sinn@xfel.eu )

European XFEL
Vivien Sleziona  (  sleziona@fhi-berlin.mpg.de )

European XFEL
Deming Shu  (  shu@aps.anl.gov )

Argonne National Laboratory
Takanori Tanikawa  (  takanori.tanikawa@kek.jp )

European XFEL
Sergey Terentyev  (  s.ter@bk.ru )

Technological Institute for Superhard and Novel Carbon Materials
Andrei Trebushinin  (  andrei.trebushinin@xfel.eu )

European XFEL
Thomas Tschentscher  (  thomas.tschentscher@xfel.eu )

European XFEL

mailto:frank.brinker@desy.de
mailto:ye.lining.chen@desy.de
mailto:winfried.decking@desy.de
https://orcid.org/0000-0001-6994-4083
mailto:dongxiaohao@zjlab.org.cn
mailto:skearney@anl.gov
mailto:daniele.lacivita@xfel.eu
mailto:anders.madsen@xfel.eu
https://orcid.org/0000-0001-6594-1029
mailto:theophilos.maltezopoulos@xfel.eu
mailto:angel.rodriguez-fernandez@xfel.eu
mailto:evgueni.saldin@desy.de
mailto:liubov.samoylova@xfel.eu
mailto:matthias.scholz@desy.de
mailto:harald.sinn@xfel.eu
mailto:sleziona@fhi-berlin.mpg.de
mailto:shu@aps.anl.gov
mailto:takanori.tanikawa@kek.jp
mailto:s.ter@bk.ru
mailto:andrei.trebushinin@xfel.eu
mailto:thomas.tschentscher@xfel.eu
mailto:maurizio.vannoni@xfel.eu


Maurizio Vannoni  (  maurizio.vannoni@xfel.eu )
European XFEL

Torsten Wohlenberg  (  torsten.wohlenberg@desy.de )
DESY

Mikhail Yakopov  (  mikhail.yakopov@xfel.eu )
European XFEL

Gianluca Geloni  (  gianluca.aldo.geloni@xfel.eu )
European XFEL GmbH https://orcid.org/0000-0003-4764-1115

Article

Keywords:

DOI: https://doi.org/

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: There is NO Competing Interest.

mailto:maurizio.vannoni@xfel.eu
mailto:torsten.wohlenberg@desy.de
mailto:mikhail.yakopov@xfel.eu
mailto:gianluca.aldo.geloni@xfel.eu
https://orcid.org/0000-0003-4764-1115
https://doi.org/
https://creativecommons.org/licenses/by/4.0/


Cascaded hard X-ray self-seeded free-electron1

laser at MHz-repetition-rate2

3

Shan Liu1, Christian Grech1, Marc Guetg1,

Suren Karabekyan2, Vitali Kocharyan1, Naresh Kujala2,

Christoph Lechner2,Tianyun Long1,3,

Najmeh Mirian1, Weilun Qin1, Svitozar Serkez2, Sergey Tomin1,

Jiawei Yan2, Suren Abeghyan2, Jayson Anton7,

Vladimir Blank4, Ulrike Boesenberg2,

Frank Brinker1, Ye Chen1,

Winfried Decking1, Xiaohao Dong2,5, Steve Kearney7

Daniele La Civita2, Anders Madsen2, Theophilos Maltezopoulos2,

Angel Rodriguez-Fernandez2,

Evgeni Saldin1, Liubov Samoylova2, Matthias Scholz1, Harald Sinn2,

Vivien Sleziona2,6, Deming Shu7,

Takanori Tanikawa2,8, Sergey Terentiev4, Andrei Trebushinin2,

Thomas Tschentscher2, Maurizio Vannoni2, Torsten Wohlenberg1,

Mikhail Yakopov2, and Gianluca Geloni2

4

1Deutsches Elektronen-Synchrotron DESY, Germany5

2European X-Ray Free-Electron Laser Facility, Germany6

3Peking University, Beijing, China7

4Technological Institute for Superhard and Novel Carbon8

Materials, Russian Federation9

5 now at Shanghai Synchrotron Radiation Facility, China10

6 now at Hamburg University, Germany11

7 Argonne National Laboratory, USA12

8 now at the High Energy Accelerator Research Organization13

KEK, Japan14

15

1



Abstract16

The European XFEL is currently the only high-repetition rate hard17

X-ray free electron laser (FEL) facility in operation worldwide. We sig-18

nificantly improved its capabilities by installing a cascaded Hard X-ray19

Self-Seeding (HXRSS) system, composed of two single-crystal monochro-20

mators. With this system, mJ-level pulses in the photon energy range of 621

– 14 keV with a bandwidth around 1 eV (corresponding to about 1mJ/eV22

spectral density) were generated. Combined with the burst-mode, multi-23

MHz repetition rate of the European XFEL accelerator, the cascaded24

HXRSS setup provides two orders of magnitude higher average spectral25

brightness than any other FEL facility. At 2.25 MHz repetition rate and26

photon energies in the 6-7 keV range, we observed for the first time heat-27

load effects on the HXRSS crystals, substantially altering the spectra of28

subsequent X-ray pulses. Using the cascaded self-seeding scheme, we suc-29

cessfully reduced this effect to below detection level. These results open30

up exciting possibilities in a wide range of scientific fields, exploiting the31

extreme brightness and the narrow bandwidth of HXRSS pulses.32

Introduction33

Modern hard X-ray free-electron lasers (FELs) provide ultra-bright pulses of34

X-ray radiation [1, 2, 3, 4]. In this paper we discuss a unique combination of a35

cascaded Hard X-ray Self-seeding (HXRSS) setup and a burst mode, multi-MHz36

repetition-rate accelerator at the European XFEL that allows delivering thou-37

sands of pulses of radiation per second, with a spectral density up to 1 mJ/eV38

range, increasing both average and peak spectral brightness. This combination39

is the only currently available way to enable new scientific applications requiring40

large photon flux in a narrow spectral bandwidth, like groundbreaking investi-41

gations of nuclear resonances [5, 6] with ultra-narrow bandwidths down to the42

femto-electronvolt, and other extremely demanding experiments including in-43

elastic X-ray scattering [7, 8] and X-ray photon correlation spectroscopy [9, 10].44

Hard X-ray FEL pulses are usually generated by self-amplified spontaneous45

emission (SASE) starting from shot-noise in the electron beam. SASE is char-46

acterized by a limited longitudinal coherence [11, 12, 13], and it can be chal-47

lenging to tailor it for experiments where very narrow bandwidth and high48

spectral brightness are required [14, 15, 16, 17]. Monochromators can passively49

filter SASE light, but only at the expense of the intensity reaching the sam-50

ple [13]. Moreover, at a high repetition-rate facility like the European XFEL,51

heat-load effects decrease the monochromator transmission even when applying52

cryo-cooling [18].53

Self-seeding [19] is an active frequency filtering process that overcomes many54

of these issues by increasing the peak brightness of SASE X-ray pulses and55

decreasing their spectral bandwidth. In a self-seeding scheme, the SASE FEL56

radiation generated in a first part of an FEL undulator is monochromatized57

and subsequently amplified to its final properties in a second part. Compared to58

seeding techniques based on external laser sources [20, 21, 22, 23, 24, 25, 26, 27],59

which limit the final output to nano-meter wavelengths, HXRSS has its strength60

in providing radiation with wavelengths around 0.1 nm and below, enabling61

atomic-resolution experiments. During the past few years, several self-seeding62

experiments in the hard X-ray regime have demonstrated the robustness and63
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flexibility of this method [28, 29, 30].64

However, similar to passive monochromatization, at the high repetition rate65

available at the European XFEL, operation at photon energies lower than about66

8 keV generates excessive heat-load on the HXRSS crystal, resulting in intra-67

train spectral shifts and broadening [31, 32, 33]. To cope with these detrimental68

effects, a cascaded two-chicane HXRSS system has been designed and installed69

at the European XFEL. In this paper, we demonstrate that the use of a cas-70

caded HXRSS setup with two chicanes reduces crystal heat-load effects to below71

detection level. Our HXRSS setup provides pulses with a spectral density up to72

1 mJ/eV range. The unique combination with a multi MHz repetition-rate ac-73

celerator results in about two orders of magnitude increase in average brightness74

compared to any other HXRSS setup worldwide.75

Cascaded HXRSS system76

The European XFEL consists of two hard X-ray undulators, SASE1 and SASE2,77

and one soft X-ray undulator, SASE3 [34]. The cascaded HXRSS system is in-78

tegrated into the SASE2 undulator and is sketched in Fig. 1. This system can79

be used in different modes, including SASE mode (no chicane is used), one chi-80

cane mode (only one of the two chicanes is used), and two chicanes mode (both81

chicanes are used). For the two chicanes mode, operation is set up in three sub-82

sequent steps, relying on the transmissive monochromator concept [35]. First,83

a notch is introduced in the SASE spectrum generated by the first part of the84

undulator U1, by means of transmission through a thin diamond crystal X1,85

oriented to satisfy Bragg’s condition, see Fig. 1a. In the time domain, this fre-86

quency notch corresponds to a trailing wake of monochromatic radiation, the87

seed, delayed with respect to the main SASE pulse, see Fig. 1b. Second, the elec-88

tron bunch is delayed by a magnetic chicane C1 and overlapped with the seed.89

Since the longitudinal dispersion of the chicane (corresponding to a few tens of90

femtoseconds delay) is large enough to wash out the SASE microbunching and91

the power in the seed is much larger than the equivalent SASE shot-noise level,92

the seed can be amplified in a second undulator part U2. These first two steps93

are common for all HXRSS systems based on the transmissive monochromator94

concept. However, unique to our setup, in a third step the seeded pulse impinges95

on the second crystal X2 at the same angle as for X1 to further monochromatize96

the seed pulse and generate another seed. This is then overlapped again with97

the electron bunch after the second magnetic chicane C2 and further amplified98

in the last undulator part U3. Amplification of the pulse beyond saturation is99

enabled by a non-linear variation of the undulator strength as a function of the100

position. This process, known as tapering, maintains the resonance between101

electrons and the seeded pulse, and is enabled by the availability of a long hard102

X-ray undulator with variable magnetic gap (a total of 35 undulator segments103

corresponding to 175 meters of magnetic length).104

Operation with a cascaded HXRSS system leads to clear advantages for105

X-ray free-electron lasers like the European XFEL [34], the first hard X-ray106

facility worldwide driven by a superconducting linear accelerator and operating107

at MHz repetition rate. In contrast to X-ray FELs driven by normal-conducting108

linear accelerators, typically delivering about hundred pulses per second, the109

European XFEL provides ten bursts of X-ray pulses every second, each burst110

3



Figure 1: Layout of the two-chicane HXRSS setup at the SASE2 undulator
of European XFEL. The setup comprises three undulator segments (U1, U2,
and U3) and two monochromatization stages (consisting of a combination of a
four-dipole chicane C1 (C2) and a thin diamond crystal X1 (X2)). A narrow-
bandwidth notch is created in the spectrum by means of a thin diamond crystal
corresponding to the transmission in inset (a). The corresponding intensity pro-
file in the time domain consists of a SASE pulse followed by a trailing wake (inset
(b): red line, calculated; blue data points (head of the pulse to the left), spec-
trometer peak intensity measured by a delay scan of chicane C2 at 9 keV with a
C∗(004) reflection). The electron bunch (cyan) is overlapped with the seed and
amplifies it up to saturation and beyond in U3. The generated X-ray pulse (yel-
low) is characterized by the X-ray Gas Monitor (XGM) pulse energy monitor
and the HIgh REsolution hard X-ray (HIREX) single-shot spectrometer (grey),
located in the photon beam transport approximatively 500m downstream of the
undulator.
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Table 1: Averaged beam properties for SASE and cascaded HXRSS at three
photon energies. Only the first pulses in each pulse train were considered here.
Asterisk indicates operation with two chicanes.

Photon energy

7.5 keV (*) 9 keV 13 keV

electron beam energy 14 GeV 14 GeV 16.5 GeV
SASE mode

pulse energy 1.5 mJ 2.2 mJ 2.2 mJ
bandwidth (FWHM) 10 eV 20 eV 19 eV
spectral density 110 µJ/eV 100 µJ/eV 90 µJ/eV

HXRSS mode

total pulse energy 1.1 mJ 1.2 mJ 0.8 mJ
SASE contribution 0.1 mJ 0.4 mJ 0.3 mJ
bandwidth (FWHM) 1.3 eV 0.8 eV 0.7 eV
spectral density 600 µJ/eV 1000 µJ/eV 700 µJ/eV

typically consisting of several hundred pulses (up to 2700) at an intra-train111

repetition rate of 4.5 MHz, or subharmonics thereof. Seeded operation at these112

repetition rates increases the average brightness of X-ray pulses of up to two113

orders of magnitude, but at photon energies lower than about 8 keV it also114

generates significant heat-load on the HXRSS crystal, leading to intra-train115

spectral shifts and broadening [31, 32, 33]. In this paper we report the first116

experimental results on how a cascaded HXRSS can be used to compensate117

these detrimental effects. The working principle relies on the fact that, while118

the FEL pulse impinging on the first crystal X1 is only SASE, the FEL pulse119

impinging on X2 is seeded. Therefore, for fixed and equal impinging energies120

on X1 and X2, the spectrum of the signal impinging on X2 has higher spectral121

density, see Fig. 1. Consequently, the final seed signal in U3 is larger in the122

case of a cascaded HXRSS monochromator [31]. In other words, cascading123

increases the signal-to-noise ratio between seed and SASE background. We use124

this increased ratio to impinge on the crystals with a lower pulse energy than125

what would be needed with a single HXRSS setup. This eases the heat-load from126

FEL radiation, which is dominant, at low photon energies, over the contribution127

of spontaneous radiation [31]. As a result, cascading two HXRSS setups reduces128

the heat-load and enables HXRSS at MHz repetition rates.129

For photon energies above 8 keV, with an impinging pulse energy below130

50 µJ the heat-load impact on the crystal was found to be negligible in our131

experiments. Therefore, at these photon energies, the cascaded HXRSS system132

can also be operated in single chicane mode. In this case, the second chicane133

(C2) is chosen to obtain higher impinging pulse energy on the crystal and to134

simplify the setup procedure.135

Table 1 summarizes performance and main achievements at three photon136

energies for SASE and cascaded HXRSS. Only the first pulses in each pulse137

train were considered in the table. At the European XFEL the seeded mode is138

requested by users at high repetition rate at different photon energies currently139

ranging from 6 –14 keV. The seeded beam is delivered to users on a regular basis140

with significantly increased spectral density compared to SASE.141
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In the following sections we will report on the best performance in terms of142

spectral density, on the delivery of high-repetition rate pulses at 9 keV, and on143

the impact of heat-load at low photon energies (6 keV and 7.5 keV), which can be144

minimized by cascaded seeding employing both chicanes. In all of the following145

illustrations the electron bunch charge used was 250 pC and the electron beam146

energy was 14 GeV.147

High spectral density148

The highest spectral density achieved at the European XFEL in single chicane149

(C2) mode was obtained at low repetition rate at around 9 keV photon energy.150

Fig. 2a shows the seeded performance, with an average pulse energy of 1.2151

mJ and FWHM of 0.8 eV, compared with the SASE performance of about 2.2152

mJ and FWHM of 20 eV. Both spectra are averaged over 1000 pulses. The153

background was measured by extracting the crystal and amounted to 400 µJ.154

Here, the C∗(004) reflection was used and the optimum chicane delay was found155

to be 45 fs.156

The seeded pulses reach an average of 1 mJ/eV peak spectral density and157

hence exceed SASE by a factor of 10. Fig. 2b shows the photon fraction within a158

given bandwidth, as a function of that bandwidth. More than 50% of the seeded159

pulse is enclosed within ± 0.5 eV from the central photon energy, compared to160

less than 2% of the SASE pulse. Fig. 2c shows a statistical analysis of the seeded161

data. The peak intensity in each spectrum is represented in a scatter plot, the162

lowest peaks corresponding to the lowest total pulse energy. Here, the FEL163

pulses were recorded after saturation and undulator tapering was applied. The164

resolution of the spectrometer was about 0.25 eV per pixel and approximately165

500 pulses out of the ensemble (1000 pulses) was within one pixel. The central166

energy rms jitter was 0.17 eV and the FWHM bandwidth rms jitter was 0.18 eV.167

The peak intensity rms jitter was about 40% and corresponds to a single SASE168

mode in post-saturation regime.169

High repetition rate170

High repetition rate performance of HXRSS at a central photon energy of Ec =171

8996 eV is reported in Fig. 3. The data were taken in a recent user run providing172

400 pulses per train at 2.25 MHz that amount to 4000 pulses per second. As173

in the previous section, the setup was relying on the second chicane (C2) only,174

and operating with the symmetric C∗(004) reflection. However, the optimum175

chicane delay was found to be 19 fs, much shorter than in the previous section,176

due to a shorter lasing window.177

The spectral analysis made on a single train (see Fig. 3a) showed no devia-178

tion from the central photon energy along a train, nor changes in the spectral179

bandwidth. The FWHM, averaged over 100 pulses, is around 1.3 eV. For Fig.180

3a and Fig. 3b, we estimated a spectrometer resolution of 0.25 eV per pixel.181

This confirmed that, also for the case here, there was no visible degradation in182

seeding quality and stability caused by heat-load of the crystal. Therefore, the183

pulse energy could be taken as the relevant figure of merit and the XGM detec-184

tor was used as diagnostics device throughout the run [36, 37]. Fig. 3c shows185

6



Figure 2: HXRSS performance achieved at 9 keV. (a) Comparison of best
seeded (HXRSS) pulse (central energy Ec = 9009 eV, average energy of 1.2
mJ, 400 µJ background, and FWHM bandwidth of 0.8 eV) with typical SASE
at the European XFEL (pulse energy of 2.2 mJ, and FWHM bandwidth of 20
eV). The seeded pulse reaches 1 mJ/eV spectral density, obtained by delaying
the electron bunches by 45 fs. (b) Enclosed photon fraction against FWHM
bandwidth comparing HXRSS and plain SASE. (c) Statistics for the HXRSS
working point. The central energy rms jitter was 0.17 eV, the peak intensity
rms jitter was 40%, the FWHM bandwidth mean was 0.72 eV, and the FWHM
bandwidth jitter was 0.18 eV.
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the distribution of the pulse energies recorded by the XGM as a function of186

the intra-train pulse number after orbit correction. The first pulses in the train187

are systematically underperforming due to a slightly different orbit, ascribed to188

imperfect correction (see supplementary material), which also explains devia-189

tions of the HXRSS spectral density compared to the best performance reported190

above. HXRSS still increased the peak spectral density by about 4.5 times com-191

pared to the best SASE performance reached on the same day, see Fig. 3b. On192

average, the seeded pulse carried about 800 µJ energy, compared to about 3 mJ193

for the SASE case. The SASE background was estimated by extracting the194

crystal and amounted to less than 250 µJ.195

Mitigation of heat-load by cascaded HXRSS at196

lower photon energies197

At lower photon energies, 6 keV and 7.5 keV, the energy absorbed by the seeding198

crystal increases and heat-load effects in a single-chicane setup become measur-199

able and detrimental.200

The performance of HXRSS at 6 keV was studied by seeding with the second201

chicane C2 for different amounts of impinging SASE energy on the crystal.202

During this experiment the chicane delay was 30 fs and the crystal reflection203

used was C∗(111). Results are illustrated in Fig. 4, where we show color-coded204

spectra for different pulses along the train averaged over 900 trains. Here, ∆E is205

defined as the photon energy difference with respect to the central energy. The206

accelerator was running at a repetition rate of 2.25 MHz with 100 pulses per207

train. However, the HIREX spectrometer was only recording one spectrum out208

of every four pulses. Therefore, for a total of 100 pulses, 25 pulses are shown on209

the horizontal axis in Fig. 4. The study was performed both with the undulator210

part after C2 (responsible for amplification) open, Fig. 4a,c,d, in which cases211

the effect of the notch on the spectrum is visible, and closed, Fig. 4b, where the212

seeded signal after amplification is shown.213

In the case of an average impinging SASE energy of 50 µJ, a change in the214

shape of the spectral notch along the train can be observed as shown in Fig. 4a:215

within 100 pulses it becomes wider, with a central shift of about 0.8 eV. The216

width of the spectral notch increases from 0.7 eV to 1.8 eV, which is comparable217

with the HXRSS bandwidth, 1 eV FWHM. The corresponding amplified signal218

is shown in Fig. 4b: the effect of the 0.8 eV shift in the notch is reflected in an219

analogous shift of the spectral peak of the self-seeded signal. When impinging220

with about 10 µJ, Fig. 4c, there are no heat-load effects on the notch. However,221

the impinging energy is too small for signal amplification. Finally, in the case222

of about 200 µJ impinging average SASE energy (Fig. 4d) one can observe a223

much stronger influence of the heat-load, and the seed could not be amplified224

anymore. This is attributed to a combined effect of poor seed signal, due to the225

widening notch bandwidth, and a spoiled electron beam.226

Similar studies have been performed at 7.5 keV, using the same crystal re-227

flection C∗(111). In this case, the optimal impinging SASE energy level was228

found to be 35 − 40 µJ, recorded by the XGM (see supplementary material).229

Once the optimal impinging SASE FEL pulse energy was found, working at230

2.25 MHz repetition rate but with 400 pulses/train, we observed a change in231
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Figure 3: HXRSS performance during user delivery at high-repetition rate. (a)
Spectra of every 4th pulse within a single train at 2.25 MHz at Ec = 8996 eV.
There is neither a shift of the central photon energy, nor a change in the spec-
trum along the train indicating the absence of heat-load effects. (b) Compari-
son between seeded and SASE pulses, averaged over 1000 pulses, in single-pulse
mode. The spectral density in seeded mode increased by a factor of 4.5. The
central energy of the seeded signal was Ec with a single-shot FWHM bandwidth
of about 0.9 eV. The SASE central energy was slightly shifted to Ec2 = 8999 eV
with a FWHM bandwidth of about 19.2 eV. (c) Pulse energy as a function of
the pulse number after orbit correction according to the center of the pulse train
in self-seeding configuration. The red dots are average values, the half-width of
the colored band indicates the standard deviation computed from 1000 trains.
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Figure 4: Heat-load effects at 6 keV photon energy. Color-coded spectra as
a function of the position down the pulse train (one pulse spectrum in four
was recorded by the spectrometer) in the case of 50 µJ average SASE pulse
energy impinging on the self-seeding crystal C2 showing (a) the evolution of the
notch down the train and (b) the amplified self-seeded signal. Panels (c) and
(d) show the evolution of the notch down the train in the cases of 10 µJ and
200 µJ average SASE pulse energy impinging on the self-seeding crystal C2,
respectively.
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the notch shape, and a shift in central energy of 1.6 eV, qualitatively similar to232

the 6 keV case (see Fig. 5a).233

In order to mitigate the heat-load effect on the crystal, seeding simultane-234

ously with both HXRSS systems (C1+C2) were performed, with delays set to235

24 fs and 16 fs, respectively. In the case of C1+C2, the energy level impinging236

on the first and on the second crystal was estimated to be in the few micro-237

joules level. However, since it was already seeded by the first crystal as shown238

in Fig. 5b, a higher signal-to-noise ratio could be achieved, the signal being239

the seed and the noise being the SASE. The higher spectral density available240

for the generation of the seed signal after the second chicane (about five times241

higher than the SASE background) resulted in a spectrum with about 0.9 eV242

FWHM bandwidth, with central energy changes along the train smaller than243

the spectrometer resolution, see Fig. 5c.244

Different performances obtained for seeding with C1 only, or with C1+C2,245

are summarized in Fig. 5d. Data refer to a single pulse in the train, averaged246

over 1000 trains, and correspond to the best performances achieved (on different247

days). In the case of seeding with C1 only, the central photon energy Ec is 7440.7248

eV with 270 µJ/eV spectral density and 0.8 eV FWHM bandwidth. Note the249

presence of side-bands around the main peak, which we ascribe to insufficient250

seeding power. Using both the first and the second chicane C1+C2, we were251

able to seed at Ec = 7440.1 eV, with 600 µJ/eV spectral density, and 0.8 eV252

FWHM bandwidth, without heat-load effects (as demonstrated in Fig. 5c, with253

the same level of impinging energy) and no side-bands visible.254

Discussion and Conclusion255

Cascaded hard X-ray self-seeding has been demonstrated at the European XFEL256

in burst-mode operation at 2.25 MHz, with up to 4000 pulses per second. The257

photon energy range currently explored spans from 6 keV to 14 keV. At the258

low photon energies of 6 keV and 7.5 keV, heat-load on the crystal was con-259

firmed for the first time to affect the spectral properties of the radiation at260

MHz repetition rate, by a shift of the central lasing wavelength along the pulse261

train. The cascaded setup with two chicanes can be used to mitigate heat-load262

effects by increasing the spectral density of the seed, at the price of a slightly263

more complicated tuning and energy scan procedure. The latter, however, is264

straightforward to be automatized.265

For photon energies above 8 keV, the heat-load effect is proven to be neg-266

ligible, therefore one can use a single chicane (C2) to obtain higher impinging267

pulse energy on the crystal and to simplify the setup procedure. With this268

setup we have achieved a maximum spectral density of about 1 mJ/eV at 9269

keV, corresponding to about 4 W/eV of X-ray average power density with 4000270

bunches per second. At 13 keV we observed a factor 8 increase in spectral271

density with respect to SASE (see Table 1) in terms of spectral brightness. A272

mildly amplified seeded signal was also observed at 18 keV, which we believe273

can be further optimized by investigation of the machine settings. There is no274

sharp theoretical limit for HXRSS towards higher photon energies. However,275

the equivalent shot-noise SASE level becomes larger with increasing photon en-276

ergy, and the gain length becomes longer, leading to an effective decrease of277

the seed and of the undulator length available for amplification. We plan to278
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Figure 5: Performance of different HXRSS configurations at 7.5 keV. (a) The
evolution of the notch down the train with impinging SASE energy of 40 µJ on
the second crystal X2. (b) Impinging spectrum at the second crystal X2. The
impinging energy is estimated in the several microjoules level. The self-seeded
spectral peak at Ec = 7440.1 eV impinging on X2 has a FWHM bandwidth of
1.2 eV and is about five times higher than the SASE peak. (c) Color-coded av-
erage spectrum, as a function of the position down trains of 100 pulses, seeding
simultaneously with C1 and C2 (one event in four was recorded by the spectrom-
eter). (d) Comparison of the best seeded performances with the first chicane
C1 - blue color, and with the first and the second chicane C1+C2 (simultaneous
seeding) - orange color.
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study the amplification at higher photon energies in the future and to compare279

with alternative methods for reaching higher photon energies that are currently280

under investigation, for example by relying on harmonics of the fundamental281

wavelength.282

The HXRSS system at the European XFEL is in operation and highly de-283

manded by users. In the first year, it already enabled more than ten different284

user groups to perform experiments (i.e. about 35% of the scheduled delivery285

time). Future work on the HXRSS setup will therefore include both develop-286

ments for fast setup tuning and routine operation and, at the same time, perfor-287

mance improvements in terms of spectral reach, stability, and spectral density,288

as well as advanced techniques (e.g. two-color seeding [38] and harmonics-based289

methods).290
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Methods322

Photon Diagnostics323

The X-ray spectra shown in this paper were collected with the HIgh REsolution324

hard X-ray single-shot spectrometer-II (HIREX-II spectrometer) installed in325

the XTD6 tunnel of the SASE2 undulator. The HIREX-II is identical to the326

HIREX spectrometer installed at the SASE1 undulator [39], with the difference327

that it does not include gratings which can be used as a beam splitter. Thus,328

the spectrometer crystal has to be placed in the direct beam to collect energy329

spectra. For the spectral measurements, a diamond (110)-cut crystal using the330

C∗(220) reflection was employed as dispersive element and a Gotthard detector331

[40] were used.332

X-ray Gas Monitors (XGMs) measure absolutely calibrated single-shot pulse333

energies and average beam positions [37, 36] parasitically. The XGM basic334

mechanism is photo-ionization of rare gas atoms. In the present study the XGM335

was operated with Xenon. The uncertainty of the pulse energy measurement336

is 7–10 % and the beam position is measured with an uncertainty of ±10 µm.337

Note that when the energy goes below the XGM accuracy level (at the standard338

SASE optimized XGM setup, i.e. < 20 µJ), the intensity was estimated by cross-339

calibrating XGM and HIREX spectrometer readings at higher pulse energies.340

Supplementary material341

The SASE2 undulator342

The HXRSS system at the European XFEL is installed at the SASE2 undulator.343

Electrons are fed into SASE2 by an extraction arc, which has a non-negligible344

impact on the phase space of the electron bunches [41]. The undulator is com-345

posed of 35 segments, each with a magnetic length of 5 m and a period of 40346

mm. Between the segments, 1.1 m-long intersections are present, which include347

phase shifters, quadrupoles, air coils, and beam position monitors [42]. There348

are eight undulator segments before the first chicane, and additional eight seg-349

ments between the first and the second chicane, see Fig. 1.350

Chicane systems351

Each C-shaped chicane system is made of four H-type magnets fitting in the352

length of a single undulator segment of 5 m. A minimum inner distance between353

2nd and 3rd magnets of ∆Lc = 1.02 m was required to keep enough space for354

monochromator system installation with a beam position monitor and two valves355

(see Fig. 6). The maximum integrated magnetic field of the bending magnets is356

0.36 Tm, allowing for a maximum delay of 400 fs up to 11.5 GeV electron energy357

and up to 200 fs at 17.5 GeV. This large range is preferred for two-colors pump-358

probe experiments in split-undulator configuration. Finally, in order to enable359
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Figure 6: View of the HXRSS system installed in the SASE2 undulator. The
blue magnets are the dipoles for the chicane system and the chamber in the
middle hosts the crystal monochromator system.

photon pulse diagnostics applications like delay-detune scans [43], a minimum360

delay resolution of 0.1 fs is possible.361

Crystal monochromator system362

Each chicane is equipped with a single crystal monochromator (see Fig. 6),363

consisting of a crystal holder with two crystals each: two (001)-cut, 105 µm-364

thick diamond crystals in each monochromator; two (111)-cut, 100 µm and365

42 µm crystals in the first and in the second monochromator respectively [44].366

In all the results reported in this paper we used (001)-cut diamond crystals367

of about 100 µm thickness. The holders are mounted on a goniometer system368

allowing for pitch angle tuning between 30 and 120 degrees, with the crystal369

surface normal to the incoming X-ray beam at 90 degrees. The roll angle can370

also be tuned between −1.35 and 2.59 degrees, allowing for the generation of371

tuneable multiple colors within the FEL bandwidth.372

Electron beam phase space373

The self-seeding performance depends on the electron phase-space characteris-374

tics. An unchirped electron beam distribution with a flat longitudinal phase375

space would create a nearly Fourier-limited pulse, while non-linear chirps in376

the final amplification part of the FEL are responsible, due to the longitudi-377

nal dispersion in the undulator, for over-compression and under-compression378

of the bunching, leading to deviations from the Fourier-limit. These deviations379

from ideal ”flat” phase-space distribution explain the relatively large bandwidth380

observed during the seeding experiments, which depend on the settings of the381

machine.382

Finally, a linear chirp larger than the seed bandwidth (that is initially limited383

by the temporal windowing operation) would limit the part of the electron384

bunch, in phase-space that is effectively superimposed to the seed and that can385

thus take part to the seed amplification process. At the European XFEL, at386
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all wavelengths we often observe a spectral bandwidth larger than the intrinsic387

FEL bandwidth, a signature of a chirped electron beam. During the HXRSS388

investigations, no direct longitudinal phase-space diagnostics was available. We389

therefore relied on alternative methods [43] which confirmed the presence of an390

energy chirp with the tail of the bunch less energetic than the head. Energy391

chirp values δE/E = 2×10−4 over one femtosecond, with lasing windows in the392

few tens fs duration are not unusual. During the tuning procedure we observed393

that best output corresponds to an optimization of both delay and undulator394

parameters before and after the chicane. The presence of a linear chirp explains395

this experimental observation. In fact, the creation of the seed involves a certain396

part of the electron beam at given energy, while superposition is achieved on a397

slightly different part, having a small energy deviation. The tuning procedure398

scans optimize the final output by providing the best compromise between seed399

creation and optimization.400

Background origin and laser heater401

The background to the narrow-bandiwdth HXRSS spectrum can in principle402

include two separate components: SASE background and sidebands due to mi-403

crobunching instability (MBI) [45]. MBI can affect the SASE signal impinging404

on the crystal by reducing the FEL gain before the monochromator and the405

amplification of the seed. In fact, after the monochromator, the MBI-induced406

energy and density modulations mix with the seeded signal, affecting the spec-407

tral purity and the spectral brightness. MBI can be mitigated by increasing the408

uncorrelated energy spread at the beginning of the linac by means of a laser409

heater (LH) [46, 47, 48]. However, at the European XFEL, the LH strength is410

already optimized based on SASE intensity output before HXRSS set-up, and411

the HXRSS output was not found to be sensitive to fine tuning of the LH. We412

can therefore conclude that, in our case, the main background component is due413

to SASE.414

Orbit correction for high-repetition rate415

In order to distribute the pulses to different undulators with user-defined pulse416

patterns [49], a unique beam distribution scheme is in operation at the European417

XFEL, which combines Lambertson septa [50], long pulse kickers (KL) [51], and418

fast stripline kickers (KS) [52].419

Orbit slope along the pulse train has been observed with multi-pulse oper-420

ations due to the eddy current generated in the KS chamber [52]. In order to421

correct this effect, one of the KL kickers is modulated with a signal derived422

using a feed-forward procedure. Fig. 7 shows the horizontal orbit offset along423

the pulse train before and after the orbit correction. One can see that after424

orbit correction, the orbit slope is flattened to less than 6 µm peak-to-peak425

variation. However, an orbit offset up to 10 µm is still observable for the first426

pulses, which results in a lower seeded pulse energy than for the following pulses427

(see Fig. 3c). This is ascribed to the strong gradient of the orbit slope in the428

beginning of the pulse train. Besides, the feed-forward orbit correction uses one429

of the KL kickers. Therefore, it may not be fast enough to correct the orbit for430

the first pulses due to the limited rise-time in the range of several microseconds.431
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Figure 7: Horizontal orbit offset in front of the undulator, along a single pulse
train for 400 pulses before (blue) and after (orange) orbit correction.

Figure 8: Scan of the seeded spectrum at about 7.5 keV, seeding with C2, while
detuning the first seven undulator segments. Resonance is for K = 3.224.
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Procedure to find the optimum impinging energy on the432

crystal433

The optimum impinging energy for a single-chicane HXRSS scheme (with about434

30 fs delay) was investigated for C2 with only one pulse per train, by closing the435

16 available undulator segments before the crystal, and scanning the self-seeded436

spectra as a function of the detuning from resonance of the first seven undulator437

segments. While performing the scan, the seeded spectra were recorded, see438

Fig. 8. When all segments before the crystal were on resonance, the impinging439

energy level was above 100 µJ, enough for the electron bunch to be spoiled by440

the FEL amplification process, so that the seeded pulse energy level decreased441

substantially for K ≃ 3.22−3.23, where K is the undulator strength parameter.442

When the segments were too much detuned, the seed power level was not enough443

to overcome the electron beam shot-noise and the output seeded pulse energy444

level decreased likewise for K < 3.21 and K > 3.24.445
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[42] Pflüger, J. et al. Undulator Systems and Photon Diagnostics for the Eu-561

ropean XFEL Project. In Contributions to the FEL2005 conference, 23562

(Citeseer, 2005).563

[43] Serkez, S. et al. Delay-detune scan for longitudinal electron beam charac-564

terization at free-electron lasers. Physical Review Accelerators and Beams565

23, 122801 (2020).566

[44] Samoylova, L. et al. Design of hard X-ray self-seeding monochromator for567

European XFEL. In AIP Conference Proceedings, vol. 2054, 030016 (AIP568

Publishing LLC, 2019).569

[45] Marcus, G. et al. Experimental observations of seed growth and accom-570

panying pedestal contamination in a self-seeded, soft X-ray free-electron571

laser. Phys. Rev. Accel. Beams 22, 080702 (2019).572

[46] Saldin, E., Schneidmiller, E. & Yurkov, M. Longitudinal space charge-573

driven microbunching instability in the TESLA Test Facility linac. Nuclear574

Instruments and Methods A 528, 355–359 (2004).575

[47] Huang, Z. et al. Measurements of the linac coherent light source laser576

heater and its impact on the X-ray free-electron laser performance. Phys.577

Rev. ST Accel. Beams 13, 020703 (2010). URL https://link.aps.org/578

doi/10.1103/PhysRevSTAB.13.020703.579

[48] Hamberg, M., Brinker, F. & Scholz, M. Commissioning and First Heating580

with the European XFEL Laser Heater. In Proceedings of the 8th Interna-581

tional Particle Accelerator Conference, Copenhagen, Danmark, 2625–2627582

(2017).583
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