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Theinvention of the laser transformed optics by providing intense, coherent light
inthe visible region, but extending this concept to X-rays has been hindered by alack
of suitable gain media and mirrors. Current hard X-ray free-electron laser (XFEL)
facilities' overcome this by amplifying shot noise from a high-peak-current electron
bunch via self-amplified spontaneous emission® in a single pass through long
undulators, delivering very high brightness but with a noisy, multi-spiked temporal
and spectral profile. Cavity-based XFELs (CBXFELs)”® were proposed to close this
gap by recirculating spectrally filtered X-ray pulses in a Bragg-reflecting cavity
synchronized to a high-repetition-rate electron beam. Here we show lasing with
multi-pass gain at 6.952 keV in a132.8-m round-trip diamond-based Bragg cavity'® at
the European XFEL, matched to the 2.23-MHz bunch spacing of the superconducting
accelerator’. Under stringent length and angular stability requirements, a ring-up
inthe cavity across successive bunches was observed, producing spectrally

pure, microjoule-level pulses. This establishes the feasibility of CBXFELs in an
accelerator environment and validates diamond Bragg optics for X-ray resonators.
The demonstrated spectral purity opens a path to next-generation X-ray science,
which demands highly coherent, stable sources.

Shortly after the free-electronlaser (FEL) concept was proposed in the
1970s", the first FEL oscillator was developed? and many such systems
were soon in operation worldwide in the infrared to ultraviolet wave-
length regime®, where high-reflectivity mirrors were well established.
Lacking suitable cavity optics, hard X-ray FELs adopted single-pass,
high-gain self-amplified spontaneous emission (SASE)®. However, SASE
radiation shows significant shot-to-shot fluctuations and is limited
in longitudinal coherence compared with visible-light lasers, with
typical bandwidths of >0.1% (ref. 14). A significant improvement has
been achieved with the self-seeding technique™*°, where a crystal in
Bragg reflection is inserted after an initial undulator section and the
diffracted, filtered radiation is then used to seed a new lasing process
inthe downstream part of the undulator. Thisimproves spectral purity
and spectral flux, yet it does not fully address stability and coherence
limitations. An X-ray laser oscillator was proposed® that exploits stimu-
lated emission from atomic inner-shell transitions® 2> within an X-ray
optical cavity pumped by an X-ray free-electron laser (XFEL) beam, but
acomplete X-ray laser oscillator has not yet been realized.
Asanalternative approach, cavity-based XFELs (CBXFELs)”"®, includ-
ing both high-gainregenerative X-ray amplifier FELs” and low-gain XFEL
oscillators®, trap and monochromatize X-ray pulses in a Bragg-reflecting
cavity around only a few undulator segments and synchronize them
to high-repetition-rate electron bunches. This oscillator scheme has
the potential to generate fully coherent, highly stable and spectrally

pure X-ray pulses analogous to the infrared/ultraviolet oscillators,
while reducing the requirement for very long undulator lines'®*34,

Realizing such a device requires accelerators with sufficiently high
peak brightness, capable of delivering at least tens of electron bunches
atarepetitionrate high enoughto confine the cavity length to a practi-
cal scale of several tens of metres>*. Owing to their exceptional ther-
mal characteristics and high reflectivity, diamond single crystals are
uniquely suited as Bragg reflectors for this application®. Still, there are
considerable technical challenges to overcome torealize such a cavity
inan accelerator environment, as it requires stability and alignment
tolerances at the nanoradian level, while adjusting the overall length
of the cavity to micrometre accuracy”.

Recently, low-loss ring-down of X-rays in a diamond-based cavity
without undulators was demonstrated at the Linac Coherent Light
Source®, showing the feasibility of the X-ray optical requirements,
but no FEL amplification.

Here we report on the demonstration of lasing in an X-ray cav-
ity with intra-cavity undulators™. A schematic of the experimental
set-up is shown in Fig. 1. The last 4 segments with 20-m active length
of the European XFEL SASE1 undulator line were used at an electron
energy of 14 GeV. The undulator segments are enclosed by a pair of
retro-reflecting units at a distance of 66.41 m (cavity path length
132.8 m), each consisting of 1 diamond crystal and 2 perpendicular
X-ray mirrors. The cavity length was fine-tuned to the electron bunch
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Fig.1|Experimental set-up. Schematic of the CBXFEL experiment at the SASE1
undulator line of the European XFEL. The X-ray cavity consists of two diamond
crystalsinBraggreflection working close to backscattering geometry and
two pairs of focusing X-ray mirrors to steer and focus the beam. The surfaces
ofthecrystaland the mirrorsare perpendicular to each other, formingaretro-
reflector. The elementsintheretro-reflector arealigned such that thebeam
afterreflectionreturnsatadistance of 2.67 mm from theincidentbeaminside
thesame vacuum pipe. The downstreamretro-reflector unit (on the right) can
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repetition rate of 2.23 MHz by translating the downstream unit. As
intra-cavity diagnostics, an X-ray transmission grating was inserted into
the beam path that diffracts a small fraction of the beam onto a pho-
todiode. In addition, a transmissive scintillating screen, a single-shot
spectrometer and an X-ray gas monitor located downstream of the
cavity were used to monitor the outcoupled X-ray pulses. Details of
the set-up and alignment procedure are described in Methods. A list
of the mostimportant parameters is given in Extended Data Table 1.
First, the cavity was spatially aligned to a condition, where a ‘cold’
ring-down of individual pulses in the cavity can be observed (Fig. 2,
orange curve). In this case, trains of 100 250-pC electronbunches at a
repetition rate of2.23 MHz were injected into the cavity. Without match-
ing the cavity length, no amplification occurred, and the radiation from
asingle pass of electrons through the undulator was bouncing inside
the cavity, without interaction with further electron bunches. With fem-
tosecond synchronization and micrometre-scale transverse overlap of
the electronbunches and the recirculating, monochromatized photon
pulses, they seed the successive electron bunches, thereby increasing
photon production within a narrow bandwidth. To achieve this syn-
chronization, the length of the spatially aligned cavity was scanned
on the micrometre-scale while monitoring the pulse energy of the
recirculating photon pulses using grating-based in-cavity diagnostics
aswellas the spectrometer and the downstream transmissive imager.
InFig. 3, the cavity length variation is shown on the vertical axis and the
horizontal axis shows the recirculating pulses. When the cavity length
matchestherepetitionrate of the electron bunches, astrongincrease
ofthe spectrometer signal from bunch to bunchis observed. Thiswas
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betranslated to tune the cavity length. The electron beam (blue) is injected
fromtheleft using amagnetic chicane, and the X-ray pulse (red) iscirculating
inthe cavity, overlapping with electron bunches that pass the undulator at

2.23 MHz. Aretractable transmission grating extracts afraction of the circulating
X-rays for diagnostics. Cerium-doped yttrium aluminium garnet (Yag:Ce)
scintillating screens canbeinserted at both sides of the cavity for photon
alignment.

accompanied by a strongrise in signal on the downstream transmissive
scintillator as well as saturation of the in-cavity diagnostics (Extended
DataFig.1). The apparent dependence on the cavity length is conclu-
sive evidence that the oscillator lasing condition has been achieved.

Figure 2 shows the ring-down of the diode signal in seeding condition
(blue curve, grating retracted) as well as for the cold-cavity case (orange
curve, grating inserted). From these curves, the cumulative cavity
reflectivity for a single round-trip is estimated to be 67.3(4)% for the
case with seeding and 75% for the cold cavity (corrected for the grating
losses). Thisis significantly lower than the theoretical combined peak
reflectivity 0f 96.8%. As discussed inliterature®, such differences canbe
attributed to imperfections in the optical components, such as strain
inthe crystals that reduce the peak reflectivity. Inaddition, wavefront
distortionsintroduced by theimperfections of mirrors and crystals lead
to higher cut-offlosses at the finite-length mirror apertures. Inaddition,
imperfect alignment of the mechanics can lead to stronger losses™.
However, this effectis suspected to be small, as the cavity was aligned
by maximizing the ring-downssignal. In the simulation (Methods), the
ring-down s already reduced to 85% by including the finite size of the
mirrors and their measured imperfections.

Spectrainlasing conditiontaken downstream of the cavity are shown
inFig.4. The photon spectrum generated by the firstbunchshows avery
broad distribution with abandwidth of £y, = (21 £ 6) eV full-width at
half-maximum (FWHM), corresponding to a unsaturated SASE spec-
trum from asingle pass. The later bunches, exemplarily shown for the
65th as the last one measured by the spectrometer, produce much
narrower and more intense spectra as aresult of the seeding from the
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Fig.2|Photodiodering-up and ring-down traces. a,b, Baseline-corrected
photodiodetraces averaged over1,000 pulse trains showing ring-up (first

30 pulses) (a) and ring-down (pulse at the last electron bunch and 20 pulses
after) (b) of the seeded (blue) X-ray pulses. The pulses are normalized to the
peak ofthe firstbunch. The vertical dotted lines indicate the bunch number.
For comparison, the signal without seeding is shown in orange. The actual
photodiode signal of both traces are not comparable, as the orange curve was
takenwith gratinginserted and the blue one with grating retracted (98% lower
base signal for the blue curve; Methods). For the blue curve, the first bunches
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showadouble peak structure, where the second peak is caused by the subsequent
electronbunch passing by. The At = 267 ns separation between the minor and the
nextdominant peak corresponds to the round-trip light pathto the downstream
crystaland backto the photodiode. Thisis only visible owing to the lower base
signal of the blue curve. For the ring-up and the pulses 101to 103 in the ring-down,
theblue curveis affected atlarge signal rates by detector saturation, showing as a
flattening of the peaks. Inthering-down, the orange line has additional losses due
tothegrating.
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Fig.3|Cavity resonance scan. Trace of the peak spectrometer signalona
logarithmicscale duringalongitudinal cavity scan with 1-pum step width.

Per step, the average of the ten mostintense trains is shown. The x axis shows
thebunchnumber withinan electronbunch train, with the bunches havinga
2.23-MHzspacing; the y axis shows the cavity delay detuning Az. Near resonance
(Az=0),anorders-of-magnitude increasein the spectral signalis visible,
indicating lasing. Off-resonance, a three-orders-of-magnitude-weaker and
stable signal without gainis observed. Ontheright, the calculated round-trip
gain (Methods) isshown asaviolin plot over the tensamples per step. The Gauss
fitshows that seeding occurs over alongitudinal range of g,= (0.7 £ 0.06) pm.

recirculating photon beam in the cavity. The inset in Fig. 4 shows that
the seeded spectrum has a certain asymmetry. This can be understood
from the very simple outcoupling mechanism used in this demon-
strator set-up: instead of using a dedicated outcoupling mechanism
(forexample, as proposed inrefs. 28,30,40), the photons transmitted
through the downstream crystal were monitored”. The central part
of the spectrum is reflected inside the cavity (see green dotted curve
inFig. 4). Therefore, only the wings of the spectrum generated by a
single pass through the undulator are transmitted in this scheme. This
leads to a double-hump structure in the spectrum of the transmitted
pulse. Owing to the limited resolution of the spectrometer, which is
o= 60 meV rms (Methods), it appears here as an asymmetric curve
Of FWHM Epyyp = (0.24 £ 0.06) €V.

By referencing the spectrometer to a calibrated gas-based X-ray
pulse energy monitor* downstream of the set-up, the per-pulse energy
evolution canbe determined. The maximum pulse energies measured
duringapulsetrainrange from4 pJto13 pJ, varying fromtrain to train,
with an averaged observed gain G per round trip of 0.4 (Methods and
Extended Data Fig. 2b). Considering that only the outcoupled fraction
ismeasured, one can expect the number of photons stored inside the
cavity to be higher, by an amount varying with the evolution of the
intensity’®*® and not quantified during this experiment. Limitations
ofthe current set-up by heat load effects are shownin Fig. 5, where the
integrated spectrum of the outcoupled photon pulse was measured
with the spectrometer as afunction of bunch number. In this case, the
diagnostic grating was retracted to maximize gain. One can see that
for three sampled individual bunch trains, the pulse energy reaches a
maximum, then decays and oscillates back to some average value.
Owingtothelong oscillation period over multiple bunches, this cannot
be explained by shot-to-shot fluctuations in the beam quality. Also,
saturation of the FEL process is expected at much higher pulse energies
ataround 1 mJ (refs.10,39). Compared with the simulation (see the
black dashed line) and as discussed in the literature'®?424 this can
be attributed to heat load effects on diamond crystals, which affect
the FEL processintwo ways. First, the non-homogeneous temperature
distribution leads to heat bumps on the lattice, decreasing the overlap
of the reflected photon pulses with the electron beam. Second, the
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Fig.4|Spectral profile narrowing. Spectrataken downstream of the cavity
set-up. The main panel shows the spectrum generated by the 1stbunchin blue
and by the 65thbunchinred. They-axis scaleis broken to highlight both high
andlow spectral energy densities. Thedipin theblue curve ataphoton energy
E,,=6,951.7 eVis caused by thereflection of the downstream crystal. The dip to
itsrightis caused by another diamond-based beamline component. Theinset
emphasizes the spectrum of the 65thbunch with azoomed-inview. The green
dotted linein theinset shows the calculated, idealized reflection curve of
the downstream crystal. The black dashedline in the inset shows asample
simulation curve based on the experimental parameters (Methods). The
more pronounced right wing of the simulated curve can be traced back to
adifferencein electron phase space between simulation and experiment.

seeded and intensified incident X-rays lead to different temperature
drifts for both crystalsin the range of afew kelvinduring a pulse train.
Atsome point, the lattice constants are too different because of ther-
mal expansion and the reflection curves of the two crystals do not
overlap anymore. Then the photon field decays, resulting in atempo-
ral decrease of heatload and, thus, to aresponse loop causing the pulse
energy to oscillate. As shown in simulations'®**, this effect can be
strongly reduced by cooling the diamond crystals to cryogenic tem-
peratures, bringing about a significantly higher photon output. How-
ever, with the current set-up, the anticipated increase in thermal load
will probably also cause instabilities in the low-temperature regime'°.

In conclusion, we have demonstrated lasing with multi-pass gainin
aCBXFEL. Thisachievement provides definitive experimental proof of
concept for CBXFELs, two decades after their initial theoretical pro-
posal™. Our results establish the feasibility of synchronizing a132.8-m
X-ray cavity with 2.23-MHz-repetition-rate electron bunches, overcom-
ing challenges in alignment, stability and synchronization.

The observed X-ray pulses show high spectral purity and narrow
bandwidth, confirming the key theoretical predictions”, and dem-
onstrate the potential of CBXFELs to deliver fully coherent X-ray
radiation in a relatively compact assembly. Although the current
proof-of-concept set-up has not yet reached the peak intensities of
state-of-the-art SASE or self-seeded XFELs, significantimprovements
are expected through further optimization of electron beam and cav-
ity parameters, cryogenic cooling of the crystals'®*, and advanced
outcoupling schemes®>*, Simulations suggest a ten- to hundred-fold
increasein pulse energy up to millijoule levels and anincrease of up to
three orders of magnitude in spectral flux, surpassing the capabilities
of self-seeding and SASE*?%3%%_ Further experiments are planned to
investigate this.

This demonstration of X-ray lasing in a cavity opens the path towards
next-generation X-ray sources with unprecedented coherence, sta-
bility and spectral brightness. The CBXFEL concept enables trans-
formative experiments such as millielectronvolt-resolved inelastic
and nuclear resonance spectroscopy®, ultrafast pump-probe resonant
inelastic X-ray scattering*® in the hard X-ray regime, and nonlinear
wave-mixing**®, while unlocking regimes in quantum X-ray optics®.
These capabilities not only expand the frontiers of X-ray science but
also motivate more compact and user-friendly facilities delivering
high-coherence beams to a broader experimental community.
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Fig.5|Intra-trainintensity evolution. Evolution of integrated spectrum
versus bunch number. The different colours indicate individual sample trains.
Thedifferent onsets and maximaofthe curves are owingto the different gain
varying from train to train. The dashed red curve shows the median signal per
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Thedashed pointed blacklineis anexemplary simulation with the parameters
taken from the experiment (same as in Fig. 4). Extended Data Fig. 2ashows the
statistical distribution of the pulse energy taken over 2,700 trainsin the dataset.
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Methods

The European XFEL accelerator

The European XFEL is an XFEL for soft and hard X-rays, covering photon
energiesintherange 0.25 keVto 25 keV (ref. 5). The photons are gener-
ated in 3 undulator lines (SASE1, SASE2 and SASE3)’, which serve, in
total, 7 experimental stations. The European XFEL is operated in pulsed
mode, with up to 2,700 electron bunches within one 600-ps-long
radio-frequency-pulse being accelerated by asuperconducting accel-
erator. Theradio-frequency pulses repeat every 100 ms and provide up
to4.5-MHzelectron bunchrepetitionrateinside a pulse’. These pulses
arereferred to as electron bunch trains in the main text. First lasing
and first user operation in the SASE1 undulator line was achieved in
2017°°, The 213.5-m-long SASE1 undulator line, where the experiment
is located, makes use of in total 35 variable-gap undulator segments,
each5-mlong. The segments are separated by 1.1-m sections filled with
quadrupole magnets for focusing, electron beam position monitors,
permanent magnet phase shifters and beam-correction coils*>. The
variable undulator gap in combination with variable electron beam
energies Ey.,m = 8 GeVto Ey.,m = 17.5 GeV allows adjustment of the pho-
tonenergy E,,in the range of 3 keV to 24 keV (ref. 51). The experiment
ranat14 GeV.

X-ray cavity

AsshowninFig.1, the cavity iscomposed of two 100-um-thin diamond
crystals with (100) surface cut produced by TISNUM, similar to the
ones used at the European XFEL self-seeding set-up*. The diamonds
areused under back diffraction for the (400) Bragg reflection and are
66.41 m apart. They are each combined with a pair of orthogonal
70-mm-long Kirkpatrick-Baez mirrors®® with a boron carbide (B,C)**
coating and a meridional curvature with aradius of ~30 km with coat-
ing and mounting errors. The focus is numerically optimized and
chosen so that after convex bending of the crystal surface by heat
load, the cavity remainsin astable condition. The diamond reflection
planes are positioned at anincident angle of © = % -4.438 mrad with
respect to theincident radiation. The close-to-normal incident angle
defines a reflection photon energy of £, = 6.9517 keV. At each end of
the cavity, the Kirkpatrick-Baez mirror and diamond surfaces are
aligned perpendicular to each other, creating aretro-reflector thatis
mostly insensitive to angular distortion and significantly helps to sta-
bilize the alignment on ananoradian level. After reflection, the return-
ing beam has a distance of only 2.67 mm from the incident beam and
fits into the same vacuum pipe. The electron beam is coupled inviaa
5-m-long magnetic chicane, producing an offset of 4 mm at the crystal
position, with acomparably small Ry, = -22 pm, which does not dete-
riorate the beam.

In contrast to laser-oscillators in the visible, the longitudinal mode
content of the CBXFEL is defined by the bandwidth of o, = 50 meV of
the diamond (400) reflection and the longitudinal phase space of the
electron beam in combination with the FEL gain.

Electron beam optimization

The 250-pC electron beam was tuned to minimize energy spread and
emittance, as is done for regular FEL operation. The electron beam
compression settings were chosen to balance peak current and low
energy chirp to reduce redshift of the lasing®® while providing
high FEL gain. This was done using a passive corrugated wakefield
streaker after the SASE2 line® (Extended Data Fig. 3) as well as the
X-ray spectrumin SASE mode. As noted in Extended Data Table1, the
peak current was at/, = 6 kA at a root mean square bunch length of
0,=6.5 um with a chirp of 3—5 =(4+0.5) MeV um™! in the central part
of the bunch, where s is the longitudinal bunch coordinate. The
orbit of the electron beam within the four undulator segments was
settoastraight trajectory as follows. A reduced number of segments
is optimized in the linear gain regime of the FEL at a pulse energy

around Qg,gr =100 W, starting from an optimized section in the mid-
dle of the 35 segments of the SASE1 undulator line. By opening an
upstream and closing the following downstream segment and
re-optimizing, this section is slowly shifted downstream until the
electron beam trajectory within the CBXFEL undulator cellsis aligned
with an offset smaller than +10 pm. This trajectory deviation is small
enough for sufficient overlap with the circulating X-rays. The FEL gain
measured in SASE mode with 9 additional upstream cells yielded for
thelast4 cellsanintegrated value of Gy, =48, correspondingto again
length of L; =5 m.Itshould be noted that the total integrated FEL gain
in SASE mode and inthe seeded mode are very different. Thisis mostly
owing to the so-called lethargy regime, which defines the roughly
first two gain lengths in an undulator line that do not yield gain. But
also the different durations and possible transverse misalignment
between the seeding pulse and the shorter electron bunch reduce the
integrated gain for the seeded mode.

Cavity alignment and synchronization

Diamond crystals and the Kirkpatrick-Baez mirror pairs are each
mounted on custom-designed nanometre/nanoradian-scale preci-
sion stages providing four degrees of freedom. Alignment was per-
formed stepwise, observing theresponse of the individual components’
motions oninsertable scintillator screens monitored by two-dimen-
sional charge-coupled device cameras at the upstream retro-reflector
assembly and 5 m upstream of the downstream one. The alignment
was finalized by maximizing the cold-cavity ring-down signal using
aphotodiode. The projected mirror apertures of (200 pm x 200 pm)
imposed stringent angular and translational tolerances, requiring
submicroradian and submicrometre precision.

Synchronization of the cavity round-trip time with the electron
bunch repetition rate was achieved by translating the downstream
crystal-mirror assembly in single-micrometre steps over a range of
6 mm. The cavity was considered in resonance when the photodiode
showed a persistent, saturated signal over the electron bunch train.

Spectral and temporal diagnostics

For measuring the pulse-resolved intra-cavity intensities, a silicon
avalanche photodiode in combination with an electronic amplifier, a
pulse stretcher and afast analogue-to-digital converter with atemporal
resolution of 9.231 ns was used. A transmission diamond grating with
83% transmissivity coupled out 2.8% in the first-order diffraction mode
tothediode, with 73% remainingin the zeroth order. This diagnostic can
pickuptheindividual pulsesinapulse train of the European XFEL accel-
erator downto very low pulse energies. The grating could be removed
tominimizelossesin the cavity. In seeded mode, the higher-order dif-
fraction modes originating from the mirror aperture carried a sufficient
number of photons to be measured by the diode, making it possible to
measure seeding intra-cavity without inserting the grating at afraction
of 6 x107* of the full power. During seeding, the signal on the photo-
diode was too high and saturated the analogue-to-digital converter,
so only the first pulses in the ring-up and the ring-down after the last
electronbunch canbe quantified. For future experiments, the raw diode
signal can be adjusted to avoid saturation by appropriately tailoring
the front-end electronics. In the demonstration reported here, there
was not sufficient time to optimize these parameters.

Thespectral properties of the X-ray pulses were characterized using
the High Resolution Hard X-ray single-shot (HIREX) bent crystal spec-
trometer®®, which provides single-shot, high-resolution spectra with
up to single-photon sensitivity and dynamic gain over four orders of
magnitude with nanosecond gain switching.

Pulse energy evolution and measurement of round-trip gain

The cavity pulse energy build-up was determined from the HIREX spec-
tra. For each electron bunch ninatrain, the integrated spectrum was
recorded and referenced to a pulse energy:
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where S, is the real transmitted spectrum and ﬁr(Eéh) is the discrete
signal measured by the HIREX spectrometer at the ith pixel of the
strip detector. The spectrometer has abinsize of AE;,=0.08 eVand a
Gaussian resolution kernel of o,= 61 meV. ais a variable attenuation
factoranduisacalibration factor fromthe spectrometer toareal spec-
tral energy density.

From the evolution of the pulse energy, a round-trip gain can be
determined:
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To obtain better precision onthe seeding gain, for the calculation of
theround-trip gain, theintegral over the pulse energy was restricted to
arange (Zr = zﬂev i,(Eph,i - E,) around theresonant photon energy£..
Theround-trip gain G was obtained as the median over the average per
trainin all seeded bunches in the linear gain regime. The latter was
selected by defining a lowerlimit (5” > 5 nJ to eliminate the spectral
noise, and an upper limit of Q. < 0.5 pJ to remove the pulses already
witnessing thermal saturation effects. A histogram over the calcula-
ted gain per trainis shownin Extended Data Fig. 2.

Data analysis

Photodiode traces were averaged over many trains and baseline-
corrected using asymmetric least square smoothing. To refer the
spectrometer to actual pulse energies, the photo-ion signal of an X-ray
gas monitor* was used. This signal is calibrated to absolute numbers
and, after letting it stabilize for several seconds, provides the average
photon flux with 9% uncertainty. A constant scaling factor for the
spectrometer was then derived by comparing the average integral
from the spectrometer signal to the X-ray gas monitor reading. For a
complete evolution of the mean spectra over the bunch train, spectra
with low and high attenuation were combined, where for spectra with
values §[r(E£h) <23 nJ eV 'either the low attenuation spectral content
was used or the high attenuation content with their (aforementioned)
respective attenuation factor a.

Simulation

Simulations were performed to compare the experimental results
with the theoretical predictions. The simulations intertwine the FEL
generation code Genesis-1.3% with the self-developed wavefront
propagation code pXCP*® and the commercial finite-element soft-
ware Comsol Multiphysics for modelling the thermal response. The
framework is described in detail in ref. 39. Compared with previous
simulations presented in ref. 10 for the experimental set-up, some
parameters were adjusted. The mirror surfaces were modelled after the
profiles measured in the laboratory and the energy chirp was matched
to the one measured during the experimental campaign. The undula-
tor magnetic-field strength was treated as an adjustable parameter,
enabling a slight shift of the peak of the SASE spectral envelope away
from the reflection curve by a fraction of the SASE bandwidth. This
adjustment reduced the seeding gain to replicate the experimentally
observed round-trip gain and to account for additional, unresolved
sources of gainreduction, such asimperfectionsinthe electronbeam
distribution.Inaddition,a AT =2 K temperature difference between the
upstream and downstream crystal was measured and implemented into
the simulations. With these adjustments, the simulations agree quite

well withthe experiment. The strongest deviations canbe observedin
the spectral shape, where the simulated spectrum shows a more sym-
metric shape around the reflection curve, and in the ring-down, with
the simulations yielding a higher cavity reflectivity of 85%. These devia-
tions can be easily explained by the uncertainties in the experimental
parameters, such as the actual six-dimensional electron phase space,
the unknown static strain in the crystals and the specific alignment
accuracy of each X-ray optical component. It should also be noted that
by adjusting the undulator gain, the strength of the thermal oscillations
could be influenced, with a larger gain yielding a stronger oscillation
amplitude. However, this can also be observed in the experiment, with
the samples with high gain exhibiting the largest peak fluence (see, for
example, the green curve in Fig. 5).

Data availability

The raw and processed experimental data supporting the findings
of this study are available via Zenodo at https://doi.org/10.5281/
zenodo.17630323 (ref. 59). Source data are provided with this paper.
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Extended DataFig.1|Resonance scan withdetector saturation. Photodiode
signaltracein false color coding during alongitudinal cavity scanwith1 pm
step-width. Per step, the average of the ten most intense trains is displayed.
The x-axis shows the bunch number withinan electron bunch train, with the
bunches havinga2.23 MHz spacing; the y-axis the cavity delay detuning Az.
Near resonance (Az=0), the diode signalis strong, sustains and exhibits clear
saturation (red color), indicating lasing. Off-resonance, only weak, rapidly
decaying signals are observed. After the100st bunch, a faint ring-down canbe
observedinthesignal. For the cases when the diodeis saturated, the signal
rapidly switched toaconstant-32,000 after theimpinging power fell below
athreshold.Ontheright, the sumover the diode trace (see Methods) is shown
asviolin plot for the10 samples per step. The gauss fit shows seeding over
alongitudinal range of g,=(1.15+ 0.05) um Thisis slightly larger than when
mapping against the round trip gain. Thisis due to the early saturation of the
diode smearing out the actual response against detune.
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Extended DataFig.2|Spectral evolution statistics. ashows the medianand
three different quintiles (10, 20and 100%) over 2700 trains of electron bunches,
with the statistics evaluated onaintra-train bunch basis. bshows the histogram
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oftheaverage gain pertrain, evaluated as described inthe Methods. The orange
block onlyincludes seeded shots, and was used for the median calculation.
Theblueblocks alsoincludes the non-seeded shots, which are 7% of all trains.
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Extended DataFig. 3 |Electron phase space. Reconstructed longitudinal
phase space of the electron beam used in the experiment. The measurement
was done after the SASE2 line using a passive wakefield streaker®.
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Extended Data Table 1| Relevant electron beam and X-ray cavity parameters

Electron beam and FEL parameters

Beam energy Bunch charge Peak current Bunch length Central chirp energy jitter
14 GeV 250 pC 6.2kA 6.5 pm rms ~4MeV pm "} 1.4MeV rms
arrival time jitter position jitter pointing jitter Undulator length Gain length

10fs rms 3pm rms 100 nrad rms 20m ~5m

Cavity parameters

Photon energy Crystal cut Reflection order Crystal incidence angle
6.952keV <10 0> (400) 4.38 mrad

Mirror length Mirror curvature Mirror surface roughness Mirror grazing angle
70mm ~30km <lnm 3.1mrad

Cavity length e-beam offset by chicane distance X-ray beams before and after reflection

2X66.41m 4 mm —2.67mm
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