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X-ray free-electron lasers can generate intense and coherent radiation at wavelengths

down to the sub-angstrém region’, and have become indispensable tools for
applications in structural biology and chemistry, among other disciplines®. Several
X-ray free-electron laser facilities are in operation®; however, their requirement for
large, high-cost, state-of-the-art radio-frequency accelerators has led to great interest
inthe development of compact and economical accelerators. Laser wakefield
accelerators can sustain accelerating gradients more than three orders of magnitude

higher than those of radio-frequency accelerators

10 and are regarded asan

attractive option for driving compact X-ray free-electron lasers™. However, the
realization of such devices remains a challenge owing to the relatively poor quality of
electronbeams that are based on alaser wakefield accelerator. Here we present an
experimental demonstration of undulator radiation amplificationin the
exponential-gain regime by using electron beams based on alaser wakefield
accelerator. The amplified undulator radiation, whichis typically centred at 27
nanometres and has a maximum photon number of around 10'° per shot, yields a
maximum radiation energy of about 150 nanojoules. In the third of three undulators
inthe device, the maximum gain of the radiation power is approximately 100-fold,
confirming a successful operation in the exponential-gain regime. Our results
constitute a proof-of-principle demonstration of free-electron lasing using a laser
wakefield accelerator, and pave the way towards the development of compact X-ray
free-electron lasers based on this technology with broad applications.

Plasma-based acceleration with ultra-high accelerating gradients
(exceeding 100 GV m™) has attracted increasing interest since it was
first proposed’. Over the past decade, great progress has been made
inthe development of laser wakefield accelerators (LWFAs) owingtoa
series of new techniques for electroninjection and guiding> ™. LWFAs
exploit theimmense electrostatic field of the excited plasma wakefield
that trails the laser pulse to accelerate particles to high energies over
distances of just afew millimetres to several centimetres—thousands of
times shorter thanthose obtained using a conventional radiofrequency
accelerator. Quasi-monoenergetic femtosecond electron beams that
have peak energies in the GeV range and carry tens of pC of charge
have been experimentally generated using LWFAs. LWFAs have con-
siderable potential as an alternative to compact high-energy accelera-
tors. New technologies driven by LWFAs—such as compact X-ray free
electron lasers (XFELs)", quasi-monoenergetic MeV-class Thomson-
and Compton-scattering photon sources?* %, and even high-energy
electron-positron colliders®®—are being actively pursued globally. In
particular, XFELs driven by LWFA-based electron beams are the most

promising for X-ray laser sources at a laboratory scale, and they are
expected to facilitate various important applications®.

Afree-electronlaser (FEL) source consists of an electron accelerator
andaperiodicmagnetarray (undulator), which wiggles the high-energy,
relativistic electron beam and markedly amplifies the light by means of
light-electroninteraction as electrons pass through the undulator'*.
At X-ray wavelengths, most FEL configurations rely on self-amplified
spontaneous emission®*, in which the light-amplification process
starts from shot noise in the electron beam. Such devices require a
stable, high-quality electron beam characterized by six-dimensional
brightness, whichis defined as the peak current in the electron-beam
coredivided by the product of the root-mean-square (r.m.s.) transverse
normalized emittance and the r.m.s. fractional energy spread in units of
0.1%". However, the robust operation of LWFAs with desirable proper-
ties—such as sub-per-cent energy spread and sub-microradian emit-
tance—remains achallenge. Moreover, the transport and focus of such
electron beamsinvolves nontrivial complications due to shot-to-shot
fluctuations in LWFAs.
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Fig.1|Schematiclayout of LWFA-based free electronlaser experiment.
a,Undulator beamline with a total length of approximately 12 m from the gas
target for the LWFA to the X-ray spectrometer. b, Typical spectraofelectron

A qualitative estimation of FEL operation can be obtained from the
1 1o K312
16 Ip y3o2k2
kA is the non-relativistic Alfvén current, y, is the relativistic factor, o,
isther.m.s. transverse size of the beam, k,=21/A, (Where A, is the undu-
lator period), K, is the undulator parameter (for which [}/1=[/,() -/,(§)]
for a planar undulator), and/, and, are Bessel functions of the first
kind®. The condition g5 < p, where g; is the relative energy spread of
the electron beam, is typically required for a high-gain FEL. In
state-of-the-art LWFAs, the energy spread of the electron beam is
typically of the order of 1% whereas the associated FEL parameter is
estimated to be of the order of 0.1%, presenting a substantial obstacle
totherealization of ahigh-gain FEL. Considerable effort hasbeen made
toaccommodate the requirements of FEL—in particular to handle the
initial divergence with permanent magnetic quadrupoles and
plasma-based devices? **—and to mitigate the energy spread by using
alongitudinal dispersive chicane for beam decompression or a trans-
verse gradient undulator®=°,

Several projects that have been proposed for the development of an
LWFA-based FEL rely on the beam-decompression strategy to mitigate
the slice energy spread. The COXINEL collaboration at SOLEIL/Labo-
ratoire d’Optique Appliquée utilizes achromatic transport scheme to
improve the FEL gain and couple the electron beaminto a5-mundulator
without strong focusing, in which electrons with various energies are
focused at various positions within the undulator®, The LAOLA col-
laboration, which involves the University of Hamburg and DESY, devel-
oped the concept of the beam-decompression scheme®* and proposed
future FEL efforts based on high-gradient quadrupoles and acompact
cryo-cooled undulator without strong focusing. The BELLA centre at
Lawrence Berkeley National Laboratory used an ultra-high-gradient
active plasmalens for beamline shortening and a4-m-long VISA undu-
lator with strong focusing®. Experiments have so far demonstrated
the generation of LWFA-based synchrotron undulator radiationinthe
visible-to-near-infrared regime (500-900 nm) by injecting the elec-
tronbeam directly into an undulator®, in the extreme ultraviolet and
soft-X-ray region (7-35 nm) by collimating the electron beam with a
pair of quadrupoles before it enters an undulator®, and in the ultravio-
let regime (200-300 nm) by decompressing and selecting electrons

1/3
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Electron
spectrometer 2

[ 1,500 d 400
Profile 1 Profile 2

-2 -2 300

= 1,000 =
£0 - £0 q 200

> 500 >
2 2 ’ 100

2 0 2 0 -2 0 2 0
X (mm) X (mm)
¢ _-- Profile 2
» X-ray
P spectrometer
e v—

beams from the LWFA for 20 consecutive shots. ¢, d, Measured transverse
profiles of the electronbeam at the entrance (c) and exit (d) of the undulators.
Thescalebars are normalized.

within a desirable energy range before injection into an undulator®.
However, these experiments operate in the spontaneous-emission
regime without a nonlinear amplification in the undulators.

Inthiswork, wereport the generation of undulator radiation with an
exponential amplification using an electron beam accelerated by an
LWFA.Thegeneratedradiationistypicallycentredatawavelengthof27nm
and contains amaximum photon number of around 10 per shot, cor-
responding to a maximum radiation energy of approximately 150 nJ.
The extreme-ultraviolet emission intensity as afunction of undulator
length was measured by disrupting the FEL process with an orbit kick™,
soastodirectly verify the exponential amplification. High-brightness
electron beams and the fine guiding and transport in the dedicated
undulator beamline constitute an unambiguous proof-of-principle
demonstration of an FEL using an LWFA.

Aschematic of the LWFA-based FEL is shown in Fig. 1a. Experiments
were conducted with a200-TW laser system® with a repetition rate of
1-5Hz. The laser pulses were focused by an off-axis parabolic mirror
of f-number 32 onto the gas target with a vacuum spot size of 35 pm
(full width at half maximum, FWHM) and an energy concentration of
around 65% at 1/€%. The peak intensity was estimated to be 3.8 x 10'®
W cm™, corresponding to a normalized amplitude of a,=1.3. The gas
target was manipulated by a perforated baffle inserted upstream of a
pure helium supersonic nozzle with diameter of 6 mm. Astructured gas
flow with a shock front was formed, and contributed to the injection
process and to the controllable evolution of the laser pulses. Under the
optimized conditions, we obtained high-quality electronbeams witha
peakenergy centred around 490 MeV, an energy spread of around 0.5%,
anaverageintegrated charge of around 30 pC and r.m.s. divergence of
approximately 0.2 mrad” (Fig. 1b). Electron beams were consecutively
generated, and the corresponding fluctuations of the electron-beam
energy were measured to be less than 3%.

Afterleaving the plasma, the accelerated electron beam was focused
by a group of three quadrupoles—the quadrupole triplet—consisting
of a pair of permanent quadrupoles and an electromagnetic quadru-
pole (Fig. 1a). The permanent magnetic quadrupoles, located 8 cm
downstream from the gas target, ensured an effective focusing for
handling the initial divergence and reduced the shot-to-shot angular
fluctuations of the electron beams. Before entering the undulator, the
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Fig.2|Measurement of undulator radiation. a, Measured transverse
radiation patternofatypical pulse onthe X-ray CCD cameralocated12m
downstream from the gas target. The scale bar is normalized. b, Shot-to-shot
radiation energy over 270 pulses. ¢, d, Measured radiation spectra (c) and the

electron beam was adjusted by an additional pair of electromagnetic
quadrupoles to retain the minimum transverse sizes throughout the
undulator. The parameters of the components in the beamline were
optimized for the electron beam with areference energy of around
490 MeV (see Extended Data Fig. 2). Several beam profile monitors
(profiles) equipped with cerium-doped yttrium aluminium garnet
(YAG) screens were used at different locations along the beamline to
monitor the positions and transverse profiles of the electron beams.
With the quadrupolesinstalled, the measured r.m.s. size of the electron
beam was reduced from approximately 0.8 mm to a minimum value
of less than 0.1 mm in the horizontal and vertical directions (Fig. 1c).
Figure1d showsthe electron-beam profile at the exit of the undulators,
and reveals that a relatively small beam size can be maintained in the
undulators. The corresponding pointing fluctuations of around 1mm
(r.m.s.) are estimated over 50 shots at the entrance of the undulators
(see Extended Data Fig. 4).

When passing through the undulator, the electron beam produced
synchrotron undulator radiation with a wavelength centred at the
resonant wavelength A, given by A, = (1+K3/2)/2y?. The interaction
between the electrons oscillating in the undulator and the radiation
produced led to periodic longitudinal modulation (microbunching)
atthe period of theresonant wavelength. This result corresponded to
acoherent superposition of the radiation. An exponential amplification
process developed along the direction of the undulator length. As
shownin Fig. 1a, the presented beamline contained three 1.5-m-long
undulatorswith al0-mmgap and a25-mm period length, respectively.
An associated undulator parameter of K, =1.41 was determined, and
thisyielded an on-axis radiation wavelength of 27.3 nm for the electron
beam with areference energy of 490 MeV. The FEL parameter was there-
foreestimatedas p~5x10according to the parameters of the obtained
electron beams, and the corresponding ideal gain length was
Lg, =1,/41m/3 p ~0.23 m. The radiation power typically reached satu-
ration after 18-20 gain lengths®, indicating that a total undulator length
of 4.5 mis sufficient for FEL operation in the saturation regime. Con-
sidering the degradation thatisinduced by anon-ideal electron beam,
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correspondingelectron-beamenergy spectra (d) detected by the second
spectrometer located at the exit of the undulator. e, f, Image (e) and count
profile (f) of the interference pattern generated when radiation propagates
through two 10-pm slits with aslit separation of 40 pm.

andin particular the large energy spread, the actual gain length would
be relatively long. However, the undulator was still sufficiently long
for the FEL to operate in the exponential-amplification regime, asillus-
trated in detail below.

The radiation at the end of the undulators was measured with
an X-ray charge-coupled device (CCD) camera (see Methods).
Figure 2a shows a typical single-shot transverse profile measure-
ment, which reveals a value of approximately 27 nm. The spot sizes
in the horizontal and vertical directions were 2.1 mm and 1.6 mm
(FWHM), respectively. The corresponding number of photons col-
lected by the CCD camera was 3.1 x 10°, counted within the 3o range
of the radiation signal. Given the transmission of the 0.5-um-thick
Al foil and the quantum efficiency of the CCD camera, the energy of
the undulator radiation was calculated to be approximately 30 nJ.
The radiation energy distribution over 270 pulses is shown in Fig. 2b.
Most of the shots showed a radiation energy of between 0.5 n) and
50 nJ, and the maximum energy exceeded 150 nJ; this is indicative
of operation in the exponential amplification regime, as illustrated
below. Figure 2c, d displays the radiation spectra and the correspond-
ing electron-beam spectra over six shots. The centre wavelength of the
radiation was 27 nm and the corresponding resonant electron-beam
energy was 492.7 MeV; this is in reasonable agreement with the meas-
ured average energy of the electron beam (486.2 MeV), considering
the 3% variation in the measured peak energy in the second electron
spectrometer. Moreover, transverse coherence was deduced from
the results of Young’s double-slit interference experiment (Fig. 2e, ).
Aninterference fringe visibility of 30% was inferred.

Exponential amplification was verified by introducing a transverse
kick of the electron-beam trajectory between two adjacent undulators,
atamagnitude sufficient to suppress the amplification processinthe
downstream undulator. The required critical angle ¢. for FEL suppres-
sionwas determined by @.=JA/Lg and was estimated tobe 0.35mrad,
where L is the power gain length; this could be induced by a pair of
x-andy-planedipole correctorsinstalled between adjacent undulators.
Inthiswork, the correctorsinstalled between the second and the third
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Fig.3|Undulator radiation measurementat 27 nm. a, Measured radiation
energy with (black) and without (magenta) the orbit kick and the simulated
energy along theundulator. Error barsrepresent the r.m.s. statistical uncertainty
inthe measured energy averaged over 20 shots. b, ¢, Corresponding
transverse-beam patterns of the radiation measured with (b) and without (c)
the orbitkick. The scale baris normalized.

undulators had amaximum magnetic field of 90 Gs. Thus, the maximum
deflection angle that could be set for the 500-MeV electron beams is
0.6 mrad. The measured and simulated radiation energy along the
undulator and the corresponding measured transverse-beam patterns
are presented in Fig. 3a—c. Distorting the trajectory at the beginning
of the third undulator could enable the FEL process torestart, leading
to secondary spots that are orders of magnitude weaker than those
without the orbit kick (Fig. 3b). With the dipole correctors installed,
the average measured radiation energy was estimated to be 0.81nJ
withastandard deviation of 0.54 n). The radiation energy was measured
behind the entire undulator section, whichis equivalent to direct meas-
urement at the entrance of the third undulator”. The average energy
of the radiation without the orbit kick was measured to be 68 nJ, and
the maximum obtained gain is approximately 100-fold in the third
undulator. These results confirmed successful FEL operation in the
exponential-gain regime. In Fig. 3a, only measured radiation energy
exceeding 30 nJ (over 20 shots) at the exit of the undulator wasincluded
forthe evaluation of the average and standard deviation values, which
corresponds to the maximum obtained gain and is consistent with the
GENESIS simulation®. The observed r.m.s. of the fluctuationsinrelative
energy was 54.2%, (Fig. 3a), and the fluctuations show qualitative agree-
ment with those induced by the initial shot noise in the electron
beams*,

Asaproof-of-principle demonstration, we have shown the feasibility
of LWFA-based FEL at around 27 nm. The high beam quality from the
LWFA and the effective guiding of electron beams in the undulator
beamline are of crucial importance for the realization of FELs. Our
experiments clearly demonstrate exponential amplification of the
undulator radiation.

The miniaturization of devices, suchas computersand light sources,
is highly desirable and has a marked effect on the progress of society.
Asoneofthe most advanced light sources, FELs offer the possibility to

explore the structures and dynamical processes of atomic and molecu-
lar systems at spatial and time resolutions of the order of dngstroms
and femtoseconds, respectively. As such, they not only bring new inno-
vations to spectroscopy, condensed-matter physics, chemistry, soft
matter and structural biology, but also open up new areas of research®*.,
Compact and low-cost FELs will be essential for expanding their applica-
tions and for the further development of transformative technologies.
A laboratory-scale, ultra-brilliant FEL (around 10 m in size), with the
advantages of low cost (aproximately US$5 million), high temporal
resolution (femtosecond-level), high resolution (nanometre-level),
and ultra-high precision timing control (less than 1fs), could gain
popularity. However, a lack of reliability and reproducibility of the
electronbeamsis stillthe mainissues that hinders further application
of LWFAs. By improving the stability of the driving laser and gas flow,
matching the appropriate experimental parameters and developing
new injection schemes, it should be possible to repeatedly generate
high-quality electron beams and enable further development*. In
addition, it is necessary to further develop technology with which to
analyse femtosecond-duration electronbeams from LWFAs, including
for detection of the wakefield and for the spatio-temporal structural
diagnostics of the electron beam, among other examples. The realiza-
tion of closed-loop feedback and an automatic optimization system,
which are required for further development of LWFAs*, will enable a
table-top FEL to be realized and to gain widespread use.
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Methods

Laser wakefield acceleration

The experiments were conducted with an in-house-developed
200-TW-class laser facility based on chirped pulse amplifications.
The laser system was optimized with substantial improvements in
performance relative to that used in previous experiments in terms of
generating a high-brightness electron beam”. By optimizing various
aspects of the system—such as decreasing the temperature fluctua-
tions of the environmental air conditioning, optimizing the layout of
the platform and introducing self-collimating devices—the pointing
stability of the laser was optimized from 16 prad to less than 2 prad.
Moreover, the pulse energy stability improved and reached less than
0.5%. The laser pulses were focused by an off-axis parabolic mirror
of f-number 32 onto the gas target with a vacuum spot size of 35 pm
(FWHM) and an on-target intensity of 3.8 x 10 W cm?, yielding anor-
malized amplitude of a,=1.3. The gas target consisted of a perforated
baffle inserted upstream of a pure helium supersonic nozzle for con-
structing astructured gas flow with a shock-front, which contributed to
theinjection process with a controllable evolution of the driving laser
beam. Through the optimization of the back pressure and the distances
between the baffle and the gas nozzle, high-quality and stable electron
beams were successfully obtained.

Electron beam diagnostic

The accelerated electronbeam was deflected by an electron spectrom-
eter (spectrometer 1) located 2.3-m downstream from the gas target,
which consisted of a 90-cm-long tunable dipole magnet with a maxi-
mummagneticfield of 1.5 T and a Lanex phosphor screenimagedby an
intensified charge-coupled device. The measured electron spectrum
had aresolution of 0.1% at 500 MeV for the electron beams with 0.1
mrad divergence, and an uncertainty within12% for the electron beam
charge measurement, which was calibrated with anintegrating current
transformer (Extended Data Fig.1, Supplementary Video1). After leav-
ing the undulator, the electron beam was deflected by spectrometer 2
located 10.2-m downstream of the gas target, consisting of the same
dipole magnet as the first one. The resulting spectrum showed a high
resolution of 0.07% at 500 MeV, and a variation of the measured peak
energy of £3%, caused by the energy fluctuations and pointing instability
ofthe electron beam (Extended DataFig. 7, Supplementary Videos 2-3).

Electron guiding in the undulator beamline

Theaccelerated electronbeamwas focused by afirst set of quadrupoles,
which consisted of a pair of 5-cm-long permanent magnet quadrupoles
withamagnetic field gradient of 250 T m™ and a10-cm-long electromag-
netic quadrupolewithagradientadjustable withinthe range of 0-80 Tm™.
The permanent magnetic quadrupoles were equipped with three-axis
motorized translation plates for magnetic axis regulation. The first
permanent magnetic quadrupole was located at a fixed position 8 cm
downstream of the gas target. The distance between the two permanent
quadrupoleswas made adjustableto matchthe beamenergy. Anadditional
pair of quadrupoles was applied to ensure the minimum transverse elec-
tronbeamsizes throughout the three-segment undulators. The positions
andtransverse profiles of the electron beams were monitored withbeam
profilemonitorsequipped with cerium-doped yttriumaluminiumgarnet
screensalongthe beamline. The total beamline had alength of 12 mfrom
thegastargettothe X-ray spectrometer, and the componentsinthe beam-
line were aligned within £100 pum of coaxiality with the driving laser beam.

Particle-in-cell simulations

The spectral, quasi-three-dimensional particle-in-cell code FBPIC***
was used to obtaininsightsinto the acceleration stage. The simulation
domainhasasize of 50 umand 120 pminthe longitudinal and transverse
directions, respectively, with the longitudinal grid size Az=31.25nmand
the transverse grid size Ar=80 nmand 16 macroparticles per cell. The

laser pulse and density profile were chosenaccording to the experimen-
talresults. A Gaussian laser pulse had a central wavelength A, =0.8 um,
normalized vector potential a,=1.3, waist radius @ = 35 pm and pulse
duration 7=25fs on FWHM. The density profile used in the simulation
was derived from the fringe pattern of the plasma density diagnostic
system (Extended Data Fig. 2a). The electrons were injected in the end
ofthe down-ramp region and then rapidly evolved into a positive chirp
(the tail of the beam has a higher energy) owing to the positive-slope
accelerating field (Extended DataFig.2c). Asaresult of the decrease of a,
and beam-loading effects, the positive-slope accelerating field became
anegative one, and the energy chirp of the electron beam could be
compensated (Extended Data Fig.2d). The energy chirp of the electron
beamwas compensated sufficiently at the end of the plateau (Extended
Data Fig. 2d). The simulated electron beam had a peak energy of 495
MeV, charge of 25.4 pC, global energy spread of 0.67% in r.m.s. (93% of
the total electrons), and normalized projected emittance of 0.23 and
0.73 mm mrad in the horizontal and vertical directions, respectively.

Particle tracking

Particle tracking using the Elegant code package® up to the second
order was performed to investigate the beam performance along the
beamline; theresults are similar to those of the ASTRA code package*®.
Theinitialbeam used for tracking was obtained from the output of the
FBPIC code and the corresponding simulation results are presented in
Extended Data Figs. 5, 6.

X-ray diagnostics

The on-axis undulator radiation was detected by an X-ray CCD camera
(SOPHIA 2048B, Princeton Instruments) with 2,048 x 2,048 pixelsand a
pixelsize of 15x15 pm. The CCD camerawas installed under vacuum at
the exit of the beamline. A 0.5-pm-thick Al foil was inserted in front of
the X-ray CCD toshield it against any residual laser light. The radiation
energy was determined from the photons collected by the CCD camera,
which was calibrated by a photo-triode (microchannel-plate-based
detector). A transmission grating with agroove density of 3,000 lines
per mm was installed in front of the X-ray CCD for spectral diagnosis
with a highest resolution of 0.1nmatawavelength of 30 nm (Extended
DataFig.8).Inaddition, the grating was equipped with motorized trans-
lation plates to avoid obstruction during measurement of the photon
number. The interference fringes were detected when the radiation
propagated through two 10-pum slits with a slit separation of 40 um,
placed approxmately 8 cm before a fluorescent Ce:GAGG crystal. An
imaging system with amagnification factor of 10 was placed approxi-
mately 8 cm after the crystal toimprove the resolution.

FEL gain analysis

The FEL power gainlengthis givenby L = Lg,(1+2), where A= a11232+
Q3N+ sl + A7 MY + Qi 1y + Apllg g + iglgITg *11y”
quantifies the degrading effects and the three scaled parameters n,,
n.andn,indicate the diffraction, emittance and energy-spread effects,
respectively”. With the following parameters: radiation wavelength
A, =27 nm, Twiss parameter f =5 m and slice-averaged energy spread
05=0.0034, r.m.s. electronbeamsize 0,/0,=50/70 umon averagein the
third undulator and peak current /,=5.7 kA (Extended Data Figs. 3, 5).
The scaled parameters take the value 4 = 0.1301, n, = 0.0138 and
n,=0.3623. Thus, the analysis power gainlengthin the third undulator
canbeestimated to be 0.4 m, which shows agreements with the meas-
ured value (0.34 m). The exponential amplification was demonstrated
by the orbit kick method (Fig. 3) and was also verified by comparing
the lasing and not lasing conditions (Extended Data Fig. 9).

Data availability

All dataareavailable upon reasonable request from the corresponding
authors. Source data are provided with this paper.
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Code availability

All codes written for use in this study are available upon reasonable
request from the corresponding authors.
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Extended DataFig.1|Electron-beamspectrafrom LWFA. Energy spectra of divergence of 0.1-0.4 mrad and charges of 10-50 pC were experimentally
theaccelerated electron beams for 50 shots measuredinspectrometer1 obtained. The associated fluctuations of the electronbeam peak energy were
located 2.3-mdownstream of the gas target. Electronbeams with an average estimated tobeless than 3%.

peak energy of about490 MeV, r.m.s. energy spread of 0.2-1.2%, r.m.s.
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electrons atthe exit of the plasmaand the corresponding energy spectrum
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Extended DataFig. 4 |Electron-beam propertiesinthe beamline.

a, b, Start-to-end simulation for horizontal and vertical envelopes of the
electronbeamalongthe beamline withabeamenergy of475MeV (blue), 490 MeV
(red) and 505 MeV (black). c-e, Measured transverse profiles of the electron
beamatthe entrance of the undulator located 4-m downstream from the gas
target without (c) and with (d) focusing and at the exit of the undulator located
9.5-m downstream from the gas target (e). With the quadrupolesinstalled, the

measured r.m.s. size of the electron beam was reduced from approximately
0.8 mm toaminimum value of less than 0.1mmin the horizontal and vertical
directions. f-h, Shot-to-shot pointing distribution over 50 shots (f),and beam
size statisticsin the horizontal (g) and vertical (h) directions. The relative
positions of the quadrupoles (green) and undulators (cyan) are shown in
aandb.
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vertical (blue) directions. Despite the slice emittance in the bunch tail
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Extended DataFig. 8| Measured spectraofundulator radiation.

a, b, Spectraof the undulator radiation withagroove density of the grating of
3,000lines per mm (a) and 500 lines per mm (b). The radiation wavelength was
typically centred at27 nmwith a corresponding electron beam energy of 492
MeV, whichis reasonably consistent with the measured values shownin
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Extended DataFig.7. The minimum bandwidth was measured to be 2%, which
indicated areasonable agreement with the simulated valuesin the
exponential-gainregime. The measured spectraof broadband spontaneous
emissionare also depicted withabandwidth of approximately 7%.
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correspondinglinear fitting curve (black dashed line) indicates the

spontaneous emission. The radiation emitted by alow-energy-spread electron
beam (<1%) typically has energy one to two orders higher than thatin
spontaneous cases, thusindicating the operation in the exponential-gain
regimeinthe present scheme. The exponential gain of the radiation is
illustrated with the orbit kickmethod in the main text.
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