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Atomic inner-shell X-ray laser at 1.46 nanometres
pumped by an X-ray free-electron laser
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Since the invention of the laser more than 50 years ago, scientists
have striven to achieve amplification on atomic transitions of
increasingly shorter wavelength1–7. The introduction of X-ray
free-electron lasers8–10 makes it possible to pump new atomic
X-ray lasers11–13 with ultrashort pulse duration, extreme spectral
brightness and full temporal coherence. Here we describe the
implementation of an X-ray laser in the kiloelectronvolt energy
regime, based on atomic population inversion and driven by rapid
K-shell photo-ionization using pulses from an X-ray free-electron
laser. We established a population inversion of the Ka transition in
singly ionized neon14 at 1.46 nanometres (corresponding to a
photon energy of 849 electronvolts) in an elongated plasma column
created by irradiation of a gas medium. We observed strong amplified spontaneous emission from the end of the excited plasma.
This resulted in femtosecond-duration, high-intensity X-ray pulses
of much shorter wavelength and greater brilliance than achieved
with previous atomic X-ray lasers. Moreover, this scheme provides
greatly increased wavelength stability, monochromaticity and
improved temporal coherence by comparison with present-day
X-ray free-electron lasers. The atomic X-ray lasers realized here
may be useful for high-resolution spectroscopy and nonlinear
X-ray studies.
The emergence of short-wavelength X-ray free-electron lasers8–10
(XFELs), delivering femtosecond X-ray pulses that exceed the peak
brilliance of synchrotron sources by many orders of magnitude, has
potential to open a pathway to studying nonlinear interactions of
X-rays with matter15–21. Especially appealing are ideas of transferring
nonlinear spectroscopic techniques to the X-ray regime, to study
photoinduced charge transfer, nuclear dynamics, chemical reactions,
valence wavepacket propagation in molecules or phase transitions in
solids at high temporal and spatial resolution. Nonlinear techniques to
study these effects, such as X-ray stimulated coherent Raman spectroscopy19,20 or four-wave mixing18,21, would, however, require ultrashort
(preferably subfemtosecond), temporally coherent, synchronized twocolour X-ray sources. Present-day XFELs are based on self-amplified
spontaneous emission (SASE) and start from noise. Although they are
of unprecedented brightness, the pulses of SASE free-electron lasers
have a fluctuating spectrum and limited temporal coherence22. A way
to improve SASE pulses and to create a synchronized two-colour
source in the X-ray regime is to use a SASE pulse to pump an atomic
X-ray laser (XRL)11–13.
Soft-X-ray lasers were first realized in 1984 at wavelengths near
20 nm (refs 2,3). In the soft-X-ray/vacuum-ultraviolet regime, population inversion is typically achieved by collisional excitation or recombination into excited states of highly ionized atoms in a hot, dense
plasma4–7. The first XRL in the kiloelectronvolt regime was proposed in
1967 and is based on establishing a population inversion by rapid
photo-ionization of an inner-shell electron1. In 1983 this scheme
was demonstrated at optical wavlelengths23, and a few years later a

similar scheme was demonstrated in the vacuum ultraviolet using
Auger-decay pumping following inner-shell photo-ionization24. The
photo-ionization scheme was extensively studied in theory for different gain materials and pump sources in the X-ray regime14,25–27.
Notably, detailed calculations for the neon Ka transition pumped by
laser-produced plasma X-rays were presented in 199114. However, the
lack of sufficiently fast and intense X-ray sources has so far precluded
the realization of the photo-ionization scheme in the X-ray regime.
More recently, calculations for neon pumped by XFEL radiation,
which served as the design basis for this experiment, have been
presented13.
When irradiated by X-rays slightly higher in energy than the ionization edge of an inner electronic shell, photo-ionization of an atom
proceeds from the inside out, creating short-lived core-excited ions,
which subsequently relax by means of Auger or radiative decay. At
intensities achievable with XFELs, inner-shell photo-ionization happens
on a timescale comparable to the lifetime of core-excited states, so that
states of high ionic charge can be reached within a few femtoseconds and
double-core-excited ‘hollow’ ions can be created28. Moreover, rapid
photo-ionization results in short-lived population inversions, which
can be exploited for lasing from the valence to the core level.
In our experiment, which was carried out at the Linac Coherent
Light Source8 (LCLS) of the SLAC National Accelerator Laboratory,
XFEL pulses of 960-eV photon energy were focused into a volume of
neon gas at ,500 torr to spot sizes of 1–2-mm radius, to create a long,
narrow column of transiently core-excited ions (Fig. 1). XFEL pulse
energies on target were between 0.02 and 0.27 mJ, and the pulse duration was 40–80 fs. This resulted in intensities up to 2 3 1017 W cm22
and an inverse photo-ionization rate of ,4 fs, which is comparable to
the Auger lifetime of the 1s core hole, namely 2.4 fs. Although the decay
of the core-excited state is dominated by the Auger process, there is a
small probability (1.8%) that the ion will undergo a spontaneous radiative decay, emitting a photon with an energy of 849 eV. Photons that
are spontaneously emitted near the front end of the plasma column
generate exponentially amplified stimulated emission along the direction
of the XFEL pulse, which prepares atoms in the excited state, just as the
atomic line radiation from previously excited atoms reaches them. In
traditional plasma-based XRLs, the width of the transition is determined by Doppler, lifetime and collisional broadening. In the present
scheme, the density is low and the plasma remains cold, with the result
that the transition is mainly lifetime-broadened by Auger decay. The
line profile of the spontaneous emission before strong amplification by
stimulated emission is therefore Lorentzian with a width of 0.27 eV.
A grazing-incidence grating spectrometer with a CCD detector was
used to monitor the spectrum of the transmitted XFEL pump source
and the atomic XRL radiation. The raw single-shot image shown in
Fig. 1b provides strong evidence of lasing. The relatively broad line
(Fig. 1b, bottom) is the transmitted XFEL pulse. The narrow atomic
line radiation is visible at 849 eV, with peak intensities one order of
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Figure 1 | Experimental scheme. a, The XFEL beam is focused into a gas cell
filled with neon to a focus spot of radius 1–2 mm. A flat-field X-ray grating
spectrometer was positioned ,4 m from the interaction region. b, The chargecoupled-device (CCD) image of the transmitted XFEL pump (bottom) and the
XRL (top). c, Level scheme. Population inversion of the 1s12s22p6-to-1s22s22p5

transition is created by K-shell photo-ionization of neutral neon. The Auger
decay time of the inverted state (2.4 fs) dominates the kinetics of the system in
the small-signal-gain regime. The lower lasing state is depleted by K-shell
photo-ionization.

magnitude higher than that of the strongly attenuated XFEL.
Fluorescence would result in ,50 photons entering the spectrometer
set-up, which is undetectable in the current configuration. Figure 2
shows line-outs of three different single-shot spectra for an XFEL
energy of ,0.25 mJ. By contrast with the broad (full-width at halfmaximum (FWHM) of 8 eV) and jittering (FWHM of 14 eV) spectra
of the XFEL pulses, the atomic line has a reproducible spectral shape
with narrow width and fixed centroid. The measured FWHM, of 2 eV,
is limited by the resolution of the spectrometer.
To demonstrate exponential amplification on the atomic line transition, we varied the incoming XFEL energy. To average over the large
statistical fluctuations in the XRL output, we gathered a set of 950
spectral images in a series of ten-shot integrations. Figure 3 shows
the averaged number of photons in the neon Ka line for each of the
images as a function of the averaged pulse energy. Doubling the XFEL
energy from 0.12 to 0.24 mJ results in an average increase in the XRL
line energy by four orders of magnitude. The XRL pulse energy distribution is relatively broad at a given pump energy, reflecting the large
shot-to-shot variation of the gain due to the stochastic properties of the
SASE pulse. Also shown in Fig. 3 is a comparison to a one-dimensional, time-dependent, self-consistent gain model13 (see also
Supplementary Information). There is good agreement between the
calculated and measured energies in the neon Ka line and in the
transmitted XFEL pump (Supplementary Fig. 6).

To estimate the influence of the fluctuating temporal profiles of the
XFEL on the gain, we calculated the small-signal gain coefficient for an
ensemble of 1,000 numerically generated SASE pulses (Fig. 4). The gain
for this self-terminating scheme is characterized by a rise time of 5 fs
and a peak of 64 cm21. The gain duration has a FWHM of 20 fs and is
determined by the convolution of the rate to deplete the neutral atoms
with the exponential Auger decay. The variation in the peak gain due to
the SASE pump is considerable; the standard deviation is 30%.
The traditional method of determining the gain–length product
(GL) is by measuring the output energy versus length. We estimate
GL by comparing the measured value of the output energy with a
simple theoretical estimate (Supplementary Information). For the single
shot with the highest XRL output, 1.1 6 0.4 mJ, we estimate that
GL 5 19.2–21.3, whereas for average shots with 0.24-mJ XFEL energy
we deduce GL 5 17–19.3. This is consistent with GL 5 19, the result
calculated using our one-dimensional model. Owing to strong absorption of the XFEL, the gain coefficient decreases as a function of propagation depth, with a calculated decay length of 0.28 cm. This is
somewhat longer than the expected attenuation length in neutral neon,
of 0.22 cm, owing to bleaching. Assuming a gain region 0.28 cm in
length, we estimate an effective gain coefficient of 61–70 cm21 at
0.24-mJ XFEL energy. Saturation of the exponential amplification
cannot be discerned in the experimental data presented in Fig. 3. Our
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Figure 2 | Single-shot spectra of the atomic XRL line and transmitted XFEL
pump. Horizontally integrated spectra for three shots with similar pulse
energies, but slightly varying XFEL photon energies. The neon gas attenuates
the XFEL and XRL lines by factors of 2.5 3 103 and 2, respectively. The neon Ka
line is centred at 849 eV and has a FWHM of 2 eV limited by instrument
resolution. The neon Ka line shows satellite peaks on both sides of the main
peak. Their intensities closely follow that of the main peak and are most
probably ghost lines from the spectrometer grating.

0.1

0.15

0.2

0.25

0.3

Incoming XFEL pulse energy (mJ)

Figure 3 | Dependence of the XRL output on pump power. Average number
of transmitted photons of the neon Ka line for ten consecutive XFEL shots, as a
function of the average XFEL pulse energy on target (s.d., 60.014 mJ). We
assumed a beamline transmission of 18%. The determined number of Ka
photons has an error of ,30%. The small linear signal below a pulse energy of
0.15 mJ results from spectral tails of the XFEL reaching into the 849-eV energy
region of the XRL line. Results of a one-dimensional model are shown in red,
assuming a density of 1.6 3 1019 atoms cm23, an interaction length of 1.8 cm, a
pulse duration of 40 fs and a focal radius of 2 mm.
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Figure 4 | Simulation of the gain. Temporal profile of the average gain (error
bars, s.d.) at a density of 1.6 3 1019 atoms cm23 for an ensemble of 1,000 SASE
pulses of 40-fs pulse duration, an energy of 0.24 mJ and a coherence time of
0.3 fs. Also shown is the temporal profile of the gain as determined by the selfconsistent gain calculations at penetration depths of z 5 0.02 cm (blue) and
0.28 cm (green) for a flat-top pulse with a 0.5-fs Gaussian ramp on. Inset,
integrated gain–length product as a function of the penetration depth in the
medium.

simulations, however, suggest that we are close to the onset of saturation, which according to our model is reached at GL 5 22. In traditional
XRLs, saturation sets in at far lower values, of GL < 15 (ref. 5). In our
scheme, the small angular divergence, the fast upper-state decay and the
absence of refraction all contribute to the higher value of GL needed to
reach saturation.
The measured output parameters of the neon XRL are a maximum
single-shot energy of 1.1 6 0.4 mJ and an angular divergence of 1 mrad
(see spatial beam intensity profile in Supplementary Fig. 5). This
energy corresponds to ,8 3 109 photons in the neon Ka line and an
energy conversion efficiency of 4 3 1023. The geometry of the gain
medium (radius, 1–2 mm; length, 0.28 cm) results in a Fresnel number
of ,1, such that the XRL is expected to be transversely coherent4. Our
model predicts an average pulse duration of 5-fs FWHM. The XRL, a
gain-swept amplifier characterized by a fast build-up of the population
inversion and a short upper-state lifetime, is expected to be nearly
transform limited and longitudinally coherent29. We estimate the spectral width to be 0.27 eV, resulting in a relative bandwidth of 0.03%,
determined by Fourier transform of the square root of the temporal
flux profile. To determine the spectral, temporal and coherence properties accurately, a Maxwell–Bloch approach is required. With the
above parameters, we estimate the peak brilliance of the XRL to be
,4 3 1029 photons s21 mrad22 mm22 within a relative spectral bandwidth of 0.1%. By comparison, the LCLS has a brilliance of ,3 3 1031
at a photon energy of 1 keV (ref. 8) and can be operated to produce
pulses with durations of less than or equal to 10 fs. Considering the
absolute bandwidth, the XRL has a spectral brightness only a factor of
30 smaller than that of the LCLS. Notably, the present inner-shell XRL
is the shortest-wavelength atomic XRL demonstrated so far and its
peak brilliance is greater by two to three orders of magnitude than
those of laser-heated XUV plasma lasers30.
The XRL photo-ionization scheme can be extended in several ways.
The transverse coherence and the brilliance could be increased by
lowering the gas density, thereby lengthening the gain region and
reducing angular divergence. The output energy of the XRL could be
increased significantly by a modest increase in the XFEL energy, as
indicated by the theoretical curve in Fig. 3. By increasing the photon
energy of the XFEL above the K edges of higher charge states, it should
become possible to use hydrogen and helium-like neon as lasing ions13.
This would result in lines of higher energies and of even narrower
bandwidth (Dv/v < 1026), owing to the extended lifetime of the

upper state. An increase in the photon flux by a factor of ten and longer
pulse durations, in the range of 150–200 fs, would be required to access
these lines. The XRL photo-ionization scheme can be transferred to
other elements and, thereby, to shorter or longer wavelengths. Lasing
on a Ka transition seems to be most promising for elements with
atomic number Z # 20 (refs 14,25). According to a simplified gain
model, the gain–length product scales like GL!Il2:2 as wavelength
(l) decreases (where I denotes the pump intensity). A numerical study
published before XFELs were available showed that lasing in the Ka
transition in solid sulphur at 2.37 keV could be established with X-ray
pulses nowadays achievable with XFELs25. To achieve a gain–length
product comparable to that of neon, an increase in the pump intensity
by a factor of approximately ten is necessary, which could be achieved
by tighter focusing. Another extension is to consider resonant excitation as a pumping mechanism18. This scheme, which is based on
amplification of self-stimulated X-ray Raman scattering, has the
potential of creating phase correlated two-colour X-ray/vacuumultraviolet sources suitable for coherent pump–probe applications.
The demonstrated XRL scheme enhances the capability of presentday XFEL sources. By contrast with the SASE XFELs, the atomic XRL is
expected to be longitudinally coherent and has a stable wavelength
centroid, that is, a highly reproducible spectrum and a much narrower
bandwidth. These advantages could be exploited in applications of
photoelectron spectroscopy or inelastic X-ray scattering. Moreover,
the scheme directly provides a synchronized, that is, time-jitter free,
two-colour source in the X-ray regime. Both the transmitted XFEL
radiation and the atomic XRL radiation have of the order of 109–1010
photons per pulse and ultrashort pulse durations of 40 and 5 fs,
respectively. The photon energy of the XFEL in this two-colour source
is tunable, as long as the photon energy is greater than the K-edge
energy of the gain medium. This scheme hence opens the way to
two-colour pump–probe studies in the X-ray regime. Intriguing new
directions realizable with this kind of source would for example be
stimulated inelastic X-ray scattering for applications in solid-state and
surface physics or time-resolved molecular spectroscopy by stimulated
X-ray Raman scattering19.

METHODS SUMMARY
LCLS X-ray pulses with ,960-eV photon energy were focused to an estimated
focus spot of ,1–2-mm radius in a gas cell of 1.4-cm length filled with neon at a
pressure of 500 torr. The XFEL pulse energy was varied with a gas attenuator
situated upstream and monitored by two upstream pulse-energy detectors. A
flat-field grating spectrometer was positioned 4 m downstream of the gas cell to
record the spectra of both the transmitted XFEL pump and the XRL line. The
spectra were recorded with a conventional 20-mm-pixel back-illuminated X-ray
CCD camera. The resolution of the spectrometer is ,2 eV at 1-keV photon energy.
A triggered shutter allowed for both single-shot and integrated ten-shot measurements, at a repetition rate of the LCLS between 10 and 60 Hz. To estimate the
signal and gain parameters of the XRL, we performed self-consistent gain calculations. The model is based on a set of atomic rate equations, determining the
populations of a total of 63 configuration states of neon during interaction with
an X-ray pulse, coupled to equations describing the propagation, absorption and
amplification of the X-ray flux in a simplified one-dimensional geometry. The
processes taken into account are photo-ionization of the valence and core shells,
Auger decay, spontaneous and stimulated radiative decay, and absorption. We
consider the forward-propagating X-ray flux at two discrete energies and assume a
dispersion-free medium. Calculations for small signal gain were performed for a
stochastic ensemble of SASE pulses, created by a Monte Carlo method. For comparison with the ten-shot data, we assumed flat-top pulses, representing the average
temporal structure of the SASE ensemble.
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