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Atomic inner-shell x-ray laser pumped by an x-ray free-electron laser
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We discuss possibilities of pumping an atomic inner-shell x-ray laser with an x-ray free-electron laser
(XFEL). Self-consistent gain calculations show that with the first available XFEL, the Linac Coherent Light
Source at Stanford, it will become possible to produce subfemtosecond x-ray pulses at intensities reaching
610" W/cm?. Small-signal gain calculations indicate that saturation of more than one lasing line is pos-
sible, resulting in temporally separated femtosecond x-ray pulses of different wavelengths. The presented
lasing scheme creates broad capability for advancing the field of high-intensity ultrashort x-ray physics.
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Laboratory atomic x-ray lasers (XRLs) were first realized
in 1984 [1]. Since then, a world-wide community has worked
to advance the parameters and application of these sources.
The shortest wavelength achieved so far is 3.6 nm, albeit
with a weak output [2]. More recently, x-ray free-electron
lasers (XFELs) have been proposed [3] and there are cur-
rently three XFEL facilities under construction. We propose
to merge these two technologies by pumping an atomic XRL
with a radiation pulse from an XFEL. Saturated XRL pulses
with peak intensities comparable to XFELs and wavelengths
of 1.5 nm or less can be achieved. A variety of different pulse
shapes are possible: transform limited, single x-ray pulses of
subfemtosecond duration, x-ray pulses in the range of 10 fs
duration with improved coherence properties, and a series of
temporally separated femtosecond x-ray pulses of different
wavelengths. This can build the basis for two-color pump-
probe experiments in the x-ray regime.

Forthcoming XFEL sources will be based on the self-
amplified spontaneous emission (SASE) process [4], creating
quasichaotic pulses, containing uncorrelated intensity spikes
of femtosecond duration [5]. Our proposed scheme holds the
potential of isolating single femtosecond spikes and creating
radiation of increased temporal coherence, thereby smooth-
ing the chaotic pulse profile of SASE radiation. Several com-
munities could benefit from this new ultrafast x-ray source.
The time resolution for techniques such as x-ray photoelec-
tron spectroscopy [6] and x-ray diffraction of solids [7] could
be improved. Pump-probe techniques such as femtosecond
transient absorption spectroscopy [8] could be transferred to
the x-ray regime. Controlling the pulse duration, it would
become possible to study x-ray nonlinear quantum optical
effects in the time domain [9,10].

The quest for ultrashort high-intensity x-ray sources is
being tackled with several techniques. Proposals to produce
femtosecond x-ray pulses at XFEL facilities are based on
slicing of the electron beam [11] or operation with low-
charge ultralow emittance electron beams [12]. Lately, a
scheme to produce a train of attosecond pulses by mode
locking of an XFEL was proposed [13]. At the other end of
the spectrum are optical laser pumped XRLs seeded with
high-harmonic radiation [14]. Due to the lack of high-
harmonic radiation at shorter wavelength, this method is cur-
rently limited to the soft x-ray regime (>10 nm). Recently,
the idea of using an FEL to pump a laser in the xuv regime
was put forward for an inner-shell lasing scheme of carbon
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[15] and a recombination-based soft XRL of helium [16].
Another approach aims for pumping an XRL with broadband
betatron radiation [ 17]. We propose a lasing scheme of broad
capability by photopumping an inner-shell XRL [18] with an
XFEL. The method can be applied to a broad variety of gain
materials. In this paper we present gain calculations for neon,
tailored to predict first lasing experiments using the Linac
Coherent Light Source (LCLS) at Stanford.

Focusing the XFEL into a gas target, an elongated plasma
column is created by inner-shell photoionization within the
first few femtoseconds of the XFEL pump [19]. The core-
excited ions Auger decay within a few femtoseconds and a
transient population inversion of femtosecond duration is es-
tablished. This inversion forms the basis for an x-ray lasing
transition. The gain of the XRL depends on the linewidth of
the lasing transition. Since the inner-shell photoionization
happens on an ultrafast time scale of a few femtoseconds, the
ion temperature in the plasma column is expected to remain
close to room temperature during the time of amplification.
This opens the pathway to very narrow high-gain lasing tran-
sitions, with their width being determined only by lifetime
broadening of the lower and upper lasing states. The geom-
etry of the x-ray laser is determined by the focus of the
XFEL and at a micrometer focal spot size, a gain region
several millimeters in length can be achieved [20]. Due to
the small aspect ratio, lasing in a single transverse mode is
expected. The beam divergence has the same magnitude as
the divergence of the focused XFEL beam. Our model cal-
culations demonstrate that saturation of the XRL can be
achieved at moderate gas densities.

Amplification of spontaneous emission in the exponential
gain region is determined by the small-signal gain. The
small-signal gain per atom is defined as

g(1) = n1) O ggipg = 11 () O g (1)

Here n;; and n; are occupancies of the upper and lower las-
ing states, and oy, and o, denote the cross section for
stimulated emission and absorption,

2rc? 8u

Ostim =AU~>L szw7 Oubs = Ustimg_’ (2)
L

where Ay _,; is the Einstein A coefficient for the radiative
transition and g, and g; are the statistical weights of the
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FIG. 1. (Color online) Small-signal gain cross section per atom
of singly, doubly, and triply ionized neon for a sample XFEL pulse
of 1 keV photon energy. XFEL parameters as described in the text.

upper and lower lasing levels. Equation (2) gives the cross
sections at the peak of the line, supposing a Lorentzian line
shape. The linewidth of the transition Aw is dominated by
the total lifetime of the upper and lower states (Auger life-
time and radiative lifetime) [21]. In the case of the
Ne'* 2p~1-157! transition (w=850 eV), this results in a rela-
tive width of Aw/w=2.9X 107*, where we assumed shell-
averaged values for Auger and radiative decay rates [22].
The occupancies ny(r) and n;(¢) are determined by influence
of the pumping radiation on an ensemble of single atoms.
The occupancies of different configuration states are calcu-
lated by solving a system of rate equations, describing va-
lence and core photoionization, Auger, and radiative decay
[19]. We treat 63 different channels (configuration states of
Neon of charge states up to 10+) and simulate the chaotic
intensity profile of the SASE XFEL radiation with a statisti-
cal method, following Ref. [23].

Small-signal gain cross sections have been calculated, as-
suming no influence of the XRL radiation on the level occu-
pancies. Figure 1 shows the small-signal gain cross sections
per atom for a sample XFEL pulse of 1 keV photon energy.
We assumed 5 X 10! photons in 100 fs, focused to a 2 um
diameter spot, as expected for LCLS. The highest gains oc-
cur in the Ne'* 2p~!-157! and the Ne** 15'25%2p*-15%2s22p3
lines. The gain maxima are correlated with the intensity
peaks of the pump pulse and are separated by a few femto-
seconds. The first XFEL spike ionizes an electron from the
Is shell (giving rise to the main lasing line), with a small
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FIG. 2. (Color online) Same as in Fig. 1 but averaged over

10,000 sample pulses.

probability of creating a double hole in the K shell (resulting
in the lasing from the Ne?* 2522p® state). The width of the
Ne'* lasing line is determined by the Auger lifetime of the
core hole of 2.75 fs. The dominant Auger decay channel is to
Ne?* 15%25?2p* which is subsequently core ionized by the
second intensity spike of the XFEL pulse, giving rise to the
second strongest transition from Ne** 15%25*2p*. Due to the
chaotic nature of the XFEL pulses, the exact timing and
shape of the gain curves vary from pulse to pulse. We there-
fore averaged the small-signal gain of an ensemble of pulses,
shown in Fig. 2. The general trend is similar to the sample
shot presented in Fig. 1. The peak gain values of the two
strongest lines are on average separated by 5 fs. The tempo-
ral width of the lasing lines is 5-10 fs. An exponential
growth of the spontaneous radiation can therefore result in
intensity spikes of subfemtosecond duration. Due to the non-
linear effects involved [19], the gains resulting from the av-
eraged pump pulse are not equal to the ensemble average of
the gain curves. They differ by 10%—30%. The average val-
ues and standard deviations of the peak gain and the gain
duration are summarized in Table I for different lasing tran-
sitions. At atomic densities of 10'® ¢cm™ the gain coefficient
(in mm™) is related to the gain cross section (in bohr?) by
G=2.8g. Typical peak gain-length products of G X L=20
can therefore be reached with an interaction length of several
millimeters, at which the XRL will start to saturate [24].
The saturation intensity is defined as the intensity, at
which the rate of stimulated emission equals the exit rate of

the upper lasing state and is given by

TABLE I. Saturation intensity, average of the peak value of small-signal gains, and the duration (FWHM)
in fs and their standard deviation for an ensemble of 10,000 random pulses for wp=1 keV. The pulse

parameters correspond to those of Fig. 2.

Gain T Loy
Ne Upper state (a.u.) STD gy (fs) STD, (W/cm?)
1+ 1s'2522p5 0.564 0.102 43 1.9 9.3x 10"
2+ 2522p° 0.107 0.061 2.6 1.0 3.4x 10
3+ 1s'2p® 0.064 0.017 5.7 22 6.3x 10"
3+ 1s'2522p* 0.422 0.105 6.9 2.5 6.6x 10"
3+ 1s'25'2p3 0.179 0.058 4.6 1.9 5.6x 10"
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FIG. 3. (Color online) Averaged small-signal gain per atom for
wp=1.4 keV. Shown are the positive gain coefficients for Ne'+,
Ne’+Neb+, and Ne’+.
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Since the width of the lasing line Aw is dominated by the
inverse lifetime of the upper state Awy;, the saturation flux
scales as Aw%]/ Ay_. This implies that although an enhanced
decay rate of the upper states (for lower charge states of
neon) decreases the small-signal gain, it increases the satu-
ration intensity. Hence, laser emission from the lower charge
states feature shorter pulse duration and higher peak intensity
than emission from the highly charged ions. This trend be-
comes evident by comparing gain cross sections at a higher
photon-pump energy, thereby accessing higher charge states.
Figure 3 and Table II give results for pumping with 1.4 keV
photons. The highest gain occurs in the hydrogenlike
Ne’* 2p-1s transition (w=1.022 keV). The width of this
transition is extremely narrow with Aw/w=4X 107 due to
the long radiative lifetime of the 2p state (~160 fs). To
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saturate the lasing transition, gas densities on the order of
2% 10'7 cm™ are required. At such densities Stark and col-
lisional broadening are small. The SASE FEL pump has a
relative energy width of Awp/wp=4X107*, resulting in a
longitudinal coherence time TCOCAwI_Jl of the order of 2 fs.
Exploiting the Ne* lasing transition, the coherence time of
the generated XRL would exceed that of the XFEL pump by
an order of magnitude. This would result in XRL pulses of a
smooth intensity profile, which would have big advantages in
studying nonlinear interactions of x-ray photons with matter
[19]. It is important to note that positive gain of the
Ne’* 2p-1s transition can only be achieved by tuning the
XFEL photon frequency above the ionization edge of Ne”*,
in order to deplete the lower lasing state. Unlike in recently
proposed xuv FEL pumped lasing schemes using inner va-
lence electrons [15] where the depletion of the lower lasing
level is caused by fast Coster-Kronig transitions, in our
scheme the lower lasing levels are depleted by photoioniza-
tion by the pump. Our scheme is therefore widely applicable
and can be extended to any other atomic species by tuning
the pump frequency accordingly.

The proposed pumping scheme allows the selection of
different lasing transitions by tuning the XFEL energy and
changing the gas density accordingly. Tuning below the Ne’*
ionization edge, the gain of the Ne’* can be completely sup-
pressed. In this case, gain of Ne!*, Ne”*, and Ne®* lines are
of similar magnitude and several lasing lines of different
frequency can be saturated. Although the proposed lasing
scheme is self-terminating, i.e., each atom can at most con-
tribute a single photon to one lasing line, each atom can
successively undergo stimulated emission of independent
lasing lines (lines, for which upper and lower states are not
directly coupled to states of the other transition). As a con-
sequence, it might be possible to saturate two or more dis-
tinct lasing lines, provided that the small-signal gains are of
similar strength. The resulting outcome of the x-ray laser
would therefore consist of consecutive pulses of distinct
color separated by a few femtoseconds.

Given that it seems possible to achieve large gains, we

TABLE II. Same as in Table I but for wp=1.4 keV.

Gain T Lot
Ne Upper state (a.u.) STDgyin (fs) STD. (W/cm?)
1+ 1s'2522p® 0.466 0.101 53 2.4 9.3x 10
2+ 2522p° 0.051 0.032 2.3 1.1 3.4 % 10"
3+ 1s'2522p* 0.199 0.041 7.2 32 6.6 X101
3+ 1s'25'2p° 0.061 0.023 3.4 15 56X 10
5+ 1s'2p* 0.067 0.022 4.0 2.0 2.6X 101
5+ 1s'25'2p? 0.126 0.040 4.4 23 2.0% 101
5+ 1s'25%2p? 0.092 0.015 10.9 49 3.5x 10"
7+ 1s'2p? 0.351 0.090 59 4.2 2.6x 10"
7+ 1s'2s12p! 0.506 0.042 26.3 7.6 1.2x10"
8+ 1s'2p! 0.364 0.198 39.8 28.1 L.1x10"
8+ 2p° 0.698 0.234 12.7 12.4 8.3x 101
8+ 25'2p! 0.896 0.127 40.6 243 3.6X 10"
9+ 2p! 6.131 2.718 14.9 12.2 4.4x 101
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now discuss the expected output properties of an XFEL-
pumped XRL. To simulate the output of the lasing transition
with highest gain, we apply a one-dimensional model that
couples the atomic level kinetics to the laser propagation and
amplification. The rate equation for determining the occupa-
tion of the upper lasing state N/(z,?) at position z is

dNZ(tZJ) =2 ajEINE) + 2 ofjEN(E)

- U @) + M@0 Ny (=)
+ oL @) + M@0 IN(z,0)
~[Ay L+ P+ (0 + 0p)j@IN(z1)  (4)

where o and of denote the cross section for valence and
core photoionization [25], respectively, for a source state
with occupation Nf and 7.=t-z/c. The propagating flux of
the pump pulse is denoted by j(z,7) and p?, is the total Auger
decay rate of the upper lasing state. The second and third
rows of Eq. (4) correspond to the stimulated absorption and
emission of forward and backward propagating XRL flux
ijL and j*®, and the last row describes losses due to spon-
taneous decay, Auger decay, and photoionization of core and
valence shell. The occupation of the lower lasing level is
modeled similarly. The XRL flux is determined by

djﬁRL XRL b.
R (z.0)cna[ 0 Nylz,1) = 0*° N (z,1)]
6. dj*R-
+ _(Z)AUﬂLNU(Zat)nAC +c ‘]7 s (5)

dar dz

where 0. (z)=27[1-(L/2Fz)/\r’+(L/2 ¥ z)*] are the geo-
metrical acceptance angles, allowing propagation in forward
and backward directions, n, is the atomic density, and L is
the interaction length and r is the focal radius. Due to the
longitudinal pumping, lasing occurs only in forward direc-
tion. Results for a typical sample XFEL pulse are presented
in Fig. 4, showing the peak intensity and pulse duration [full
width at half maximum (FWHM)] of the Ne!* lasing transi-
tion as a function of the interaction length for a gas density
of 4X 10" c¢cm™. The pulse duration decreases in the expo-
nential gain regime, but as soon as saturation sets in, the
pulse duration increases, since the low intensity flanks of the
pulses still follow exponential gain, whereas the peak-
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FIG. 4. (Color online) Shown are the output intensity and the
pulse duration (FWHM) of the XRL for the Ne'* 1571-2p~! line as
function of the interaction length for a gas density of n=4
X 10'® e¢m™3 for an XFEL sample shot. The inset shows the inten-
sity profile of the pump and XRL pulse at the exit of the gain
medium.

intensity regions are already saturated. The inset shows the
intensity profile of the pump and XRL pulse at the exit. Las-
ing basically happens during the first intensity maximum of
the pump pulse. Our self-consistent gain calculations indi-
cate that peak intensities of 6 X 10'® W/cm? can be achieved
with subfemtosecond pulse duration.

In this paper we presented a scheme to use XFEL radia-
tion to pump a photoionization inner-shell x-ray laser in an
atomic gas. The small-signal gain cross sections for neon
show that several XRL lines can be saturated at moderate gas
densities and interaction lengths of a few millimeters. Self-
consistent gain calculations indicate that subfemtosecond
x-ray pulses at peak intensities comparable to the XFEL
pump can be achieved. Moreover, the scheme could be ex-
ploited to produce a sequence of XRL femtosecond pulses of
different wavelengths, temporally separated by a few femto-
seconds. This would be a first step for a two-color pump-
probe source in the x-ray regime. Adjusting the XFEL pump
to higher energies, the scheme can be generalized to heavier
atoms and therefore shorter wavelengths.
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