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X-ray lasing is predicted to ensue when molecules are pumped into dissociative core-excited states by a
free-electron-laser pulse. The lasing is due to the population inversion created in the neutral dissociation
product, and the process features self-trapping of the x-ray pulse at the gain ridge. Simulations performed
for the HCI molecule pumped at the 2p/, — 60 resonance demonstrate that the scheme can be used to

create ultrashort coherent x-ray pulses.
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In the long history of laser technology, there have been
continuous efforts aiming to reach amplification at vacuum
ultraviolet and x-ray wavelengths [1,2]. The recent accom-
plishments of free-electron-laser (FEL) techniques [3-6],
and especially the implementation of the principle of self-
amplified spontaneous emission, have dramatically changed
the experimental prospects for attaining such goals.
However, due to the shot-noise start-up in self-amplified
spontaneous emission generation of x-ray FEL (XFEL)
radiation, the pulses have inherent stochastic character,
with rather large variations in wavelength and intensity.
This constitutes an obstacle for various applications. One
strategy to solve the problem is to use the XFEL pulse to
create a population inversion in a medium which then lases
in the x-ray region [7—12]. Such an x-ray laser principle
based on atomic core level ionization suggested by
Rohringer and London [8] was recently demonstrated ex-
perimentally [12]. This pioneering result inspires exami-
nation of diverse associated mechanisms of x-ray lasing
based on XFEL radiation. One alternative is the Raman
x-ray laser based on resonant core excitation [9-11]. In this
Letter, we investigate x-ray lasing based on resonant core
excitation of a molecule to a state which is subject to ultra-
fast dissociation, i.e., a state in which dissociation precedes
the femtosecond core hole decay. Lasing based on photo-
dissociation has earlier been observed in the visible [13,14],
UV, and vacuum ultraviolet [15,16] spectral regions.

The lack of feedback mirrors in the x-ray region
demands high gain in single-pass pulse propagation. A
general obstacle to achieve sufficient gain in this region
is that the population inversion propagates slower than the
pump pulse. This can be understood as a combination of
two effects. First, mainly the front part of the pump pulse
creates gain, because field ionization and molecular frag-
mentation remove molecules from the absorption-emission
cycle. Second, this useful part of the pulse is elongated as
the pulse is attenuated in the course of propagation. Based
on this simple argument, one could think that the different
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propagation speeds result in a mismatch between the gain
and the amplified pulse, and thus the amplification is
strongly reduced. Here we predict self-trapping of the
amplified pulse in the region of the gain ridge, which is
defined by the maximum gain as a function of time and
propagation length: We show that the amplified pulse almost
follows the same trajectory as the gain ridge. Thereby the
energy conversion efficiency of the lasing increases.

Dissociation in core-excited states is a rule rather than
an exception [17], and a large number of molecules
[18-25] can be used for the dissociative x-ray laser
(DXRL). As an example of the proposed lasing mechanism
we analyze here the Cl 2p,, — 60 excitation of the HCI
molecule by an XFEL pulse and the subsequent ultrafast
dissociation: 7w, + HCl—=HCI*—H + CI*—Cl + hw + H.
Because of the ultrafast dissociation, sharp 3s — 2p atomic
lines appear in the inelastic soft x-ray scattering spectra of
HCI, excited in the broad 2p~ 60! resonance at hw, =
201.5 eV. By tuning the excitation energy hw,, the 35 —
2py, or the 3s — 2ps3), transition can exclusively be
selected [26,27]. In the proposed laser scheme, we consider
lasing associated with the 3s — 2p,/, transition at hw =
184.1 eV. The large width of the 201.5 eV resonance (A >
2 eV) and the large spin-orbit splitting (= 1.5 eV) relaxes
the demands on the energy width of the XFEL pump pulse
(around 2 eV is sufficient).

The population dynamics and the lasing are more readily
described in the frame (t = 1, — z¢/c, z = z¢, where ¢ is
the speed of light) than in the laboratory frame:

(y(z, )+ %)Ng(z, )= —P(z 1),
(F(Z, 0+ vy, + %)Nc(z, t) = P(z 1), (D

(r<z, )+ %)N (2 1) = yaN, (2. 1),
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These rate equations were solved by using the predictor-
corrector method [28]. Here I'(z,1) =T + v(z 1),
P(2,1) = Vaps(2, )[Ng(z, 1) — No(z, )], the rate y(z,t) =
onrly(z 1)/hw,, and the cross section of nonresonant
ionizationoyr are assumed to be the same for HCI,
HCI*, and CI*. An energy level diagram of the x-ray
dissociative laser is shown in Fig. 1. In the first step of
this process, the pump pulse promotes the molecules from
the ground state to the core-excited state at a rate y,4(z, 1),
and the populations of the two states are N,(z, ¢) and
N.(z, t), respectively. The core-excited molecular state is
depopulated due to radiative and Auger decay at a rate I
and due to dissociation at a rate y,. These processes
decrease the concentration of intact molecules N(z, t) =
N,(z, 1) + N.(z, 1), while the dissociation increases the
population N,(z, t) of core-excited CI* atoms. The sponta-
neous decay of CI* starts the lasing. The population inver-
sion Ny(z, 1) — Nj;(z, t), where Nﬁ(z, t) is the population
of the final state of the laser transition, is crucial for the
lasing. This is realized by considering the equations for the
DXRL intensity I; (z, £) « exp[G(z, 1)] and the gain g(z, 1):

¢ = 4(0)Ny = N1= oygN — %N, (2)

where G(z, 1) = [§g(z/,1)dz' is the full-trip gain and
oa(@)=0,T?/[(w — w,)*+T?]. Here Ny and N, (z, 1) =
Ny—N(z,1) —N,(z,1) are the initial concentration of HC1
molecules and ions created by the pump pulse, respec-
tively. The cross section for nonresonant absorption
by ions is assumed to be the same as for neutral HCI:
%% =~ oyg. The Doppler broadening neglected here
(kv = 0.0005 eV < &', k = w/c) can be significant for
higher . The main requirement for amplification,
Ny(z, t) — Nf; (z, 1) >0, is fulfilled, because the lower las-
ing level is almost empty (Nj; =~ (). Until saturation (I; =
10'* W/cm?), the upper state is depopulated mainly due to

the Auger decay which produces only ions and no neutral
Cl atoms [29,30].

We present simulations for the transition at @ = @, =
184.1 eV with Ny = 5 X 10'° cm™3. We assume that the
pump pulse has Gaussian shape I,(z, 1) =[I)/(1 +
2?/z3))exp(—41n2/73) exp[ —A(z, 1)], where I, 7,
and zz = ma®/ A, are the peak intensity, the pulse dura-
tion, and the Rayleigh range for the beam radius at the
waist a, respectively. The full-trip absorption A(z, 1) =
s J§[N,(2', 1) — N.(z/, 1)]dz’ takes into account the at-
tenuation of the pump intensity in the course of propaga-
tion. To make the calculation realistic, we exclusively use
parameters extracted from experimental data. The lifetime
of the core-excited state is equal to 1/I" = 11 fs according
to experiment [31]. For (2, 1) = 0yl (2, 1)/hw , asso-
ciated with the 2p — 60 pump transition, we use o, =
1.1 Mb [32]. The cross section oyp = 0.38 Mb was
obtained by using the experimental data for HCI1 [32,33].
Using the FEinstein relationship between absorption and
spontaneous emission, we estimate the absorption cross
section as o, = (A*/4m)I',/T = 33 Mb, where A =
2mc/w, I'y, = wgl is the rate of the radiative 2p — 3s
transition, and wy = 2.4 X 10~ is the fluorescence yield
[34]. The gain for randomly oriented molecules (2) is
scaled by the factor 9/5 to take into account the alignment
of the core-excited molecules by the pump pulse [17,35].
The rate vy, = v/AR at which the dissociation reaches the
region (AR = 1.5 a.u.) where the potential curve of the
core-excited state becomes almost flat is about 0.3 fs~! for

AE = 2.5-5 eV. Here v = J2AE/ u is the relative veloc-
ity of the dissociating atoms. The kinetic energy release
during dissociation has been estimated to be AE = 4 [17]
and 2.5 eV [36]. Simulations of g and G for AE = 2.5 and
5 eV give similar results within 10%.

Figure 2 shows the population dynamics. The molecules
are almost entirely transformed into ions during the pulse.
Although the concentration of core-excited atoms N, is
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FIG. 1 (color online). An energy level diagram of the X-ray
dissociative laser. The XFEL pulse excites the HCl molecule to
the 2p~ 60! state in which the molecule dissociates to a hydro-
gen atom and core-excited CI atom.
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FIG. 2 (color online). Dynamics of the populations at z = 0. A
significant part of the core-excited molecules ““within the pulse”
dissociates and forms core-excited CI atoms creating the inver-
sion of the population. A shift of the maxima of the populations
N, and N, relative to the top of the pump pulse (¢ = 0) occurs
because the intensity of the front of the pump pulse is sufficient
to ionize the molecule.
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FIG. 3 (color online). (a) Dependence of the gain on the peak
intensity of the XFEL pump pulse. The gain is positive when the
pump level exceeds the threshold intensity /. (b) Dependence
of the gain on the pulse duration.

rather small, it is sufficient to start the lasing if the intensity
is higher than the threshold value I, = 2.4 X 103 W /cm?
[Fig. 3(a)]. As seen in Fig. 3(b), lasing at I, = 10'¢ W/cm?
vanishes when the pulse duration is shorter than 0.02 fs and
longer than 5000 fs [this region of the lasing depends on ?,
(Fig. 3)]. When the pulse is too short, there are not enough
photons to create significant population inversion. When
the pulse is too long, the low intensity in the front part of the
pulse transforms most of the molecules to ions before the
intensity reaches I, and no lasing occurs. The gain creates
a coherent, short pulse, due to the exponential dependence
of the DXRL intensity on the gain [8—11,37].

We have computed a 2D map [Fig. 4(a)] of the gain
g(z, t). Contrary to intuition, the ridge of the gain does not
lie on the vertical trajectory t = t; — z4/c = const shown
by the white vertical line in Fig. 4. If the DXRL pulse
would have propagated with ¢, this would have created
a serious problem, because the overlap of the white line
with the gain is small, and, hence, the amplification
of the DXRL pulse would have been weak (G = 6.2;
Fig. 5). However, the DXRL pulse propagates with the
gain-dependent group velocity [38] w,(z, 1) = c¢/[1 +
cg(z, t)/T"], which affects the intensity [37] according to
the equation

(5 + s s = s+ S @)
Here J(z, 1) = [(,Ns(z, Dhw)/(4), and Q is the solid
angle of the gain region. The “group velocity” of the
DXRL pulse u(z, t) in the (z, t) frame is defined by the
equation u~!'=dt/dz=dty/dz—c' =v, -l =
g(z, 1)/I'. While v, is significantly different from c, the
group velocity of the pump pulse v, = ¢ because o, N, K
|g|. According to the simulations, the DXRL pulse tends to
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FIG. 4 (color online). Self-trapping of the lasing pulse into the
gain ridge. (a) 2D map of the gain distribution g(z, f). The insert
explains the self-trapping effect for a simplified situation:
g(z, 1) = 0 everywhere except at the gain ridge. According to
simulations u(z, #) is smaller than the slope dzqe./d?, and thus
the pulse tends to leave Zjqq. (#) (solid arrow). However the pulse
returns to the gain ridge (dashed arrow)), because u = I'/g — oo
as soon as it escapes from the ridge. (b) 2D map of the intensity
distribution I; (z, 7). The curves 1 and 2 show the DXRL intensity
profiles at z =0 ([ =0.76 W/cm?) and at z =0.125 cm
> =2x 10'3 W/cm?), respectively. The solid and dashed-
dotted curves show the ridges of the gain (g®) and DXRL pulse
(I%), respectively. The vertical white trajectory is going through
the maximum of the gain at z = 0, r = —239 fs. The parameters
are the same as in Fig. 2.

escape the gain ridge Zzqee (#), because u(z, t) is smaller than
the tangent to the gain ridge dzqe.(1)/dt [see the inset in
Fig. 4(a)]. However, the increase of u(z, t) = I'/g(z, t) be-
yond the gain ridge [where g(z, 7) is small] forces the pulse
to return. The competition between these two opposite
trends forces the pulse to follow a trajectory close to the
gain ridge. This qualitative picture is in nice agreement
with the solution of Eq. (3) shown in Fig. 4(b). This
equation with the boundary condition I;(z =0,1) =0
was solved by using the upwind differencing scheme [28]
with the steps of integration dz = 8.0 X 1079 cm and
dt = 1.467 X 1072 fs. The solid angle of the gain
region estimated for a Gaussian beam is ) = A3 /(7a?) =
3.1 X 1076 sr for @ = 2 um radius and A, = 27Tc/wp =~
6.2 nm. Variation of ~50% of the XFEL profile from the
Gaussian beam shape [39] gives the accuracy of our inten-
sity calculation 81, /I; = 8Q /) of the same order.
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FIG. 5 (color online). Gain, g, and full-trip gain, G, along the
gain ridge (solid lines (AE = 5 eV), dashed-dotted lines (AE =
2.5 eV)). The dotted line displays the full-trip gain along the
intensity ridge. The dashed lines show g and G full-trip gain
along the vertical white trajectory going through the maximum
of the gain at (z = 0, t = —239 fs, Fig. 4). The parameters are
the same as in Fig. 2.

The space- and time-dependent intensity found by solv-
ing Eq. (3) is shown by the color field in Fig. 4(b). Time
histories at several positions are indicated by the super-
imposed lines. We find the highest intensity /; = 3.5 X
10> W/cm? and the energy E; =~ 64 nJ of the DXRL
pulse at z = 0.14 cm. Figure 4(b) shows that the trajectory
of the pulse z(r) almost fully overlaps with the gain ridge
Zridge (1), and the full-trip gain G along the intensity ridge
(dotted line in Fig. 5) takes the maximum G = 24 which is
rather close to the full-trip gain obtained from the solution
of Eq. (3) G = In(I} /Iq) = 20.6 at z = 0.14 cm. The
“seed” intensity is estimated by using the solution of
Eq. (3) for g = const [37] (see also Refs. [1,2,40]): Iieq =
J/g = 3.9 X 10* W/cm?. The deviation of the pulse tra-
jectory from the gain ridge is rather small Az/ T, = 107!
[Fig. 4(b)]. This behavior can be described as self-trapping
of the lasing pulse at the gain ridge. Apparently, the effect
of self-trapping occurs if the following condition is ful-
filled: dzsiqee/dt > u(z, 1) = I'/ gigge- The pump pulse en-
ergy E, =13 mJ (I5=5x10' W/cm?, 7, =200 fs,
a=72 um) gives the energy conversion efficiency
E /E,~ 05X 10~*. Figure 5 shows that the gain g and
the full-trip gain G along the intensity ridge IX are much
stronger than along the trajectory, where v, = ¢, as
shown by the white vertical line in Fig. 4. Thus, the
self-trapping effect drastically increases the amplifica-
tion of the DXRL pulse.

In conclusion, we have proposed a scheme for x-ray
lasing in dissociative molecules pumped by an XFEL
pulse. It is based on the fact that core excitation of a
molecule into a dissociative state can create population
inversion in a fragment of the dissociation. The require-
ments on the duration of the FEL pulse and peak brilliance
in the analyzed specific example are fulfilled at FEL in
Hamburg (FLASH II) [5] and for other molecules and core
excitations realistic conditions are provided by several

other existing and planned XFEL facilities. Crucial for
the efficiency of the laser scheme is the new predicted
effect of self-trapping of the lasing pulse at the gain ridge.
The dissociative x-ray laser provides an alternative way to
create femtosecond coherent inner-shell x-ray pulses
with narrow spectral width, which is vital for numerous
applications, for instance, within the field of pump-
probe time-resolved spectroscopy.
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