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Narrow-band hard-x-ray lasing with
highly charged ions

Chunhai Lyu, Stefano M. Cavaletto®™, Christoph H. Keitel(® & Zoltan Harman

A scheme is put forward to generate fully coherent x-ray lasers based on population inversion in

highly charged ions, created by fast inner-shell photoionization using broadband x-ray free-electron-
laser (XFEL) pulses in a laser-produced plasma. Numerical simulations based on the Maxwell-Bloch
theory show that one can obtain high-intensity, femtosecond x-ray pulses of relative bandwidths
Aw]w=107°-10"7, by orders of magnitude narrower than in x-ray free-electron-laser pulses for
discrete wavelengths down to the sub-angstrom regime. Such x-ray lasers can be applicable in the
study of x-ray quantum optics and metrology, investigating nonlinear interactions between x-rays and
matter, or in high-precision spectroscopy studies in laboratory astrophysics.

Most x-ray free-electron laser (XFEL) facilities in operation or under construction generate hard-x-ray pulses
based on the self-amplified spontaneous-emission (SASE) process. Despite their broad (Aw/w~107?) and cha-
otic spectrum’, such high-intensity, transversely coherent SASE x-ray pulses have found diverse applications in
physics, chemistry and biology®-*. However, current and future investigations of x-ray quantum optics®~, nonlin-
ear x-ray scattering®, high-resolution x-ray spectroscopy®'’, frequency-resolved x-ray scattering'"'> and coher-
ent x-ray pump-probe experiments'>~'® also require a longitudinally coherent x-ray source with a narrower and
smooth spectrum. Therefore, considerable efforts have been devoted to generate x-ray pulses with better temporal
coherence and lower bandwidth>!¢-%,

Different seeding schemes have been implemented successfully at XFEL facilities'®?°. In the hard-x-ray
regime, the self-seeding mechanism has reduced the relative bandwidth to the level of 5 x 107° at photon ener-
gies of 8-9 keV (ref. 7). However, at higher energies around 30 keV, the predicted relative bandwidth for seeded
XFELs is approximately 4 x 10~*(ref. !). Further reduction of the bandwidth with low-gain XFEL oscillators
(XFELOs) has also been proposed. By recirculating the x-ray pulses through an undulator in a cavity, the output
x-rays have an estimated relative bandwidth as small as 1077 (refs. >2!). To date, however, the XFELO scheme
remains untested.

X-ray lasers (XRLs) adopting atomic transitions provide an alternative approach towards x-ray sources with
high brightness and temporal coherence?*-*. Plasma-based XRLs have achieved saturated amplification for differ-
ent wavelengths in the soft-x-ray regime. Such soft-XRLs are mainly based on the 3p — 3s or 4d — 4p transitions
in Ne- or Ni-like highly charged ions (HCIs) for elements varying from Si to Au, where the population inversion
is achieved through electron collisional excitation in a hot dense plasma with lengths from a few centimeters
up to tens of centimeters?*-2%, By employing a seeding or a different pumping scheme?, saturated soft-x-ray las-
ing from a millimeter-long high-gain plasma has also been realized. The first hard-XRL was initially proposed
through direct pumping of the 1s~* — 2p~! transition via photoionization of a K-shell electron?. Limited by the
high pump power required, this scheme was demonstrated only in recent years after XFELs became available.
As a result of the high XFEL-pumping efficiency, an XRL at 846 eV with saturated intensity was achieved in a
2.8-mm-long neon gas?, with an estimated fractional bandwidth of 3 x 10~ due to fast Auger decay of the upper
lasing state. In an experiment with solid copper, an XRL with a sub-saturation intensity at a photon energy of 8
keV was produced®, with a measured relative bandwidth of 2 x 10™*. Reduction of the bandwidth by another
order of magnitude via the long-lived 2p — 1s dipole transition in Ne®* generated by the XFEL pump pulse was
also discussed®, but it becomes inefficient for heavier ions with transition energies larger than 10 keV. For exam-
ple, the spontaneous emission rate of the 2p — 1s electric-dipole transition, scaling as Z* (with Z the atomic num-
ber), is around 1/160 fs~* for Ne** with a transition energy of 1.022 keV, and becomes 1/1.7 fs~! for Ga*** with
a transition energy of 10 keV. Alternative schemes to obtain narrow-band XRLs at even higher photon energies,
e.g., deep into the hard-x-ray regime, are thus required.

Here we put forward a plasma-based XRL based on the 152 — 1s* (I=s, p) transition in He-like HCIs and
pumped by an XFEL pulse (Fig. 1). The detrimental Auger-decay channel is nonexistent due to the lack of
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Figure 1. Scheme of the lasing process. (a) Laser configuration. (b) Level scheme. The order of the 1521 (I=s, p)
states may vary for different elements (see Table 1). Figure adapted from C. Lyu’s Ph.D. thesis®.

Neb+ Ar'e+ K3t Xe52+
hw, T hw, T hw, T hw, T
1s21 (keV) | (s) (keV) | (s) (keV) | (s) (keV) | (s)

'P:E1 | 0.9198 | 1.08 x 10=22 | 3.137 |9.11x10= | 13.111 |6.53 x 107'¢ | 30.625 | 1.47 x 106
18y: % 09134 |3.14x 10 |3.122 [633x10°% |13.024 [ 1.26x 107 |30.210 | 1.66 x 10~
P M2 09125 | 624X 107 |3.124 | 1.24x 107 | 13.087 | 9.46 x 10=12 | 30.589 | 3.44 x 10=13
*PEl 09123 | 1.90x 1071 | 3.121 | 5.67 x10=13 | 13.023 | 2.54 x 10=15 | 30.201 |3.27 x 1076
3Py X 0.9122 | 6.77x107% |3.120 [3.41x10°% |13.020 | 1.34x10°% |30.207 |6.39x 10~
38: M1 ]0.9025 | 1.10 x 107 | 3.101 | 2.30x 10~ | 12,976 | 1.80 x 107" | 30.124 | 2.68 x 1012

Table 1. Energy hw, and lifetime 7 of the 152/ states in He-like ions. Values are obtained from
multiconfiguration Dirac-Hartree-Fock calculations®. The K, transitions from the 'S, and *Pj states in the 152/
configuration to the 1S state in the 1s* configuration are forbidden by selection rules, and their radiative decay
to the other 1s2[ states is negligibly slow as indicated by the long lifetime. The lifetimes of the lasing transitions,
satisfying the condition 1fs <7< 10 ps, are underlined.

outer-shell electrons. By choosing a non-dipole lasing transition which decays slowly, this enables saturated lasing
for photon energies well above 10 keV and it results in a further reduction of the XRL bandwidth by several orders
of magnitude. Such coherent XRLs would enable applications in the growing field of x-ray quantum optics®7*!-¥’
and metrology®?, in addition to investigations of nonlinear interactions between x-rays and matter®*~*, and
high-precision spectroscopy studies in laboratory astrophysics*>4.

Results

X-ray lasing scheme. The photoionization-pumped atomic laser is illustrated in Fig. 1a. First, a line-focused
intense optical laser generates a plasma of highly charged ions, which mainly consists of Li-like ions in a 15?21
state and He-like ions in a 1s® state (see Methods). Then, a SASE XFEL pulse, tuned above the K-edge of He-like
ions in the 15 state, is injected perpendicularly to the optical laser beam. This XFEL pulse immediately removes
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15221 — 1521 1 —1s 1s21—1s 1s21—21

hw o %o hwy T -, e hw oy
1521 (keV) kb) | (keV) kb) | (eV) | b) | (keV)
Nebt+1p, 1.138 39.1 1.196 151 0.274 1.55 1.295
Ar'et3p, 4.013 24.6 4.124 44.6 0.998 0.48 4312
Arlor1p 4.029 12.4 4.124 44.6 0.982 0.47 4312
Kr*+3p, 17.048 6.24 17.315 10.9 4.206 0.12 17.635
Xe®2+3p, 39.949 2.66 40.302 531 9.671 0.06 40.961

Table 2. K- and L-shell ionization thresholds hw, Awr,, hwr,, hwr, and cross sections oy, a,, o... The
photoionization cross sections ¢y, 7, and o, (kb =10"?' cm?) are calculated with the LANL Atomic Physics
Codes*, by assuming a corresponding XFEL photon energy of w,s, = wr,. The cross sections o, and o, only
account for the ionization channel to and from the corresponding upper lasing state in the first column,
respectively. Values for other channels can be found in the Supplemental Materials. Due to wy, — wr, > Awyg
(Aw,g, is the bandwidth of the corresponding XFEL pulse), the single-photon ionization channel 1521 211
energetically forbidden.

a K-shell electron from each of the Li- and He-like ions, creating He-like ions in the 152/ excited states and H-like
ions in the 1s state, respectively (blue arrows in Fig. 1b). Further K-shell ionization from these states is prevented
by higher binding energies. Subsequent decay of He-like ions from the 1521 state to the 1s? ground state (green
arrows in Fig. 1b) leads to emission of x-ray photons via four possible K, transitions: one magnetic-dipole (M1)
transition from the 3S; state, two electric-dipole (E1) transitions from the *P; or !P, states, and one magnet-
ic-quadrupole (M2) transition from the *P, state. The energy and lifetime of these transitions for suitable XRL
systems are shown in Table 1, while Table 2 displays K- and L-shell ionization thresholds*’. The ionization-poten-
tial depression in the plasma is small and can thus be neglected*®. The far-detuned L-shell photoionization (broad
blue arrow in Fig. 1b) may also depopulate the excited state, but its rate is much slower compared to the pump
rates. Thus, the slow decay of these excited states leads to a transient population inversion in the He-like ions, and
to the amplification of the emitted x-rays, i.e., transient x-ray lasing.

Lasing transitions. Two factors determine which transition will lase. First, typical XFEL facilities operate
at peak photon fluxes of 10**-10% ph./cm?/s (refs. *). For the photoionization cross sections shown in Table 2
(ref. *7), they yield inverse ionization rates of a few femtoseconds. Transitions with lifetimes longer than 1 fs are
thus necessary to ensure population inversion. Second, for the ions we are going to consider, the hydrodynamic
plasma expansion time of ~10 ps (refs. ***), depending on the plasma size and temperature, also influences the
lasing process. Sufficient x-ray amplification takes place only from transitions whose upper-state lifetimes satisfy
1fs <7< 10 ps. Systems and transitions satisfying this condition are underlined in Table 1. Although current
XFEL facilities are designed to deliver x-rays with a single-photon energy up to 30 keV (ref. '), calculations for
Xe*?* requiring 40.3-keV FEL frequencies were included as an example of the applications which would be ena-
bled by such XFEL pulses in the near future®.

For light ions, Ne®" for example, the E1 transition with a decay rate of 9.2 x 10'2s™! from the 'P, state will
develop lasing. The other transitions have decay times much larger than the plasma expansion time, and their
contribution is negligible compared to the P, state. For heavy ions such as Xe>**, however, the two E1 transition
rates scale as ~Z* (Z being the atomic number), corresponding to 3.0 x 10"°*s~! for *°P, and 6.8 x 10"*s~! for 'P,,
respectively, which are too large to enable population inversion with available XFEL pulses. On the other hand,
the decay rates of the M1 transition from the 3S, state and of the M2 transition from the *P, state are 3.7 x 10!!s™!
and 2.6 x 10'2s7!, respectively, which is sufficient for lasing to take place before the expansion of the plasma.

Two-level approximation. Since the lifetimes of different K,, transitions from the 152! configuration differ
by orders of magnitude, when we model the lasing process from a specific transition, a two-level approximation
for the He-like ions is applicable. This is evident for the case of Ne®* ions, where only the E1 transition from the
'P, state satisfies the requirements for lasing described above. For Ar'®* jons, both E1 transitions may lase simul-
taneously. Thus, the XFEL photon energy w¢ and the mean peak flux have to be tuned properly, such that when
the transition from the *P, state is pumped, the other transition does not lase due to the relatively fast decay rate
of the 'P, state. On the other hand, when lasing from the 'P, state is considered, the effects from the P, state can
be neglected as well due to its slow lasing dynamics. Similar approximations can be applied when we model the
XRLs from Kr*** and Xe*** ions which also contain two suitable lasing transitions. Furthermore, for the plasma
conditions considered later, collision-induced population transfer rates between different upper states are small
compared to the K, emission rate, ensuring the validity of the two-level approximation.

Initial charge-state distributions. Our scheme requires a plasma in which the density of Li-like ions
is maximized compared to other ionic species. While the generation of such a plasma, in the initial stage (of a
few femtoseconds), involves highly complex and nonlinear laser-matter interaction processes for the ejection of
outermost electrons, the removal of deeply bounded electrons in the later stage of the plasma generation is dom-
inated by linear processes such as collisional ionization. Therefore, when we focus on the state of the plasma after
the HCISs are generated, collisional-radiative atomic-physics plasma codes such as FLYCHK®' can be used for an
estimation of the properties of the plasma, such as the ion density N;,, and the electron temperature T, necessary
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Figure 2. Charge-state distributions in laser-produced plasmas. Electron temperature T, and ion density Nj,,
are chosen to enable a significant fraction of Li-like ions in the plasma®'. For the Ar plasma, the red (yellow) line
with N, =2.5 X 10" cm 3 (N, = 2.5 X 10* cm ) is tuned to achieve optimal lasing from the *P, (*P,) state.
Figure reproduced from C. Lyu’s Ph.D. thesis®.

Transitions Line broadenings XFELs Simulation results

Upper state | hw, I hAwp | hAw, ; | hAw;_; | peakflux Aty hAW gl Stocal L I

1521 (keV) (meV) | (meV) | (meV) | (meV) | (ph./cm?¥/s) | (fs) (eV) | (pm?) (mm) (W/cm?) Aw/w

Ne*+ 1P, 0.920 | 6.08 3.23 0.08 0.06 L1x10* |213 625 |15 2.8 4.575% x 10" [7.8737 x 107
Ar'6+3p, 3121 | 116 7.80 1.38 9.81 2.3x10% 124 155 | 1.0 33 50738 x 10" 7.8 x 107°
Ar'6t1p) 3137 | 722 7.83 2.20 2522 [2.0x10% 2.0 74 0.1 0.35 15755 x 10" [4.7739 x 107°

Table 3. XRL transitions in He-like Ne and Ar ions. For the XFEL peak flux, ph. stands for photons. The
uncertainties in the simulation results for I, and Aw/w arise from the random XFEL pulse profiles and the

noisy spontaneous-emission seedings, with the upper and lower bounds being the values at the 10th and 90th
percentiles of the corresponding distributions [as shown in Fig. 3(d,f) for Ar'**3P,]. Table adapted from C. Lyu’s
Ph.D. thesis”.

to satisfy the corresponding ionic distributions. Then, the pondermotive scaling law can be used to estimate the
laser intensity and wavelength needed to produce such a plasma (see Discussions). The charge-state distributions
obtained from such simulations are displayed in Fig. 2, where ions with other charge states coexist with the Li-like
ions. We notice in particular that most of the ions are He-like ions in the 1s? state with negligible populations in
the 152/ state. This is due to the fact that, even though energetic electrons can impact with the ions of any charge
state and create K-shell holes, these are immediately filled by the outer-shell electrons, leading to the emission of
incoherent K, photons in the hard-x-ray regime®*-*.

Electron-impact K-shell ionization or excitation are very slow compared to the spontaneous decay of the
excited state, such that population inversion does not set in and spontaneous K, radiation is not amplified.
However, when an intense XFEL pulse is injected, the K-shell photoionization rates of the Li-like ions can be
much larger than the decay rate of the 152/ excited state of the resulting He-like ions. Since the lower lasing state
(1s?) of the He-like ions is also depleted by the XFEL pulse with a large photoionization rate, population inversion
in the He-like ions will be reached shortly after the arrival of the XFEL pulse.

XRLs from He-like Ne and Ar.  Parameters for x-ray lasing from transitions in He-like Ne and Ar ions are
shown in Table 3. The natural linewidth I' = 1/7 for each lasing transition is obtained from multiconfiguration
Dirac-Hartree-Fock calculations®. Doppler broadening Awy, electron-ion impact broadening Aw,_;, and ion-
ion Stark broadening Aw;_;, are calculated for given T, and N, as shown in Fig. 2 based on Maxwell-Boltzmann
distributions®, with ion temperature T; =500 K (see Methods). XFEL parameters such as peak flux and pulse
duration At~ 0.27 are selected in order to ensure photoionization rates larger than the decay rate of the 1521
excited state in He-like ions, and the onset of population inversion. The XFEL spectral width Aw,g, is set by
assuming an XFEL coherence time of 0.017 for the sake of computational cost. Though such an assumption may
result in Aw,y/wyg < 0.5%, see, e.g., Table 4 for Kr and Xe ions, it does not modify the pumping efficiency as
the photoionization cross section varies slowly within the pulse bandwidth, which is 1% of the central photon
energy. The focal size S, of the XFEL pulse is chosen to ensure the required peak flux for the x-ray photon
energy listed in Table 3, as well as to ensure that the divergence of the XFEL beam is negligible during its propa-
gation through the plasma (see Methods).

We simulate the lasing process by solving the Maxwell-Bloch equations®” numerically in retarded-time coor-
dinates for 1,000 different realizations of SASE XFEL pulses. The propagation and absorption of the XFEL pulses
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Transitions Line broadenings XFELs Simulation results

Upper state | fuw, hI hAwp | MAw,_; | iAw;_; | peak flux At AW gl Stocal L. I

1s21 (keV) (meV) | (meV) | (meV) |[(meV) | (ph./cm?s) | (fs) (eV) | (um?) (mm) | (W/cm?) Awlw
Kr**+3p, 13.087 | 0.07 2258 | 045 2.76 1L9x10% | 202 057 |0.10 289 43775 x 10 |3.7715 x 1077
Xe¥* P, 30589 | 1.91 42.16 | 7.60 126 74x10% | 725 196 013 85 47752 < 10" | 157508 x 107

Table 4. Same as Table 3 for He-like Kr and Xe ions. The values of the bandwidths Aw,g, are relatively smaller
than the realistic values at XFEL facilities (see Methods), and are used for the sake of computational cost. Using
realistic bandwidths does not modify the conclusions as long as the photoionization cross section changes
slowly within the realistic frequency bands. Therefore, when we compare the bandwidth of the XRLs and XFEL
pulses, we refer to the realistic bandwidth measured at XFEL facilities and not to the values used in this table.
Table adapted from C. Lyu’s Ph.D. thesis®.

are accounted for through rate equations describing the evolution of the corresponding photon flux, while the
XRL is modeled as an electromagnetic field in resonance with the corresponding lasing transition of the He-like
ions. The results in Table 3 present the XRL intensity I, and relative bandwidth Aw/w at the characteristic plasma
length L, with L_being the optimal length (as defined in Fig. 3) to obtain high-intensity x-ray pulses with narrow
bandwidth. All the transitions are predicted to generate high-intensity x-ray pulses for plasma lengths around 3
mm or shorter, with a 2-order-of-magnitude improvement in Aw/w compared to SASE XFEL pulses’ and XRLs
with neutral atoms?>?3.

Evolution of the XRLs. To understand the properties of our XRL and how it develops in the plasma, simu-
lation results for the 3P, — 'S, transition in Ar'®* are shown in Figs. 3 and 4. We use a partial-coherence method>®
to simulate 124-fs-long SASE XFEL pulses with a spectral width of AAw,, = 1.55 eV and peak photon flux of
2.3 x10*cm™2s7L. This results in a peak pumping rate of 5.6 X 10'*s™! for the upper lasing state, and a depletion
rate of 1.0 x 10'*s™! for the lower lasing state. They are 32 and 58 times larger than the spontaneous-emission rate
of the 3P, state, ensuring population inversion.

Averaged results over 1,000 SASE-pulse realizations are shown in Fig. 3a—c. The peak intensity of the XRL,
shown by the solid line in Fig. 3a, increases exponentially during the initial propagation stage, then displays a
saturation behavior. The dotted line indicates the saturation intensity I, = ilwy/6mc> at which the
stimulated-emission rate equals the spontaneous-emission rate. This is also the intensity from which the amplifi-
cation begins to slow down. The evolution of the pulse duration and the spectral width are shown by the solid
lines in Fig. 3b,c. At L=0, only spontaneous emission takes place: the 342-fs average pulse duration is mainly
determined by the lifetime of the *P, state (Fig. 3b), whereas the 23.5-meV intrinsic spectral width before propa-
gation (Fig. 3¢) is mostly due to the sum of the natural linewidth I" and the three broadening effects shown in
Table 3.

During its propagation in the medium, gain narrowing and saturation rebroadening will also contribute to
the final bandwidth. This can be observed by inspecting the four distinct propagation regions separated by L,, L,
and L, in Fig. 3a—c, which can also be followed in Fig. 4a,b for a single simulation. Up to L, =0.75 mm, both the
pulse duration and spectral FWHM decrease severely. The laser intensity and spectrum in this region for a single
simulation are spiky and noisy, as the ions irradiate randomly in time and space (Fig. 4a,b). When the spontane-
ously emitted signal propagates and stimulated emission sets in, it selectively amplifies the frequencies around
wy such that the XRL pulse approaches a fully coherent transform-limited profile at L, (ref. *°), with a bandwidth
smaller than the intrinsic width. Thereafter, a gradual broadening of the spectrum is observed in the region L,L,.
The broadening increases abruptly from L, = 2.3 mm, where the saturation intensity has been reached and the
stimulated-emission rate exceeds the spontaneous-emission rate. This is accompanied by a substantial slowing
down of the amplification of the intensity and a significant decrease of the pulse duration in the region between
L, and L, (Fig. 3a,b). Further propagation of the XRL pulse after L, = 3.5 mm is characterized by the onset of Rabi
flopping (Fig. 4a) which is reflected by a splitting in the XRL spectrum (Fig. 4b). This effect is much stronger and
more marked than for previous XFEL-pumped transient lasers with neutral atoms* due to the absence of Auger
decay®®. At the same time, the gain of the laser intensity in this region is strongly suppressed.

Optimal plasma length. The optimal choice for a coherent XRL pulse is located in the third region L,L;,
where saturation has already been reached while the bandwidth is still narrow. By choosing the medium length to
be L.=3.3 mm, as shown in Table 3 and Fig. 3, one will obtain an approximately 87-fs-long XRL pulse with an
average peak intensity of I.=5.0 x 10" W cm™? (~80% fluctuations) and an average bandwidth of hAw = 24.5
meV (~30% fluctuations). This can also be seen in Fig. 4(c,d) which show four single-shot XRL pulse and spec-
trum profiles at length L. for the different realizations of SASE XFEL pulses. On average, the XRL from He-like Ar
ions gives Aw/w=7.8 x 107 for a total of 8.7 x 10® coherent photons, with a peak brightness of 8.1 x 10* brt (brt
= photons/s/mm?/mrad?/0.1%bandwidth is the units of the brightness). Feasibility of our narrowband lasing
scheme with the inclusion of plasma inhomogeneities is discussed in the Supplemental Material.

XRLs from He-like Kr and Xe. In the light of the promising results obtained for Ne and Ar, we use our
model to predict XRL for more highly charged ions as well. For Kr*** and Xe®*" ions, the M2 transitions provide
an even more significant reduction of the bandwidth, with Aw/w being 3 x 1077 and 1.5 x 1075, respectively. The
resulting 13- and 30-keV lasers feature similar bandwidths as the untested XFELO scheme?!, with intensities of
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Figure 3. Evolution of the XRLs over 1,000 simulations (Ar'®"3P,). (a-c) Peak intensity, pulse duration and
spectral full width at half maximum (FWHM) for the x-ray laser. The solid lines display results averaged over
1,000 simulations. The dotted line in (a) indicates the saturation intensity I,=1.18 X 102W cm~2. L, L, and
L, mark the lengths at which the XRL pulse reaches transform-limited profile, saturation intensity and Rabi
flopping, respectively. L refers to the characteristic length at which the slope of the solid line in (a) is 1/3 of
the slope at L,. The gray areas in (a—c) indicate the distribution areas of the results over 1,000 simulations. At a
given length, the bottom and top edges of the areas indicate the 10th and 90th percentiles of the distributions,
respectively. (d-f) Distributions of the peak intensity, pulse duration and spectral FWHM at L_along the green
dotted lines in (a—c). Figure reproduced from C. Lyu’s Ph.D. thesis®.

~10"®W cm™2 The relative bandwidths are by 2 to 3 orders of magnitude narrower than the value predicted for
future seeded-XFEL sources at analogous hard-x-ray wavelengths around 0.41-0.95 A (ref. !). The experimental
generation of such highly charged ions would be challenging®, albeit in principle possible via currently available
petawatt laser facilities®.

Due to large broadening effects, the effective gain coefficient for the XRL from the M2 transition in Kr*** ions
is small, leading to an optimal plasma length of 29 cm. Though such a plasma can be generated with an intense
optical laser, diffraction of the XFEL pump beam at long propagation lengths may result in a reduction of the
pump rate and an unsaturated XRL (see Methods). A similar low-gain behavior is also observed for the XRLs
from the *P, — S, transition in Kr*** due to fast decay, and for the XRLs from the 3S, — 1S, transition in Xe®*" due
to large broadening. These two XRLs are thus excluded from Table 4.

Brightness and spatial coherence. The brightness is defined as the number of photons emitted per sec-
ond within the 0.1% relative bandwidth under an emittance of 1 mm mrad and is calculated through®'

B[brt] = ﬂ [L [M] ,

L6 (hAw){ N M
where the units for the intensity I, the bandwidth 7Aw, the focal size S, on the right hand side of Eq. (1) are the
same as shown in Tables 3 and 4, with A being the wavelength in units of nm. Since the Fresnel number is
Stocal/ LA S 1for our system, the outgoing XRL is transversely coherent, thus it can be described as a Gaussian
beam, with A*/S;,,;, in units of mrad?, being the solid angle the XRL emits into.

For XRLs from light elements, the calculated brightnesses, 3.2 x 10% brt for Ne®* 1P|, 8.1 x 10° brt for Ar'¢"
3P, and 4.0 x 10° brt for Ar'¢* 'P,, are smaller than those in XFELs at the same photon energies. For XRLs from
heavier elements such as Kr and Xe, however, with B=6.1 X 10** and 5.0 x 10% brt, respectively, the brightnesses
are significantly increased and can be larger than those available at XFELs, representing a significant advantage of
our scheme in generating high-intensity fully coherent XRLs in the hard-x-ray regime.
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Figure 4. Pulse and spectrum profiles of a single-shot XRL (Ar!**3P)). (a,b) Evolution of normalized XRL
intensity and power spectrum as a function of plasma length. Color bars: at each plasma length, the temporal
and spectral intensities are normalized to their peak values at that length. The strength of the second peak
appearing for the intensity profile at large plasma lengths in a has been multiplied by a factor of 5 for better
visibility. (c,d) XRL pulse profile and spectrum at L_ for the different realizations of SASE XFEL pulses shown

in (e-h). The yellow dotted lines, corresponding to the results from the simulation in (a,b), are associated with
shot 1 in (e). The evolution of XRL intensity and spectrum for the XFEL shots 2-4 in (f-h), and averaged over
1,000 simulations (blue solid lines), can be found in the Supplemental Material. Figure reproduced from C. Lyu’s
Ph.D. thesis®.

The XRL photon fluxes can be calculated from Tables 3 and 4 as ], = I/7iw,. In units of ph./s/cm?, this gives
J.=3.0 x 10%, 1.0 x 10*® and 3.0 x 10°! for the three transitions in Table 3, respectively, indicating a relatively
small conversion efficiency of x-ray photons from the XFEL pulses. However, with J,=2.1 x 10* and 9.7 x 10%
for the two transitions in Table 4, respectively, a significantly larger efficiency is achieved for harder x-ray lasers.

Discussion

The plasma used in our lasing scheme can be generated by illuminating a target with an intense optical laser
first, the outer-shell electrons of the atoms in the gas undergo tunneling ionization in the presence of the laser;
afterwards, their acceleration in the strong laser field and subsequent recollisions with the ions lead to the further
ejection of more tightly bound electrons and the formation of dense highly charged ions®*->. The critical density
and skin effect during the generation of dense plasmas can be overcome by either using optical lasers with shorter
wavelengths or by adoption of plasma guiding schemes (see Supplemental Sec. C for additional details).

While an accurate prediction of the laser conditions for the production of the plasmas in Fig. 2 would require
simulations involving many nonlinear light-matter interactions going beyond the scope of this article, here we
provide a conservative estimation of the laser intensity, pulse duration and total power needed for plasma gen-
eration based on the FLYCHK atomic-physics plasma model and verified scaling laws**. FLYCHK is first used to
obtain the electron temperature T, required to maximize the density of Li-like ions in the plasma. For such values
of T,, the required laser intensity at a given optical wavelength is estimated through the pondermotive scaling

laW62,63

49,50,

2
T./keV = 3.6 X Ligh,, )

where I, is the laser intensity normalized to 1 x 10"*W c¢m™?, and A, is the laser wavelength in units of ym.
Nanoplasmas consisting of Ar't have been obtained from Ar clusters interacting with optical lasers®*.
Incoherent K, emission from plasmas of He-like Ar ions, with a size varying from 20 to 35 nm, has been recorded
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for laser durations and intensities from 30 fs to 3.5 ps and 107 W cm™2 to 10" W cm ™2, respectively®*. To achieve
the plasma conditions discussed in Fig. 2, a 2-picosecond-long, 0.44-TW, 800-nm optical laser with an intensity
of 1.1 x 10'*W cm~2 and a total energy of 0.88 ] per pulse is required (see Methods). High-repetition rate (up to
500 Hz), high-power (0.3 TW) picosecond lasers, with a single-pulse energy up to 1.5 J, have been used for the
generation of table-top soft-XRLs®*%. Combining such laser systems with XFELs can produce high-repetition
rate, high-intensity, narrow-band hard-XRLs with extended applications. The generation of plasmas consisting of
highly charged Ne ions would be even less demanding, and could be achieved as well.

Though highly charged Kr?’* and Xe**" have been produced by intense optical lasers*, the production of
dense Kr*** and Xe*?* plasmas has not been demonstrated yet. Following the same calculation procedure used
for argon plasmas, we estimate that an optical laser with an intensity of 1.1 x 101 W cm™~? and pulse duration of
about 7 ps might be needed to achieve the plasma conditions for Xe>** shown in Fig. 2. The estimated power and
energy of 88 TW and 616 J, respectively, are currently not available at XFEL high-energy-density (HED) end-
stations. However, they can be reached at current high-power laser facilities®’, where intense optical laser pulses
with durations from 100 fs to 10 ps and energies of up to 1 k] are typically available, indicating the feasibility to
generate dense Xe>*" ions for x-ray lasing by using petawatt lasers in combination with XFEL facilities. Due to
high thermal load®’, the repetition rate of such petawatt lasers is typically below 10 Hz (ref. *°). However, a much
higher repetition rate can be achieved when a large-scale fibre amplifier becomes available®®.

Moreover, instead of using high-power optical lasers, a plasma consisting of highly charged ions can also
be produced by an intense XFEL pulse®*>®. The production of dense H-like ions directly by an XFEL pulse has
already been demonstrated in Al plasmas’®’!. However, the volumes of these plasmas are too small (around 9
pum? X 1 um) to obtain x-ray lasing. Due to large absorption, it is currently inefficient to use an XFEL pulse to gen-
erate the millimeter-long dense HCI plasmas required for high-intensity XRLs. For instance, in the XRL experi-
ment with Cu foils, a significant attenuation of XFEL photons was observed after a propagation of 20 zsm (ref. ?%).
In contrast, the use of intense optical lasers proposed here can enable the generation of dense plasmas of HCIs
with lengths up to tens of millimeter or even centimeters**?, rendering them good candidates for demonstrating
hard-XRLs with saturated intensities. Furthermore, though generating dense HCIs with XFEL pulses is possible
for light elements, it is challenging to control the charge-state distribution and the pump rate separately. Using
a laser-produced plasma instead of generating HCIs by the XFEL pump pulse itself*® results in a more efficient
scheme, with more degrees of freedom to control and optimize the output of the XRL.

Feasibility and limitations. We would like to point out that the plasma conditions presented in Fig. 2, such
as temperature, density, and charge-state distributions, were obtained via steady-state atomic-physics plasma sim-
ulations, and represent a first approximation of the highly active medium’>”*. Though there have been varieties of
soft-x-ray lasers demonstrated from dense Ne- or Ni-like HCI plasmas?-23, direct experimental evidence of the
plasma medium required by our lasing scheme, especially in the high-Z regime®, is still missing. Theoretically, an
accurate prediction of the laser conditions needed to produce such plasmas would be beneficial, but this requires
the inclusion of many complex and nonlinear light-matter interactions, which goes beyond the scope of the pres-
ent article. Instead, our estimations provide a first insight into the possibility of producing the required plasmas
with currently available or planned intense laser facilities. These promising results motivate future experimental
investigations of high-energy-density physics’ at high-power laser and XFEL facilities worldwide®*”>-%, as well
as further theoretical studies of laser-matter interactions incorporating particle-in-cell (PIC) simulations®"#? and
XRL modeling beyond the two-level approximation*?.

Summary and outlook. Our numerical simulations employing the Maxwell-Bloch equations, involving
realistic parameters calculated from atomic structure theory and plasma simulations, show that the lasing scheme
we put forward can be realized with currently available or planned high-power laser facilities at several XFEL
endstations”>*. Such x-ray sources will enable novel studies of coherent light-matter interactions in atomic,
molecular and solid-state systems®’, e.g., x-ray quantum optics, high-resolution spectroscopy, and nonlinear x-ray
scattering processes. As an example, there have been many experiments investigating the nonlinear interactions
between x-rays and matter using intense XFEL pulses®*®~*4, where several states are excited and many processes
are involved simultaneously. However, the XRL proposed here can be used to excite an individual state, due to
the good temporal coherence and saturated intensity, and could thus complement the capabilities at broadband,
incoherent XFEL sources. This includes, e.g., x-ray stimulated Raman adiabatic passage for the coherent prepara-
tion of HCIs towards generating an x-ray frequency comb’, and resonant excitation of highly charged ions in an
electron-beam ion trap for precision tests of quantum electrodynamics®4%>.

Since the XRLs proposed here are seeded by spontaneous emissions from all the magnetic sublevels, similar
to other XRLs, the photons are not polarized. However, one can gain control on the polarization by using a polar-
imeter®, or by seeding the XRL with an external polarized x-ray field®”®. Furthermore, a three/four-wave mixing
scheme that couples the XRL with another optical/EUV laser can be investigated to tune the discrete XRL fre-
quency in a wide range®*°. The XRLs put forward here can also be used to perform coherent x-ray pump-probe
experiments for investigations of structural relaxation processes®’.

Methods

Maxwell-Bloch theory. Maxwell-Bloch theory has been successfully applied to describe the amplification
and absorption of light in active media®’, including the development of soft x-ray lasers in laser-produced plas-
mas®. After the experimental realization of XRL pumped by an XFEL pulse, in ref. *, Weninger and Rohringer
successfully applied this theory to model the evolution of the corresponding XRL. In the following, we extend this
theory to also include lasing from multipole transitions, i.e., M1 and M2 transitions. Assuming XFEL pulses
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propagating along the £ direction, the evolution of the XRL field in the slowly varying envelope approximation is
57,5,92

given by’
A, 1) DA, f)  pgwe’
+ = Flx, t),
o T Ty 7h 3)

where .o7(x, t) is either the envelope of the electric field &(x, ) or the envelope of the magnetic field B(x, ¢),
depending on the specific transition. j, is the vacuum permeability and w is the carrier frequency of the XRL.
Fix, t) corresponds to the polarization field induced by &(x, ¢) for E1 transitions, or the magnetization field and
magnetic-quadrupole field induced by B(x, t) for M1 transitions and M2 transitions, respectively.

Under the two-level approximation in He-like ions, we assume all Li-like ions are pumped into the corre-
sponding upper lasing state of such transition by the XFEL pulse. Using|e) and |g) to represent the upper lasing
state and the lower lasing state, respectively, the dynamics of the He-like ions are described by the Bloch equations
of the density matrix

L. 1) = —Im[2%(x, t)peg(x, D] + 0y gy (% )Py 1)
_(Teixfel (X, t)pee(x’ t) - Fpee(x: t): (4)

Balis 1) = 2205 Dp e 1) =yl 1)

y
gl )+ Glx, 0, )

pgg(x, t) = Im[£2%(x, t)peg(x, t)] — el (x, t)ggg(x, t)
+lp, (%, 1). (6)

The carrier frequency w is chosen to be resonant with the lasing transition wy. p.. and p,, are the populations
of |e) and |g), and the off-diagonal term p, represents the coherence between the two lasing states.
2x, t) = p&(x, t)/h for an E1 transition (or 2(x, t) = mB(x, t)/h for an M1 transition, and
2x, t) =k 09, B(x, t)/h for an M2 transition®) is the time- and space-dependent Rabi frequency, with g the
electric- dlpole moment, m the magnetic-dipole moment, k, the wavenumber and g, the yx-component of the
magnetic-quadrupole tensor. For a magnetic-quadrupole transition, kg, represents the effective magnetic-dipole
moment coupling with the magnetic field. XFEL pumping of the |e) state from Li-like ions is accounted for
through the second term in the right-hand side of Eq. (4), with p,, being the population of Li-like ions, j¢; the
photon flux of the XFEL pump pulse, and o, the K-shell photoionization cross section of the pump process
(15?21 — 1s21). The XFEL pulse also depletes the|e) and |g) states, as modeled by the third term on the right-hand
side of Eq. (4) and the second term on the right-hand side of Eq. (6), respectively, with o, and o, being the corre-
sponding photoionization cross sections. In Eq. (4) and (6), I'p..(x, t) describes spontaneous emission at rate I'.
In Eq. (5), the parameter

=T+ Awei + (6 + iy (5 1) (7)
models the three contributions to the decay of the off-diagonal elements: I is the decoherence originating from
spontaneous photon emission; the second term Aw,_; accounts for the broadening from electron-ion collisions’;
and the final term describes the contribution from depletion of the total population of He-like ions. To model
seeding from spontaneous emission, G(x, t) in Eq. (5) is a Gaussian white-noise term added phenomenologically,
which satisfies (G*(x, t)G(x, t')) = K(x, t)6(t — t'). For E1 transitions, one has®

gohw, © 72 (6 1),

K(x, t) =

on? 8T 0 (8)

where© ~ S;,/L” represents the solid angle in the forward direction, with S, the focal size of the XFEL pulse
and L the length of the plasma.

The coupling between the Maxwell equations and the Bloch equations is given through the induced fields

F = —2N,,d hg withd = p, m, koqy being the effective dipole and quadrupole moments for E1, M1, and M2
transitions, respectlvely 7. Absorption of the XFEL pulse by the ions is included through the rate equations
8] fel
== == > 0iPuNion Jifur>
9z ; kpkk ion foel (9)

where k represents any state that can be ionized by the XFEL pulse. The effect of other charge states, namely the
C-, B- and Be-like ions, is also accounted for via rate equations.

Steady-state FLYCHK plasma simulation. The generation of HCI plasmas consists of two distinct
stages®*~>* at the initial stage, it is dominated by nonlinear processes such as field-induced ionization and tunne-
ling ionization leading to the production of lower charge states by ejection of the outermost electrons; this usually
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takes a few femtoseconds or less; after that, the ionization potential is too deep to be reached and these nonlin-
ear processes become ineflicient. Therefore, in the second stage, linear processes such as collisional ionization
induced by hot electrons become dominant in the production of higher charged ions. Due to the small size of the
plasma, photons emitted by spontaneous emission, radiative recombination and bremsstrahlung immediately
escape the plasma, leading to a radiative loss and a decrease of the electron temperature. The role of the intense
laser at this stage is to stabilize the electron temperature via reaccelerating the electrons to compensate for the
radiative loss.

At a later stage, the plasma will evolve into a steady-state where linear processes such as collisional ioni-
zation, excitation, radiative recombination and spontaneous emission equilibrate with each other, and
collisional-radiative atomic plasma codes such as FLYCHK can be used to simulate the corresponding plasma
conditions under given electron temperature and density. Although the FLYCHK code does not include the opti-
cal laser field, the effects of the field on the HCI plasma are effectively accounted for in our FLYCHK simulation
via the assumption of a stable thermal electron temperature approximated by the pondermotive scaling law in
Eq. (2). Such a Maxwellian electron distribution has found to be a good approximation in previous simulations of
laser-produced plasmas®>%* and is used here to show the feasibility of our scheme. Nevertheless, the optical field
will modify the electron distributions, and PIC simulations®** might be needed to estimate the electron distribu-
tions for more accurate FLYCHK simulations.

The background radiation field in the FLYCHK simulations is neglected due to the small lateral size of the
elongated plasma. This is mainly because, for a linear plasma with a ~10 um? cross-sectional area, photons emit-
ted by the ions and electrons immediately escape from the plasma with negligible reabsorption. Therefore, the
radiative temperature is set to be zero for all the FLYCHK simulations, i.e., no blackbody radiation field is con-
sidered. The validity of such a treatment can be confirmed from the FLYCHK simulations, where the calculated
optical depth is ~10~* or smaller for photon energies beyond 10 eV.

Line broadening effects in the plasma. Doppler broadenings shown in Tables 3 and 4 are calculated as

8 In2kyT,
AUJD = 711 ZB ! Wp»
mic (10)

with kg being the Boltzmann constant, T; the ion temperature and m; the mass of the He-like ions. This is not
significant for light ions, but it becomes dominant for heavy ions like Kr***™ and Xe®**. For the plasma conditions
used in the main text, the electron-ion equilibration time is in the range of hundreds of picoseconds®. Therefore,
the ion temperature is assumed to be not significantly modified during the plasma generation and the lasing pro-
cess, which is around a few picoseconds or less.

The electron-impact broadening is given by®®

2
Aw, | = — 16 Nghz InA (rr),
3% Z2m ()

with 7, = .[8k,T./mm, being the average thermal velocity of the electrons in the plasma and N, the electron den-
sity, and Z; the charge number of the ions. T, and m, are the electron temperature and electron mass, respectively.
In A ~10 is the Coulomb logarithm and rr is a tensor with r being the dipole operator of the bound electrons in
the ions. Such broadening is significant only for light ions such as Ne®" and Ar'¢* with lower electron tempera-
tures, but becomes negligible compared to Awp, for heavy ions and higher electron temperatures.

The quadratic Stark broadening from ion-ion interaction is calculated through’

Aw,_; = aFZ, (12)

with

1 2 2
a = f—z 0/ (eEg),
amhiiz *Y (13)

— 4
F* = 4Z;e2Nign/(7r50)2, (14)

where « is the quadratic Stark coefficient which is different for each transition, and Fis the mean-square
electric-field strength generated by nearby perturbing ions with charge number Z,. ¢, and Ej are the
electric-dipole moment and energy difference between the states|j) and |k}, respectively. Populations in different
charge states Z,, as predicted from FLYCHK simulations, are also fully taken into account by using ( Z pz> in the

prediction of the mean-square field F. Aw,_;, in general, is negligible for N, < 10! cm 3, but becomes large for
dense ion gases.

In general, the natural broadening and electron-ion impact broadening are homogeneous for each ion, yield-
ing a Lorentzian line profile. The Doppler broadening and ion-ion Stark broadening, on the other hand, are
inhomogeneous for different ions, and result in a Gaussian profile. For systems involving both homogeneous and
inhomogeneous broadenings, as it is the case here, the real spectrum has a Voigt line shape given by the convolu-
tion of the Lorentzian and Gaussian profiles, with a FWHM Awy, approximately given by”®
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Awy = 0.5364Aw; + 1/0.2166Aw + Awg. (15)

Here, Aw; = I' + Aw,_, is the FWHM of the Lorentzian function, and Awg = Awp + Aw,_; is the FWHM of
the Gaussian function.

Numerical simulations of the lasing process accounting for the inhomogeneous broadening should take into
account the distributions of the thermal velocity as well as Stark shift of the ions. This renders the simulations
time consuming. However, Eq. (15) shows that

Awy ~ Aw; + Awg
=T+ Aw,_; + Awp + Aw;_;, (16)

so that, for the sake of simplicity, we can approximate the parameter in Eq. (7) as

v =T+ Aw,_; + Awp + Aw,_;
+(0é + a;g)jxfel (x’ t) (17)

With this approximation, the distribution of the ions over different thermal velocities and Stark shifts is
included in the Maxwell-Bloch equations. This simplification may lead to a maximum of 25% overestimate of the
bandwidth compared to the Voigt bandwidth Awy, in the simulations. However, this will not change our conclu-
sions in the main text.

Furthermore, the electron density and charge-state distribution are changing during the pumping and lasing
processes, leading to a time-dependent broadening effect. This effect, accounting for less than 10% of the total
broadening, is neglected in our simulation.

Numerical XRL simulations. We simulate the lasing process by solving the Maxwell-Bloch equations
numerically in retarded-time coordinates, with a time step of 6t=0.0017 and a grid size of éx = cdt, for 1,000
different realizations of SASE XFEL pulses. Small time-dependent changes in the broadenings due to modified
charge-state distributions, densities and temperatures are neglected. Compared to I and Aw,_; which are homo-
geneous for each ion, Awp, and Aw;_; are inhomogeneous broadenings. Without modifying the main conclusions,
they are effectively accounted for in the simulation by redefining the decoherence rate in Eq. (7) according to Eq.
(17). Values of the initial populations of the states in different ions under given plasma conditions are taken from
the charge-state distribution shown in Fig. 2, with negligible populations in the excited states®'.

The XFEL bandwidths listed in Table 3 are chosen based on realistic parameters at XFEL facilities in opera-
tion or under construction. However, for the case of Kr*** and Xe>?* in Table 4, the time step employed in our
numerical calculations of the Maxwell-Bloch equations is 6t = 0.95 fs (6t =0.00017) for Kr*** and 6t =0.34 fs for
Xe®**, respectively. This time step 6t sets the limit on the smallest coherence time, thus the largest bandwidth,
we can achieve in modeling the SASE XFEL pulse. Nevertheless, since the photoionization cross sections do not
change significantly within the 0.1% relative bandwidth of the XFEL peak?, given the same flux, the simulations
with larger bandwidths would provide the same results as we obtained in Table 4. Therefore, when we compare
the bandwidth of the XRLs and XFEL pulses, we refer to the realistic bandwidth measured at XFEL facilities and
not to the values used in Table 4.

XFEL focal size. We assume that the XFEL pulse can be treated as a Gaussian beam whose transverse inten-
sity is given by a Gaussian function. To ensure that the beam divergence does not reduce the intensity significantly
after a propagation distance of L. shown in Tables 3 and 4, the focal depth of the XFEL beam should be compa-
rable with the optimal plasma length L. Therefore, the minimum size of the XFEL focal spot for each transition
shall be determined according to

L
S = A -
focal 2 xfel ( 18 )

The calculated values, in units of um?, are 1.4, 0.5, 0.05, 10.5 and 0.13 for the systems listed in Tables 3 and 4,
respectively.

Another factor determining the focal size is the photon number. The maximum values of photons per pulse at
given XFEL photon energies can be estimated from Fig. 19 in ref. 4, which are around 2 x 10, 5 x 103, 4 x 10'2
and 1 x 10'2 for XFEL photon energies of 1.2, 4.1, 17 and 40 keV, respectively. Given the photon flux and pulse
duration listed in Tables 3 and 4, one obtains another bound for the XFEL focal size via

photons per pulse
(photon flux) - (pulse duration)’ (19)

Sfocal =

which gives the values of 85, 1.8, 12, 0.1 and 0.02 um? for the corresponding systems, respectively. Comparing
the two bounds, we choose to use the focal sizes of 1.5, 1.0, 0.1, 0.1 and 0.13 pm?, respectively, as listed in Tables 3
and 4.

Laser parameters required for the generation of Ar plasma. In order to show how the plasmas dis-
cussed in this paper can be produced with current laser facilities, we provide a conservative estimation of the laser
conditions necessary to generate, e.g., a plasma consisting of highly charged Ar ions, for lasing from the *°P; — 1§,
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transition in Ar'®". This requires one to consider the time and energy needed to produce the plasma from a
neutral gas and, at the same time, the time and total energy required for the plasma to evolve into a steady-state
characterized by the corresponding charge-state distribution (red line) shown in Fig. 2.

First, the energy per electron necessary to generate such plasma can be conservatively estimated as the sum of
the kinetic energy of the electron gas (T,=250¢eV) and the average ionization energy W, =366eV per electron.
The latter is determined by the mean value of first, second, ..., sixteenth ionization energies, and calculated based
on the ionization energy data from the NIST Atomic Spectra Database®®. Thus, the total energy deposited in the
plasma can be approximated as

W ~ (T, + W,)N,SL. (20)

N, is the electron density, while S and L are the cross-sectional area and the length of the plasma, respectively.
For simplicity, we assume that all the ions in the plasma are He-like ions such that N, & 16 N,,,. Supposing that
an intense optical laser with a line focus of 10 zm x 4 mm (given the optimal length of 3.3 mm shown in Table 3)
illuminates the Ar gas of a thickness of 1 i, we estimate W= 1.6 mJ. With an absorption rate of the laser pulse
of 10% (ref. %), this requires a laser of an energy of 16 mJ. Based on Eq. (2), obtaining such an Ar plasma from a
laser of a wavelength of 800 nm requires a laser intensity of about 1.1 x 10 W cm™2 With a 10 yum x 4 mm linear
geometry, the power needed for such an experiment is estimated as 0.44 TW. For an energy of 16 m]J, this implies
a pulse duration of ~36fs.

However, in order to let the plasma evolve into a steady state characterized by the corresponding charge-state
distribution (red line in Fig. 2), the optical laser is required also to compensate for the energy loss from processes
such as recombination and to prevent the electron gas from cooling down’*%. Therefore, the pulse duration of the
optical laser should be long enough to cover the whole plasma generation, equilibration and lasing processes. For
the plasma conditions shown in Fig. 2, the collisional-ionization times obtained from the FLYCHK simulations
are of the order of a few picoseconds or fractions thereof. Together with the subsequent 1 ps lasing process shown
in Fig. 4a, the whole process lasts approximately 2 ps for the corresponding Ar plasma. Given the 0.44 TW power
calculated above, such pulse duration corresponds to a total energy of 0.88 J, which is achievable at currently
existing high-power laser facilities®®¢>¢,
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