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Results of numerical simulations on a Ni-like silver x-ray laser pumped by a single picosecond laser pulse
are presented. Since the mechanisms responsible for the significant reduction in the pump energy are not well
understood, the results of theoretical simulations with emphasis on the plasma kinetics and dynamics in a
Ni-like Ag x-ray laser are presented and referred to the experimental data. Special attention has been paid to
the influence of the pump pulse shape and length on the gain and its duration. It was found that a low-level
pulse pedestal being an integral part of the leading edge of the pump pulse is very beneficial to the pump
energy reduction. The thermal cooling process has been identified as the mechanism strongly contributing to
gain termination if a low-energy single-profile laser pulse with the width of a few picoseconds is used in the
pump process.
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I. INTRODUCTION

Much effort in x-ray laser development has been put into
downsizing. As dimensions of the laser driver determine the
size of the whole system, the compactness of the pump sys-
tems becomes a decisive factor in achieving laboratory scale
x-ray lasers(XRL). The first attempts to build such a system
concentrated on the optical-field-ionized plasma as an active
medium. Using subpicosecond pulses of defined polarization
with an energy of a few hundred millijoules, lasing in H-like
lithium at 13.5 nm[1,2] and Pd-like xenon at 41.8 nm[3]
was achieved. However, recent progress in the development
of the OFI lasers[4,5] has not altered the relatively low
practicability of this scheme in competition with high har-
monics, especially at wavelengths above 30 nm[6]. Demon-
stration of the collisional pump scheme with transient inver-
sion [7] and the progress observed in the development of the
pump laser technology have enabled large strides to be made
towards the goal of practical tabletop XRLs. Application of
the pump scheme referred to above to moderate-Z elements
(Mo, Pd, Ag, Sn) ionized to the stages of the Ni-like isoelec-
tronic sequence[8–10] has shown that, in principle, it is
possible to saturate the x-ray laser with the emission wave-
length between 10 and 20 nm with the energy significantly
lower than 10 J[8,10–12]. Moreover, the application of a
longitudinal (along the axis of the plasma column) pump
arrangement with a subpicosecond laser pulse has permitted
laser action in a Ni-like molybdenum system at 18.9 nm with
a pump energy of only 150 mJ[13]. Ni-like ions are espe-
cially interesting as lasants for efficient XRLs due to the
more beneficial scaling of the pump energy towards shorter
wavelengths. The advantage of the transient inversion
scheme relies on the separation of the ionization and heating

processes in the plasma of the active medium. This facilitates
tailoring of the plasma heating onset to the required plasma
ionization stage. Decomposition of the pump pulse into two
separate, adjustable delayed pulses with different lengths,
proposed and experimentally demonstrated in Refs.[7,14],
has removed the temporal mismatch between both processes
existing in the case of a single pump pulse. Two pump pulses
are applied in the pump scheme with the transient inversion.
The first, long nano- or subnanosecond pulse, creates the
plasma with the required ionization stage, and the following
high intensity pulse, usually with pico- or subpicosecond du-
ration, rapidly heats the medium and generates conditions
beneficial to the collisonal excitation. However, it was found
that a slight increase in the short pulse duration to a few
picoseconds results in reduction in the pump energy[15].
The last result was the starting point for application of a
single pump pulse formed in such a way that a low-level
background has created an underionized preplasma, and the
following high-intensity part of the pulse has further ionized
and rapidly heated it[12]. Saturation of Ni-like Ag XRL at
13.9 nm with only 3 J of the pump energy has been achieved
with this pump method. The most important aspect of this
result is the identification of a pump parameter set which
allows for the utilization of commercial non-CPA(chirped-
pulse-amplification) lasers with high repetition rate as x-ray
laser drivers. With current technology it has proved possible
to construct a laser driver with an energy of only 1 J in a
pulse length of,6 ps at a repetition rate up to 1 kHz[16].

The present paper attempts to explain the basic physics
responsible for working of this pump scheme, and is orga-
nized as follows. After a short introductory part, the model
used in the simulations and the numerical code are briefly
described. Then, the results of simulations, starting with the
input data similar to those reported in the proof-of-principle
experiment[11,12], are presented. Some of the prospects for
further development are also discussed.*Electronic address: kaj@mbi-berlin.de
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II. PLASMA KINETICS MODELING

The complexity of the phenomena observed during the
XRL experiments requires theoretical support, mostly in the
form of sophisticated and dedicated numerical codes. Nu-
merical modeling helps us to understand the physics behind
the measurable parameters of the active medium. Although
not all the effects observed are fully reproducible by the
simulations, the elucidation of the trends in the changes re-
sulting from the variation of the input parameters can help us
to understand and control the experimental results. This latter
position is adopted in respect to the results presented below.
There have been a few attempts to model transient Ni-like
collisional x-ray lasers of moderate-Z elements such as pal-
ladium, silver, or molybdenum, but to date all have failed to
accurately reproduce the experimental results[17,18] at the
level achieved for the Ne-like isoelectronic sequence[19].

A. Theoretical model

In the numerical simulations the 1.5-D hydrodynamics
and atomic physics codeEHYBRID developed in York has
been applied[20]. The EHYBRID code has been successfully
used to reproduce experimental results for ions from the Ne-
like isoelectronic sequence if the incident energy is reduced
by a factor of 2 from that actually used in the experiment.
However, this factor depends on the particular laser charac-
teristics, and also on the absorption nonlinearity. It may,
therefore, be expected to be reduced at the low intensities
which are present in our pump pulse parameters. Although
the most appropriate value of this factor is unknown, we
have set the correction factor to 1 for the background pulse
and 2 for the short intense pulse in the simulations presented
here. With this proviso, all values are set equal to those from
the experiment demonstrating saturation in Ni-like Ag x-ray
laser with a single picosecond laser pump pulse and the
pump energy of 3 J in a focal spot of width 80mm over a
length of 6 mm[11,12].

An important uncertainty in this simulation is the nature
of the ablation process during the low-intensity background
heating phase. The ablation process is determined by the
low-level background with the width between a few hundred
picoseconds and a few nanoseconds, and is responsible for
the subsequent beam propagation and the laser output. How-
ever, the dominant mechanism of an underdriven ablation
process with a fluence of a few joules per square centimeter
(in our case,4 J/cm2) is still unclear. At these intensities
the material should be described by the full equation of state
including solid-liquid-gas phase transitions for accurate re-
sults. A preliminary calculation using a simplified ChartD
model was carried out, but was not satisfactory. The aim of
this work was exploratory and qualitative. Rather than seek-
ing to generate accurate quantitative data, it was decided to
use the common approximation of the ideal gas equation of
state(EOS) with a full treatment of the ionization develop-
ment, despite its limitations.

A combination of two separate pulses with regulated am-
plitudes, lengths, and partly shapes(flatness of the low-level
pedestal) has been used to model the single-profile picosec-
ond laser pulse applied in the experiment. The preforming

part of the pump pulse used in the modeling includes option-
ally a background with a defined rise time, a flat-topped ped-
estal with the same total length, and a linearly increasing
ramp (Fig. 1). Unless an alternative is indicated, the energy
of the pump pulses was kept constant during the shape varia-
tions. The full width at half maximum(FWHM) of the pulse
completes the pump pulse characteristics. The notation of the
pulse description presented for the picosecond pulse in Fig. 1
is valid also for any other pulse. The main, short part of the
pump pulse(assumed to be always Gaussian) was usually
switched on at the maximum of the background. Generally, it
was accepted that the total pump energy was about 2.6 J and
its part included in the low-level pedestal would be no larger
than 20 mJ. These values were used during the parameter
variations as a reference, and corresponded reasonably accu-
rately to the typical experimental conditions.

The output data fromEHYBRID can be postprocessed with
a 3D ray-tracing code, giving full characteristics of the out-
put beam including its near- and far-field images as well as a
set of ray-averaged parameters related to a uniform medium
with corresponding output characteristics. The code can trace
the short-wavelength output at a steady-state gain, i.e., it
corresponds rather to the case of matched traveling wave
pumping. However, it can give the output at different times
of the gain development. The collisional excitation rates by
the monopole collisions have been obtained by processing of
the atomic data produced by Cowan’s atomic code[21].

B. Results

The question regarding the identification of the physics
responsible for lasing in the transient Ni-like scheme
pumped with only a single, low-energy(Ep as low as 0.9 J)
picosecond pump laser pulse is the most important one
which can be investigated by the simulation results. The an-
swer to this question can be facilitated by the analysis of the
most important parameters such as the local gain coefficient,
plasma density, average ionization stageZ* , and the electron

FIG. 1. Sketch of the pump pulse structure with three different
forms of the background used in modeling—a Gaussian ramp, lin-
ear ramp, and flat-topped pulse. The picosecond laser pulse is de-
scribed according to the notation applied to characterize the pump
laser pulses.

JANULEWICZ et al. PHYSICAL REVIEW A 70, 013804(2004)

013804-2



temperatureTe. The short pump pulse component was simu-
lated by a 6-ps pulsesFWHMd with the rise time optionally
of 3 or 6 ps. Some calculations are also presented, which
were carried out using shorters,1 psd and stronger main
pump laser pulses, as used in our initial experiments. It
should be noted that the total length of the Gaussian pump
pulses, as were used here inEHYBRID, is equal to the doubled
rise time; hence, any change of the rise time has conse-
quences for the absorption process.

Figure 2 presents the spatial profile of the local gain co-
efficient in the direction normal to the target surface(expan-
sion direction) at different times delayed relative to the onset
of the short part of the laser pump pulse. The plot presented
in Fig. 2 corresponds to the pulse energy of 2.6 J and the
pump pulse structure described according to the convention
presented in Fig. 1 as(2 ns, 2 ns, 20 mJ); (3 ps, 6 ps, 2.6 J).
This plot reveals the first important aspect of the specified
pump method. In contrast to typical experiments, where it
was assumed that only overionization is responsible for gain
termination, we have noticed that plasma cooling by thermal
conduction into the bulk material contributes strongly to the
reduction in gain and hence also affects the gain lifetime. It
is clearly seen that the gain spatial profile progressively at-
tenuates and flattens on the target side of the medium. A cold
absorptive wave(in the x-ray domain) canceling the gain
spreads out over the active medium into the plasma plume.
As a consequence, the reduced(partly also by overioniza-
tion) gain shifts its maximum in the same direction. The gain
durationsFWHMd and the gain decay constant for the same
pump pulse as in Fig. 2 have been estimated as equal to
12.5 ps and 9.8 ps−1, respectively. The first value suggests
that the output signal would propagate slightly more than
4 mm during the gain lifetime and corresponds to the satu-
ration length observed in the experiment.

The temporal history of the gain for different values of
both the preforming and heating pump pulses is shown in
Fig. 3. It can be concluded from the plots presented there that
the long and flattened pulses are more beneficial for increas-

ing the gain duration. Additionally, the active medium vol-
ume increases as longer pedestals support a longer expan-
sion. Higher but shorter gain could be obtained with a shorter
background in the form of a ramp(amplitude increasing
slowly with time). An increase in the background energy
increases the gain duration.

In contrast, increase in the energy of the short pulse short-
ens the gain lifetime, as this accelerates the ionization pro-
cess and thus facilitates the overionization. Figure 3 shows
also that the time duration of the intense part of the pulse
affects the gain characteristics even more strongly. Decreas-
ing the short pulse from 6 to 1 pssFWHMd accompanied by
an increase in the energy of more than 65% results in a gain
reduction of more than 50% under the same plasma preform-
ing conditions. Furthermore, maintaining the pump energy
unchanged, while the intense part of the pump pulse was
shortened, yet again halved the maximum gain[dash-dot line
in Fig. 3(b)].

The temperature of the electrons differs from that of the
ions in the two-fluid model applied in the code. The radial
distribution of the electron temperature in the plasma plume

FIG. 2. Distribution of the local gain coefficient as a function of
the distance from the target for a Gaussian pedestal and different
times delayed with respect to the short pulse onset. The pump pulse
is described in the notation of Fig. 1 by(2 ns, 2 ns, 20 mJ); (3 ps,
6 ps, 2.6 J).

FIG. 3. The time history of the local gain coefficient for(a)
different background pulse parameters combined with an intense
component in the form(3 ps, 6 ps, 2.6 J) and (b) different intense
components of the pump pulse preceded by the background pulse
(2 ns, 2 ns, 20 mJ).
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at the same pump conditions as in Fig. 2 is shown in Fig. 4.
The temperature reaches the maximum of about 400 eV
quite early, and then drops rapidly but within a significantly
larger volume of the active medium. The electron energy at
this temperature allows the plasma to efficiently excite the
upper laser level, as allowed by the atomic data for Ni-like
Mo, Pd, and Ag ions at temperatures above 250–300 eV.
The significant negative gain(absorption) observed as a re-
sult of cooling is dominantly caused by a very high plasma
density present in the regions with a reduced electron tem-
perature(Fig. 5). It is interesting that the electron density
distribution, despite its very high absolute value, does not
show extremely steep density gradients and, even more,
some sort of a temporally stable plateau exists at the high
gain area(Fig. 5). This density distribution is responsible for
the strong absorption of the pump radiation observed in the
medium, and this effect compensates mainly a low initial
average ionization stagesZ* ø3d at the short pulse onset.
From these results, we observe two key features of this sys-
tem.

(1) A plume of sufficient density to allow strong absorp-
tion, but low mass to permit high temperatures to be devel-
oped with relatively small energy inputs.

(2) The development of a stable, low gradient density
profile capable of supporting the x-ray laser beam against
refractive loss.

In the standard double-pulse scheme the ionization was
typically completed before the arrival of the main short and
intense pulse. This required significantly higher energy level
of a nanosecond preforming pulse. The requirement for a
rapid creation of the abundance of Ni-like ions and the fol-
lowing fast excitation process have caused a strong trend
towards shortening of the main part of the pump pulse. It has
resulted in shortening of the gain lifetime due to fast over-
ionization, but at the same time a significant part of the en-
ergy available in the pump process was directed to nonusable
ionic species. The low-level background input intensity ap-
plied in the single-pulse pump scheme delivers a dense, low-
ionized active plasma, and near completion of the ionization
process occurs parallel to collisional excitation during the
extended picosecond part of the pump pulse. Cooling is a
relatively slow process and the excitation at high density is
very efficient. Thus, the gain achieves both a high value and
a reasonably long-lived character.

The density gradients strongly influence the XRL output
by refraction. The ray-averaged gain(used in the uniform
active medium representation) is shown in Fig. 6, and repre-
sents the gain seen along a weighted(by its output intensity)
ray path. The value of the averaged gain coefficient is about
50% of the spatial peak value. However, both the ray-
averaged gain and the averaged gain length product decrease
more slowly than the peak gain. This effect is caused by the
outward shift in time of the gain peak(Fig. 2) into regions of
lower density where refraction is weaker. At early times the
rays are more strongly refracted through a range of gain, and
therefore sample both the high and low gain parts of the
spatial distribution. In contrast, later in time the dominant
rays are refracted less, sample the peak gain more strongly,
and are expected to be more distinct at the inherent speed of
the excitation wave. Thus, it would support the unusually
long output x-ray pulses measured in the experiment[11].

FIG. 4. Distribution of the electron temperature vs the distance
to the target for different times delayed relative to the short pulse
onset. Pump pulse:(2 ns, 2 ns, 20 mJ); (3 ps, 6 ps, 2.6 J).

FIG. 5. Distribution of the plasma density vs the distance to the
target for different delays respective to the short pulse onset mo-
ment.(2 ns, 2 ns, 20 mJ); (3 ps, 6 ps, 2.6 J).

FIG. 6. The time history of the local and ray-averaged(dots)
gain coefficients as well as that of the averaged gain-length product.
The pump pulse:(2 ns, 2 ns, 20 mJ); (6 ps, 6 ps, 2.4 J).
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We note, however, the apparent disagreement between the
values of the gain and the gain-length product(plasma length
6 mm), and also that the difference between these values
increases with time. In fact, both effects are a consequence of
the strong refraction, which will be more clearly illustrated
later, whereby the dominant rays have a strongly curved path
and sample a wide range of gain in the plasma.

The advantage of the extended heating pulse is clearly
seen in Fig. 7. Despite the reduction in the delivered pump
energy of more than 30%, the total energy deposited in the
plasma is nearly unchanged(dashed lines). Higher plasma
temperatures achieved on a shorter time scale cannot be ben-
eficial to gain, as the ionization level at the onset of the
heating pulse component is too low and is only slightly
changed within the interval until the maximum electron tem-
peratureTemax has been achieved. By applying longer pump
pulses this relation becomes much more favorable for the
energy deposition. It should be stressed again that increase in
the energy of the longer pump pulse boosts the gain but
shortens its lifetime and reduces its volume. Shortening of
the gain duration is understandable in this case as the relative
contribution of overionization to the gain termination process
starts to dominate, and that of thermal cooling is correspond-
ingly reduced. When the intense part of the pump pulse is
lengthened to 6 ps, the absorption region resulting from the
cold plasma does not appear after a few tens of picoseconds,
even though the cooling influence on the spatial gain distri-
bution is visible.

Figure 8 shows the temporal history of the average ion-
ization stage in the cases of three different laser pump pulses.
The ionization level corresponding to Ni-like AgsAg+19d is
marked in the figure. The solid line illustrates the changes
occurring during a strong pumping pulse with rise time ex-
tended to 6 ps. The other two curves correspond to pumping
with a more steeply rising short component(3-ps rise time),
and one of them(the chain line) demonstrates influence of

the flat-topped(in contrast to Gaussian) pulse as the preform-
ing pedestal. The differences in approaching the required
ionization stage are clearly seen. The intense heating part of
the pump pulse is decisive for the ionization process. Even if
energetically weaker, and in the initial phase less efficient,
the extended pulse accelerates the overionization(solid line
in Fig. 8). On the other hand, the flat-topped pedestal pulse
leaves the preplasma in a lower ionization stage and the
identical short part of the pump pulse is no longer able to
ionize silver to the stage of Ni-like isoelectronic sequence
(compare the dashed and chain lines in Fig. 8). This behavior
also helps to explain some points in the earlier discussion on
the gain termination mechanism.

Near-field images have been obtained in the experiment
using the second(opposite to the spectrograph input) face of
the plasma column. This was possible as traveling wave
pumping was not implemented. The modeled near-field im-
ages are shown in Fig. 9 at the times corresponding to the
gain maximum(14 ps after the onset of the heating pulse)
and when the peak gain value had been reduced to less than
50% of its maximum values22 psd. The experimental beam
profile seen in Fig. 10 is strongly dependent on the pump
parameters of the laser, and its curvature increased with in-
creasing pump energy: indeed, the experiments show a
strong dependence of the beam shape in the near field on the
pump parameters of the laser. We see in Fig. 9 that with the
moderately long-lived gain there is a noticeable movement
of the most intense part of the beam in the expansion direc-
tion. Since the time interval between both snapshots is only
8 ps, it must be expected that the experimental near-field
images have been smeared and do not give reliable informa-
tion on the exact dimensions of the active volume. From the
simulation data we observe that this effect seems to be
caused by a shift of the gain area in the medium rather than
any hydrodynamic movement. In fact, this is a result of the
refraction occurring in the plasma which gives rise to deflec-
tions of ,10 mrad. The dominant ray(i.e., that with the
maximum gain length) has a curved path with its perihelion
approximately at the midpoint of the plasma length. Since
the position of the output rays is strongly determined by
refraction and therefore by the density gradient, small errors

FIG. 7. The time history of the energy deposition in the plasma
under two different irradiation conditions. The group of the curves
on the left side of the plot within the time gap between 0 and 12 ps
corresponds to the pulse in form(2 ns, 2 ns, 20 mJ); (1.5 ps, 1 ps,
3.2 J) and the other one to the pulse described by(2 ns, 2 ns,
20 mJ); (6 ps, 6 ps, 2.6 J). Epl represents laser energy delivered
(solid); Et is total energy absorbed(dashed); Eth is thermal energy
(chain); andEi is ionization energy(dash1double-dot).

FIG. 8. The time history of the maximum ionization stage in the
plasma irradiated with the pulse of different temporal forms.
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in the latter will make a marked difference in both the posi-
tion and the shape of the output pattern. The behavior of the
output signal in the presence of a refraction limited saturated
output was investigated in Ref.[22]. In this case there will be
a family of similar rays traversing the plasma, each displaced
along the axis and in the absence of absorption leaving the
plasma with similar energy, but displaced upward. In particu-
lar, depending on the position of the perihelia, the output can
be narrow in the direction perpendicular to the target surface
(as seen in the simulation) or wide (as in the experiment). A
shift of less than 1 mm is sufficient to account for the ex-
perimental result. This effect is not normally observed as in
conventional systems the gain has a greater spatial extent and
lies further out.

III. DISCUSSION

Modeling of the plasma created by a “shaped” low-energy
picosecond pulse has actually confirmed suitability of this
pump method for collisional x-ray lasers working with
Ni-like moderate-Z elements. Thus, the simulation results
presented support in many aspects of the qualitative interpre-
tation of the experimental results reported in Refs.[11,12]. It
is found that the low-intensity ablation process is critical in

controlling the x-ray laser process. This occurs in the follow-
ing important ways:

(i) A low-mass, cold, and relatively dense plume is
evaporated from the target surface. But, this plume with
small spatial extent strongly absorbs the main pulse.

(ii ) Due to the low plume mass a high electron tempera-
ture is generated which leads to rapid ionization and strong
collisional excitation of the upper laser level.

(iii ) Due to the small spatial extent of the plasma and the
density gradient, the laser output is refraction limited(in
these simulations over a distance of,6 mm).

However, the experimental results are poorly reproduced
quantitatively. This is not entirely surprising, since, as noted,
the low-intensity ablation is poorly described. However, the
profile of the ablated plasma plume before the onset of the
main heating pulse is a key determinant of the output process
through refraction. It is unlikely that the basic form of this
plasma has been incorrectly modeled, since that is deter-
mined by the conservation laws inherent in the fluid descrip-
tion. However, quantitative details such as, for example, the
mass of the plasma will not be correct. The failure to accu-
rately model the near-field patterns observed experimentally
almost certainly originates from this approximation. Bearing
these limitations in mind, the experimental near-field spot of
&50-mm width displaced,30 mm from the target surface
(recorded 3.5 mm from the target edge) corresponds very
well with the spot positions,35 mmd determined with the
modeled value of a,10-mrad deflection angle. It is also in
reasonable agreement with the displacement of 8–15mm at
the end of the plasma column determined by ray tracing.

It was found that the scheme is extremely sensitive to the
shape and energy of both components of the laser pump

FIG. 9. Near-field patterns obtained by ray tracing:(a) 14 ps
(maximum gain) and (b) 22 ps after the onset of the short compo-
nent. The plots show only the upper half of the symmetric image.

FIG. 10. The near-field image of the beam registered in the
experiment with the pump pulse of,5 ps width and energy of
1.45 J. The cross seen in the image center comes from the mesh
supporting the Al filter. The vertical axis corresponds to the position
of the target surface which was determined by separate shots with
crossed wires positioned 3–4 mm from the target edge.
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pulse. In many cases the background pulse can be provided
by the pedestal normally present with CPA pulses by relax-
ing the normal stringent conditions used to ensure its re-
moval. However, unless a sophisticated pulse shaping tech-
nology is developed and installed, the background can only
be controlled over a limited range.

IV. CONCLUSIONS

The pump scheme described in the paper shows some
similarity to the prepulse technique combining low-energy
prepulses with long main(the width about 100 ps) pump
pulses[23]. The similarity relies on a low-level prepulse with
energy reduced to 0.1% –10% of the main pulse energy. In
the scheme described in the present paper the pedestal(back-
ground) energy was equal to,1% of the total energy. How-
ever, in this scheme the main pumping pulse is significantly
shorter and this dramatically affects the x-ray laser param-
eters, especially the gain factor and pump energy level.

The numerical modeling of the Ni-like Ag soft x-ray laser
emitting at 13.9 nm and pumped by a single picosecond laser
pulse with energy lower than 3 J has been performed. In
spite of some inconsistencies between the theoretical and ex-
perimental results discussed in the paper, the results obtained
are very helpful in understanding some of the basic phenom-
ena responsible for efficient lasing in this pump scheme. The
simulations have demonstrated essential suitability of this
pump method for elements from the Ni-like isoelectronic
sequence and have given useful support for the results of the
proof-of-principle experiment[11].
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