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Characterization of a transient collisional Ni-like molybdenum soft-x-ray laser pumped in
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We present experimental results from an extensive investigation of a Ni-like Mo x-ray laser pumped in the
transient regime and GRIP configuration (GRazing Incidence Pumping). The pump laser is a 10 Hz, 1 J,
Ti:sapphire laser system. The main diagnostic is a monochromatic near-field imaging system with a 1.7 micron
spatial resolution that shows the soft-x-ray laser source size and position relative to the target surface. Changes
of those characteristics are observed for different GRIP angles, varied between 15° and 21°, while keeping all
other parameters constant. Intense lasing is observed routinely at 18.9 nm with up to 3 microjoule output
energy and stable operation is demonstrated at 10 Hz. We have investigated the role of several pumping
parameters, in particular, the relative energy and delay between the long and short pulse. We show that this
multiparameter scan leads to a well-defined optimal regime of operation and better understanding of the GRIP
configuration. Finally, as the GRIP scheme requires careful tailoring of the plasma conditions to the specific
soft-x-ray laser under investigation, we add a prepulse before the plasma producing long pulse to generate
large-scale preplasmas. This increases the brightness of the soft-x-ray beam and leads to an almost Gaussian

near-field spatial profile.
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I. INTRODUCTION

Since the mid-1990s, intense and successful efforts, both
experimental and theoretical, have been done in soft-x-ray
laser research to establish the viability of tabletop pumped
devices that would enable the use of this exceptionally bright
source in the soft-x-ray spectral domain for applications at
the university scale.

The soft-x-ray laser research field is currently experienc-
ing a rapid development since the first demonstration of high
repetition rate transient soft-x-ray laser from solid target by
Keenan et al. [1] who used a Ti:sapphire laser as the pump
laser. They also showed the advantage of the so-called GRaz-
ing Incidence Pumping (GRIP) configuration for which the
plasma is pumped at grazing incidence and the pump laser is
refracted in the plasma. This first demonstration was fol-
lowed by the work of other groups [2-5] who obtained the
saturation of different kinds of soft-x-ray lasers at various
wavelengths down to 11 nm.

The GRIP configuration has many advantages over the
normal incidence pumping [6]: in particular, the grazing
angle is a new parameter that can be adjusted to match the
energy deposition and plasma heating to the optimum zone
for gain. As the density in the plasma where the energy is
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absorbed becomes smaller when the grazing angle is re-
duced, there should also be less density gradient in this re-
gion. This should improve the propagation of the soft-x-ray
laser beam in the amplifying medium. It is therefore of great
importance to precisely investigate the effect of GRIP angle
on the plasma and soft-x-ray laser characteristics and to
make possible comparisons with detailed quantitative simu-
lations. This will increase the physical understanding of
GRIP systems, which is crucial for their optimization and
their use as an amplifier medium for coherent radiation such
as high order harmonics [7,8] or as a direct source for appli-
cations.

During an experimental campaign on the 10 Hz, 35 TW
Ti:sapphire laser system at the Lund Laser Center in Sweden,
we used the GRIP configuration to produce a saturated soft-
x-ray laser at 18.9 nm from a Ni-like molybdenum plasma
generated on a 4 mm solid target [9]. By high resolution
near-field imaging of the soft-x-ray laser source, we investi-
gated in detail the effect of the GRIP angle on the soft-x-ray
laser output characteristics such as integrated energy, vertical
and horizontal size, and emission distance from target sur-
face. This was done for a large set of parameters such as the
delay between the long and short pulse and their relative
energy but also the presence of a small prepulse, before the
long pulse that creates the plasma, was investigated.

After a detailed description of the experimental setup in
Sec. II, the rest of the paper will be dedicated to the study of
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FIG. 1. (Color online) Schematic top view of the experimental setup.

first the influence of grazing angle (Sec. III), then the influ-
ence of the delay between the two main laser pulses (Sec.
IV) and the effect of a small prepulse before the long pulse
(Sec. V). We will conclude on the best characteristics ob-
tained for this source in terms of energy in the soft-x-ray
laser pulse, size, position, etc. (Sec. VI).

II. EXPERIMENTAL PRINCIPLE AND CONFIGURATION

The pump laser for the following study of soft-x-ray laser
generated in GRIP configuration is the 30 TW laser system
of the Lund Laser Center in Sweden. It is a chirped pulse
amplification (CPA) Ti:sapphire laser system that usually de-
livers 1 J in 35 femtosecond (fs) pulses at 10 Hz repetition
rate and 800 nm central wavelength. For the soft-x-ray laser
generation, the 1.4 J of uncompressed energy is split after the
last amplifier stage into two beams with adjustable energy
ratio. One of the beams, the so-called long pulse (LP), re-
mains uncompressed, with 300 ps duration and is used to
create the plasma. The other one, the so-called short pulse
(SP), enters the compressor and is compressed down to 5 ps
to heat the plasma and pump the soft-x-ray laser transition.
We found that the best condition corresponds to the same
energy level for the long and short pulse: approximately 500
mJ on target in each arm.

A low energy prepulse generator was installed in the long
pulse beam path to allow additional control of the preplasma
conditions. The device is composed of a combination of a
half-wave plate and a cube polarizer and is designed to vary
continuously the energy balance between the prepulse and
the long pulse, from 0 to 100%. However, the smallest
prepulse energy level that is practically obtained was 7% due
to the polarizer quality. At this low level, the noise on the
photodiode is rather large and the energy evaluation is given
with large fluctuations. The maximum delay between the
pulses is given by the size of the delay line and reaches 2.4

ns. For most of the experiment, the prepulse preceded the
long pulse by 1.3 ns and contained 7% of its energy but
results obtained in significantly different conditions will also
be discussed in this paper. All of these beams were focused
in line on a 4-mm-long molybdenum slab target.

The focusing system for the long pulse(s) with a 17 mm
beam diameter consisted of a combination of a cylindrical
(f=—4 m) and a spherical (f/=1 m) lens. The position of the
latter was adjusted to vary the width of the focal line. The
length of the line focus was 6 mm and led to irradiance on
targets of 2.9 X 10" W cm™ and 3.8 X 10" W cm™ for the
7% prepulse and the long pulse, respectively. The focusing
system for the short pulse with a 50 mm beam diameter and
incident on target at grazing incidence, was composed of a
spherical mirror (f=650 mm) whose incidence angle was
adjustable under vacuum between 7.5° and 10.5° to lead to
GRIP angle ®, on target between 15° and 21°. The focal line
length, which only depends on beam diameter and grazing
angle, was between 5 and 9 mm, whereas its width was ap-
proximately 40 um. An important point is that the spherical
mirror position, together with the 45° mirror before it (see
Fig. 1), were adjustable under vacuum to maintain the target
position and direction constant while changing the GRIP
angle. The superposition and shape of the focused beams
were controlled with an imaging microscope with a reso-
lution reaching 3 um. The delay between the pulses was
adjustable under vacuum, from 100 to 800 ps with 100 ps
time resolution, using a delay line placed in the long pulse
beam path. This setup design is different from the one pre-
sented, for example, in Ref. [3] where the GRIP angle was
varied by rotating the target. This technical solution leads to
better quality focusing and superposition of the focal lines. It
is also required when using high resolution diagnostics of the
plasma and soft-x-ray laser.

The main diagnostic shown in Fig. 1 is a two-dimensional
(2D) soft-x-ray near-field imaging system composed of a f
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=500 mm multilayer spherical mirror coated for spectral se-
lection at the soft-x-ray laser wavelength (Institut d’Optique
design and manufacturing). To get a very high resolution
with low astigmatism, the mirror is used at the minimum
available incidence angle (0.7°) to allow the beam redirec-
tion by a flat mirror placed at the center of the vacuum cham-
ber. After more than 4 m propagation, the magnified image
of the soft-x-ray laser source, at the exit plane of the plasma,
is detected on a calibrated 16-bit back thinned soft-x-ray
charge coupled device (CCD) camera. The resolution given
by the system is 1.7 um and corresponds to a magnification
factor of 7.6. A set of aluminum filters with thicknesses be-
tween | and 6 um was placed in the soft-x-ray laser beam to
adjust the intensity level. The 6 um filter was used in most
of the experimental configurations, indicating in itself a high
signal level for the soft-x-ray laser output.

The high repetition rate operation of this soft-x-ray laser
allows one to perform a complete series of multidimensional
parameter optimization. The recorded images were carefully
analyzed to extract physical quantities such as the integrated
energy, the horizontal and vertical widths of the source, and
its distance from the target surface. The mean fluence of the
source could then be derived from the measured data, as well
as the mean peak intensity when assuming a pulse duration
of 5 ps, as measured in a similar experiment [10]. All the
measurements presented below are the result of an average
over at least five shots recorded in the same experimental
conditions. A recent paper [11] presents in detail the 10 Hz
operation of this type of soft-x-ray laser as a source for ap-
plications: it shows that soft-x-ray laser output characteristics
depend on the target operation, static or moving, and target
preparation through the level of oxidation and surface rough-
ness. The soft-x-ray laser output stability is also directly de-
pendent on the pump laser stability in terms of energy and
beam pointing.

III. INFLUENCE OF THE GRIP ANGLE

The behavior of the soft-x-ray laser output as a function
of the short laser pulse grazing angle is presented in Fig. 2.
The delay between the long and short pulses is fixed to
At p_gp=400 ps, which corresponds to the optimum mea-
sured delay for most of the angles ® between 15° and 21° as
will be shown in the next section. Note that working at a
fixed delay At p_gp, allows one to study the interaction of the
short pulse with the same preplasma conditions whatever the
GRIP angle. As was briefly presented in a recent letter [9],
the mean output fluence shows a clear optimum for a 19°
GRIP angle and reaches 0.33 J/cm?, which corresponds to
an integrated soft-x-ray laser energy up to 3 ulJ.

The distance of the source from the target surface also
varies significantly with the GRIP angle: it first decreases
from 60 to 35 um for angles between 15° and 19°, then
increases to around 50 um for larger ones until 21°. Such a
trend was expected since the pump laser beam penetrates
deeper in the plasma and is absorbed at higher electron den-
sity when the GRIP angle is increased, following the well-
known mirage formula n,=n, sin> ®, where n, is the elec-
tron density of the plasma and 7, is the critical density for
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FIG. 2. (Color online) Grazing angle effect on the soft-x-ray
laser integrated energy, position relative to the target surface,
(FWHM) horizontal and vertical widths.

the laser wavelength [6]. In our case, n, is just below 1.8
X 10?° ¢cm™ for a 19° GRIP angle. Above the optimum graz-
ing angle, the soft-x-ray laser source aperture is shifted to
larger distances. This can be interpreted as due to a stronger
refraction of the IR laser beam followed by a spatial reshap-
ing of the gain zone, since absorption occurs at a higher
density where the density gradient is steeper. As additional
information on the grazing angle effect, both horizontal and
vertical sizes of soft-x-ray laser pupil are reduced when in-
creasing the grazing angle. Pumping in a denser plasma re-
gion should indeed correspond to a decrease of the plasma
scale length (L=n,/Vn,). Numerical simulations performed
for similar pumping conditions but for a different lasing el-
ement tend to indicate that the 19° GRIP angle corresponds
to an electronic density for which the density profile experi-
ences a steeper increase along the horizontal axis [6], leading
to a more dramatic increase of the density gradient. The fine
study and understanding of the influence of electronic den-
sity gradients on the gain zone creation would require more
detailed simulations.

The optimum GRIP angle is thus a compromise between
absorption at high electron density and low electron density
gradient together with a high abundance of Ni-like ions. An
important experimental result is that the optimum angle is
observed at the same value for a wide range of other experi-
mental parameters such as delay between the short and long
pulse, energy balance between them, and focusing geometry.

IV. INFLUENCE OF THE HEATING DELAY

We discuss in this section the influence of the peak-to-
peak delay between the long and short pump pulses, on the
shape and energy of the soft-x-ray laser source. For increas-
ing delays, plasma expands and the dense area of interest
(5x10=n,=1x10* cm™) cools down. As a result, the
electron density gradient decreases in time, mainly along the
horizontal axis normal to the target surface.

Figure 3 shows the integrated soft-x-ray laser energy as a
function of the delay, from 50 to 850 ps for five GRIP angles
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FIG. 3. (Color online) Normalized soft-x-ray laser energy, for a
grazing angle from 15° to 21°, as a function of the delay between
long pulse and short pulse.

between 15° and 21°. In order to make the comparison be-
tween different GRIP angles easier, the values shown in Fig.
3 are normalized to the maximum for each series correspond-
ing to a given angle. Each point on this figure corresponds to
the average over several shots, typically 5-10, with fluctua-
tions of the order of 10—30 % depending on the signal level
as explained in detail in Ref. [11]. It can be seen that for the
smallest angles the optimum delay is around 600 ps (P
=15° — At; p_sp=700 ps, D=17° — At; p_sp=600 ps),
while it is around 400 ps for the grazing angle 19° and
above. Note that, at optimum delay, the short pulse is always
largely after the end of the long pulse whose duration is 300
ps: in other words, the soft-x-ray laser is really pumped se-
quentially by separated pulses playing distinct roles. Another
interesting feature exhibited in Fig. 3 is that the delay inter-
val during which lasing is obtained, is much larger for small
angles than for larger ones. Actually this delay interval con-
stantly decreases when increasing the GRIP angle, as shown
in Fig. 4.

The falloff of the soft-x-ray laser energy at the shortest
delays can be explained by steep density gradients in a
plasma which has not had enough time to expand and thus
allows the efficient propagation of both the pumping laser
pulse and the soft-x-ray laser beam. It can be seen in Fig. 3,
that this effect is more crucial for larger GRIP angles such as
®=20 and 21° that exhibit almost no signal for delays
shorter than 250 ps whereas for ®=15 and 17° the signal for
200 ps is still not negligible as compared to the maximum
value (20%).

On the other hand, the falloff of the soft-x-ray laser en-
ergy toward longer delays is controlled by plasma cooling
and recombination. In those cases, the short pulse is indeed
incident in a plasma where the temperature and the average
ionization have decreased, resulting in a lower density of
lasing ions and, hence lower gain. This effect is more pro-
nounced at higher electron density (recombination rates are
higher), i.e., when the GRIP angle is larger. This explains
why the delay interval for lasing is reduced for larger GRIP
angles, as represented in Fig. 4.
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FIG. 4. (Color online) Full width at half maximum duration of
the soft-x-ray laser delay window over which efficient lasing is
observed.

The fact that refraction is the main mechanism which pre-
vents lasing for the shortest delays is also confirmed by the
near-field images shown in Fig. 5. For the shortest delay, 200
ps, the soft-x-ray laser source has a vertical double structure
which is likely to be induced by refraction in the vertical
direction of the IR pump beam. Such double structures were
reproducibly observed for delays below 250 ps, but disap-
peared for larger delays, as shown in Fig. 5.

In conclusion, varying both delay Atf;p_gp and GRIP
angle, gives rise to a complex behavior of preplasma as it
interacts with the short laser pumping pulse. The optimum
delay for soft-x-ray laser emission is governed by a compro-
mise between refraction for short delays and dense plasma
cooling for longer ones. The sensitivity of amplification to
the delay increases with the GRIP angle.

V. INFLUENCE OF PREPLASMA CONDITIONING AND
PREPULSE EFFECTS

The importance of adding a low-energy prepulse a few
nanoseconds before the main long pulse, which creates the
plasma, is well known since the first experimental demon-
strations of soft-x-ray laser pumped in the quasi-steady-state
regime in the mid-1990s [12-14]. Simulations performed for
the transient collisional scheme for normal [15] or longitudi-
nal incidence [16] also confirm the relevance of this tech-

FIG. 5. (Color online) Near-field images for different delay be-
tween the long and short laser pulses. Experimental conditions were
®=19°, and the IR energy balance was 500 mJ on each arm.

033812-4



CHARACTERIZATION OF A TRANSIENT COLLISIONAL...

T T T T 40
1=1.3ns |
104 }
35
= 2
>
3 0.8+ 2
Q [
& 2
- -}
X 0.6 8
= o,
° ®
3 7]
] -
;5;' 0.4 - ‘é
E
0.2 i
¥ T X T X T ¥ T 0
0.1 0.2 0.3 0.4 0.5
p energy ratio
s
g %
5 2
o »
s 2
& g
P o
2 3
[\ T
g 2
£
0.0 T T T T T T T T 0
0.1 0.2 0.3 0.4 0.5

p energy ratio

FIG. 6. (Color online) Soft-x-ray laser source characteristics
(solid square: normalized integrated energy; open triangle: vertical
size; open circle: horizontal size) for optimized conditions
At; p_sp=400 ps with prepulse delays 7=1.3 ns (a) and 7=2.4 ns
(b) at variable energy ratio p, between prepulse and long pulse.

nique to shape an ideal preplasma for soft-x-ray laser gen-
eration. By adding a prepulse, the plasma interaction volume
increases by hydrodynamic expansion. This leads to a reduc-
tion of the density gradient and an increase of the absorption
of the main pulse. When working in the GRIP geometry, the
use of a low-energy prepulse hence allows one to efficiently
heat the plasma at the optimum density where the lasing ions
are abundant, together with a reduced density gradient.

The prepulse generator, as described in Sec. II, allows the
delay 7 between the prepulse and the long pulse, and the
energy ratio p between them (p=E,,.puise/ Eiong puise) t0 be
varied. The total energy E,.puiset Eiong puise @and the GRIP
angle ®=19° were kept constant for the following study.
Note that p=10% corresponds to an irradiation level on a
target of 4% 10! W/cm?.

From the optimized conditions described in previous sec-
tions, we first varied the so-called contrast from 7% to 50%
at a fixed delay between prepulse and long pulse (7
=1.3 ns) and fixed total pump energy. The results are shown
in Fig. 6(a): no significant change as a function of p was
observed on the soft-x-ray laser source size, neither vertical
nor horizontal. We rather noted an increase of the source
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FIG. 7. (Color online) Comparison of the soft-x-ray laser source
characteristics for optimized conditions with a prepulse delay 7
=24 ns [open symbol, case of Fig. 6(b)] and p=14% and 7
=1.3 ns [solid symbol, case of Fig. 6(a)] and p=7% at variable
delay between long pulse and short pulse. The squares show inte-
grated energy and the triangles show distances to the target surface.

instability and even an energy reduction for large p values.
The latter might be attributed to the fact that the total energy
between prepulse and long pulse is kept constant and thus
that increasing p means consequently decreasing the long
pulse irradiation level on target, reaching a real multipulse
irradiation scheme. Figure 6(b) shows the same phenomenon
at a larger delay (7=2.4 ns) and confirms that only changing
the prepulse energy ratio, without changing the delay, has no
real impact on the geometrical soft-x-ray laser characteris-
tics.

The importance of preplasma conditioning through the in-
crease in delay between prepulse and long pulse can be un-
derstood thanks to the two following experimental facts:
first, as shown in Fig. 7, the source position is strongly in-
fluenced by 7: changing 7 from 1.3 to 2.4 ns, the distance to
the target increases from 35 to 55 wm. Second, when vary-
ing the second delay Af;p_gp between the long and short
pumping pulse for 7=1.3 and 2.4 ns, the soft-x-ray laser
energy reduction at large delays attributed in Sec. IV to
dense plasma cooling, is more important for small 7. These
observations confirm that the preplasma effect is governed
by plasma hydrodynamic expansion and that increasing 7
leads to the shift of the gain region toward low density re-
gions of the plasma together with low gradients.

Finally, the main interesting feature shown by comparing
Figs. 6(a) and 6(b), and already reported in [9], is that the
soft-x-ray laser source dimension in both directions is sig-
nificantly reduced when the prepulse to long pulse delay
goes from 1.3 to 2.4 ns. This source size reduction is also
accompanied by an energy reduction: a factor of 2 in our
case. We observed experimentally that the source size is
more critical on the fluence than purely the source energy
(quadratical variation for the geometrical aspect). Although
this behavior is not yet fully understood, it yields a very
interesting level of source fluence up to 1.2 J/cm? as com-
pared to approximately 0.3 J/cm? in the usual energy-
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optimized case. For some applications such as irradiation
experiments, where the relevant parameter is more the source
fluence than the integrated energy [17], such a result is hence
of high interest.

As a preliminary conclusion, the addition of a small
prepulse before the long pulse with the appropriate delay
may increase significantly the source fluence and quality. We
observed that the delay has more effect on the source geom-
etry than simply changing the prepulse energy level. Detailed
multiscan experimental optimization of this prepulse effect
should be further explored.

VI. CONCLUSIONS

In conclusion, we have performed experiment and here
reported on an extensive multiparameter optimization of a
transient Ni-like Mo soft-x-ray laser at 18.9 nm, pumped
under grazing incidence. By imaging the soft-x-ray laser at
the output of the plasma rod, we obtain, for the first time,
detailed insight on the effect of varying the GRIP angle
among other parameters. We demonstrate that varying the
GRIP angle strongly influences the pump laser coupling into
the plasma: the soft-x-ray laser output energy is indeed re-
duced by more than one order of magnitude when changing
the GRIP angle by only a few degrees around the best posi-
tion, found to be close to 19°.

Moreover, we show that the soft-x-ray laser source shifts
closer to the target when increasing the grazing angle, which
directly demonstrates the concept of GRIP: the density at
which the soft-x-ray laser is generated can be varied with the
GRIP angle. For angles larger than optimum value, refraction
of both the pump and soft-x-ray laser beams seems to play an
important role. The optimization versus the delay between
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the long and short pulses led to a clear optimum at 400 ps in
almost any experimental configuration, including, in particu-
lar, different GRIP angle values. An interesting result is that
the range of delays over which an important soft-x-ray laser
emission is observed decreases with the GRIP angle: increas-
ing this parameter thus makes the delay optimization more
critical.

Finally, our preliminary results on the effect of a weak
prepulse to shape the preplasma indicate that the delay be-
tween prepulse and long laser pulse is a more critical param-
eter to control than only the energy level. For long prepulse
delay (7) condition and increased prepulse energy of ~10%
corresponding to an intensity of =4 X 10'© W/cm?. As also
mentioned in Ref. [9] we observe soft-x-ray laser sources
with an exceptionally high brightness level.

This detailed study of the physics of the soft-x-ray laser,
pumped in grazing incidence, should give useful benchmarks
for numerical studies to further optimize and understand this
type of source that is nowadays the best candidate for simple
seeding experiments of high order harmonics in soft-x-ray
laser lasers from solid targets [8]. Our work provides a quan-
titative and accurate characterization of physical quantities
which play a crucial role in the optimization of seeding with
high order harmonics: the position and size of the active
region in the plasma amplifier, as well as the output mean
fluence.
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