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We report a time- and space-resolved investigation of the J ­ 0–1 and J ­ 2–1 lasers in neonlike germanium
at 19.6, 23.2, and 23.6 nm. Germanium slabs were irradiated by the Asterix IV iodine laser at an intensity
of approximately 2.0 3 1013 W cm22 without and with a prepulse, which was 5.23 ns before the main pulse.
The position of the lasing region was measured as a function of the prepulse intensity. It was found that
lasing on the J ­ 0–1 transition at 19.6 nm occurs earlier in time and closer to the target surface than on the
two J ­ 2–1 transisitions at 23.2 and 23.6 nm. The position for the 23.6-nm laser is the farthest from the
target surface. A larger prepulse shifted all lasers farther from the target surface. Numerical simulations
showed good qualitative agreement with experimental results when a prepulse was applied. For the case
without a prepulse, calculations indicated the importance of beam refraction in modifying the effective gain
of the soft-x-ray laser beam.  1996 Optical Society of America
1. INTRODUCTION

Since the first demonstration of a high-gain soft-x-ray
laser in an exploding foil target of selenium1 and there-
after in a slab target of germanium2 in neonlike ions, the
puzzling behavior of the J ­ 0–1 transition (at 18.2 nm in
selenium and 19.6 nm in germanium) in contrast to that
of the J ­ 2–1 lasers has attracted both theoretical and
experimental efforts for explanation. It has been pre-
dicted that the J ­ 0–1 line should have the most gain;
but it has shown little or no gain, whereas the J ­ 2–1
lines have dominated the laser output in most experi-
ments. Furthermore, in comparison with the J ­ 2–1
lasing, in previous experiments the J ­ 0–1 lasing was
found to occur earlier and to undergo a larger refrac-
tion and a larger beam divergence.3,4 These observations
are partly explained by the suggestion that the J ­ 2–1
lasers are pumped mainly by recombination,5,6 whereas
the J ­ 0–1 laser is pumped predominantly by direct col-
lisional monopole excitation from the ground state.

Recently efforts have succeeded, by various techniques,
in enhancing the J ­ 0–1 laser or even in making
it dominate the spectrum in selenium and elements
with lower Z.7 – 16 These techniques include the pre-
pulse technique7 – 12 (it is suspected that in Ref. 12 there
was an undetected prepulse in the drive system10), the
multipulse-plus-traveling-wave excitation technique,13,14

and the use of curved targets.15,16 These successes indi-
cate the importance of hydrodynamics and beam optics in
governing the anomalous behavior of the J ­ 0–1 tran-
sition. In these experiments the J ­ 0–1 lasing was
again observed to occur earlier than the J ­ 2–1 las-
ing in nickel,6 zinc,10,12 germanium,15,16 and selenium.9
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The different time histories suggest that the J ­ 0–1
and J ­ 2–1 laser emissions come from different plasma
regions.

Motivated by these previous observations, we planned
our experiments, aiming at a better understanding of the
physics that drives each of these lasing lines. We chose
germanium as the object of investigation because it is the
element that has been investigated world wide in the past
decade.2 – 4,7,11,13,15 – 23 There are mainly five 3p–3s laser
lines in neonlike germanium, i.e., one J ­ 0–1 transition
at 19.6 nm, three J ­ 2–1 transitions at 23.2, 23.6, and
28.6 nm, and one J ­ 1–1 transition at 24.7 nm. In a re-
cently published paper Murai et al.4 systematically stud-
ied the properties of all five laser lines, focusing on their
refraction properties. As a complement to their results,
in the present paper we report a temporally and spatially
resolved investigation of the 19.6, 23.2, and 23.6 nm laser
lines by the prepulse technique. The position and the
width of the lasing regions have been measured as a
function of the prepulse intensity. It is found that the
19.6-nm lasing occurs closer to the target surface than
the 23.2 and 23.6 nm lasing and that the 23.6 nm las-
ing region is the farthest from the target surface. A
larger prepulse shifted all lasing regions away from the
target surface. This is to our knowledge the first spa-
tially resolved investigation of J ­ 0–1 versus J ­ 2–1
lasers in a slab target. An earlier spatially resolved
experiment at the Lawrence Livermore National Lab-
oratory showed the lasing region in a selenium ex-
ploding foil target to be symmetrical to the target
center.24 The different time histories of the 19.6, 23.2,
and 23.6 nm lasing have also been measured. Numeri-
cal simulations showed a good qualitative agreement
 1996 Optical Society of America
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Fig. 1. Schematic overhead view of the experimental setup.

with experimental results when a prepulse was ap-
plied. For the case without a prepulse, calculations
indicated the importance of beam refraction in modi-
fying the effective gain of the soft-x-ray laser beam.

2. EXPERIMENTAL SETUP
The experiment was conducted at Max-Planck-Institut
für Quantenoptik with the Asterix IV iodine laser.25 A
schematic overhead view of the experimental setup is
shown in Fig. 1. Asterix IV is a one-beam facility; it de-
livers as much as 800 J at 1.315 mm with a pulse duration
of 450 ps (FWHM). The spurious prepulse of the system
was measured to be below 1026 of the main pulse energy.
A line focus was produced by a cylindrical-lens array con-
sisting of six sections of cylindrical lenses.26 Each section
of the array generates a line focus 3 cm long and 30 mm
wide; their overlap produces a line focus 150 mm wide
and 3.0 cm long. To produce a defined prepulse, a setup
similar to those of previous experiments was used,10,11 in
which a pair of 17.5-cm 3 9-cm mirrors with 100% re-
flectivity at a 60± angle of incidence was inserted into
the beam path before and after the final steering mir-
ror, which deflects the beam by 60±. The delay between
the main pulse and the prepulse was set to 5.23 ns. The
maximum energy ratio of the prepulse to the main pulse
is deduced from the area ratio of the prepulse mirrors
to the Asterix beam cross section to be 15.1%; the ratio
is variable by use of calibrated filters between the pair
of prepulse mirrors without changing the energy in the
main pulse. As the prepulse beam intersects only two
sections of the cylindrical lens array, the line focus of the
prepulse may be narrower than that of the main pulse,
resulting in a higher intensity than that deduced from
the energy ratio. The targets used were 2.4-cm- or 1.2-
cm-long, 4-mm-thick planar germanium slabs with pol-
ished surfaces. The laser illuminated the slabs with the
3-cm-long line focus overfilling the target area. Typically
a total energy (main pulse plus full prepulse) of 450 J
was used.

The principal diagnostics were two transmission grat-
ing spectrometers. One of them was time integrated,
spatially resolved, and coupled to a thinned, backside-
illuminated CCD.27 The diagnostic looked axially onto
one end of the plasma column, with the spatial resolu-
tion in the direction perpendicular to the target surface.
The spatial resolution was provided by a toroidal mirror
with a magnification of ,2.6. The acceptance angle of
the mirror was adjustable by a diaphragm. The spatial
resolution was ,50 mm. A 5000 lineymm free-standing
transmission grating with a 50-mm-wide slit dispersed the
incident emission perpendicular to the spatially resolved
direction. The wavelength coverage was 3.4–33.2 nm,
with a spectral resolution of ,0.1 nm. The grating had
a supporting structure perpendicular to the grating bars
with a period of 4 mm that dispersed the incident emis-
sion along the spatial direction. This led to an additional
spatial structure, which should be taken into account in
the evaluation of the data.

On the other end of the axis a similar transmission grat-
ing was coupled to a streak camera28 equipped with an
optical CCD readout system (2DPC Image Analysis Sys-
tem, Hadland Photonics) with a time resolution of ,50 ps.
The use of the CCD readout eliminates the need for a
large image intensifier after the phosphorous screen of the
streak camera. In this case the sensitivity of the system
was found to be three times higher than a photographic
film such as TMX. The use of the CCD readout elimi-
nated the image distortion that would be caused by the
large image intensifier used with film, and it gave better
reproducibility, as the uncertainty inherent in developing
film was also removed. Furthermore, the CCD provided
a better dynamic range, which is ,10 times higher than
that of film. With film or the CCD readout, the spatial
resolution of the system was limited by the streak cam-
era itself to be 125 mm.28 The 150-mm slit on the grating
was oriented parallel to the target surface and was 83 cm
away from the target; therefore the spectrometer covered
only a small angular range. In the experiment the grat-
ing and the streak camera could be translated in the direc-
tion of the angular resolution to meet the maximum laser
output. The 1.8 cm 3 300 mm slit on the photocathode
was horizontally placed and covered a wavelength range
of ,40.0 nm with a resolution of 1 nm. The cathode is
0.11 mm of CsI on a 0.11-mm-thick carbon substrate.

3. EXPERIMENTAL RESULTS
Experiments were done with 0%, 1.5%, and 15% pre-
pulses. As has been reported previously for germanium
and zinc, without a prepulse the J ­ 0–1 transition
lased weaker than the J ­ 2–1 lasers or did not lase at
all.7,10 – 12 When a prepulse was applied, the J ­ 0–1
laser emission dominated the spectrum, and the J ­ 2–1
laser emissions were also enhanced.10 – 12 In this experi-
ment the effective time-integrated gains of the 19.6-,
23.2-, and 23.6-nm laser emissions in germanium were
measured to be 3.7, 2.7, and 3.1 cm21 with a 1.5%
prepulse.

Figure 2(a) gives a streaked spectrum for a 2.4-cm ger-
manium target taken at 7 mrad from the axis with a
1.5% prepulse. The J ­ 0–1 and J ­ 2–1 laser lines
at 19.6, 23.2, and 23.6 nm are seen to dominate the spec-
trum (the 23.2- and 23.6-nm laser lines are not resolved).
The other J ­ 2–1 laser line at 28.6 nm is barely visible.
The 19.6-nm laser emission is seen to occur considerably
earlier than the pair of J ­ 2–1 laser emissions at 23.2
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Fig. 2. (a) Record of the streak camera for a 2.4-cm-long germa-
nium target obtained 7 mrad off axis. The two J ­ 2–1 lines at
23.2 and 23.6 nm are not resolved owing to the low wavelength
resolution. One can clearly see that the J ­ 0–1 transition at
19.6 nm occurs earlier than the J ­ 2–1 transitions. The other
J ­ 2–1 line, at 28.6 nm, is also barely seen. A driving energy
of 493 J was used with a 1.5% prepulse. (b) Traces along the
time direction for the 19.6-nm laser and the pair of lasers at 23.2
and 23.6 nm from (a). The zero time is set at the maximum of
the continuum emission, which corresponds approximately to the
peak of the drive pulse. The 19.6-nm laser rises more rapidly
and peaks ,100 ps earlier than the 23.2 and 23.6 nm lasers and
the continuum emission.

and 23.6 nm. In Fig. 2(b) we show the traces along the
time direction of Fig. 2(a) taken at the maximum of the
19.6- and 23.6-nm laser lines. The 19.6-nm laser line is
observed to peak ,100 ps earlier with a steeper leading
edge than the 23.2 and the 23.6 nm laser lines. This ob-
servation agrees with the previously reported results with
or without a prepulse, as well as with the observation with
the curved targets for a number of elements.3,4,7,9,10,12,15,16

The different time histories suggest that, as has been
mentioned by several authors,7,10,12 different laser lines
come from different regions in the plasma.

Although we did not measure the dependence of the
timing of the lasing on the prepulse intensity, our simu-
lation suggests that the delay between the peaks of the
J ­ 0–1 and the J ­ 2–1 lasing, as well as the opti-
cal drive pulse, varies as the intensity of the prepulse
changes. A further experiment for measuring the de-
tailed temporal behavior of the lasing is under way.

The time-integrated but spatially resolved spectrum
corresponding to Fig. 2 is given in Fig. 3(a), in which the
spatial direction designated is along the normal of the
target surface. A 1.5-mm aluminum filter was used to
attenuate the laser intensity. The strong lasing at 19.6,
23.2, and 23.6 nm, accompanied by diffraction caused by
the support structure of the grating, is clearly seen to
dominate the spectrum. The central spots give the spa-
tial positions of the lasing, while the adjacent spots in
the spatial direction are the high-order diffraction pat-
tern of the support. The other laser lines at 24.7 and
28.6 nm are barely seen. One can see that the diffrac-
tion pattern overlaps slightly with the central spot at
19.6 and 23.6 nm; this is due to the display scaling se-
lected for showing the weak laser at 28.6 nm, and there-
fore the strong 19.6 and 23.6 nm lasers and their 6first-
order diffraction are saturated. However, the diffraction
pattern does influence our spatial resolution.

To ensure that the x-ray laser beam is completely col-
lected, a large aperture for the imaging optics of 20 mrad
was used for this shot in Fig. 2. In this case, owing to
the short depth of focus of the imaging optics, it is diffi-
cult to determine the exact position of the target surface,
and therefore we were not able to measure the positions of
the lasing regions, although they seem to be well imaged
according to the relatively small divergence of the laser
beams. However, one can still see that the 19.6-nm laser
line and the pair of 23.2 and 23.6 nm laser lines peak
at different positions. In Fig. 3(b) we show the trace
along the spectral direction taken at the maximum of the
19.6-nm laser line. All five laser transitions are clearly
seen, and the laser line at 19.6 nm dominates (note the
log scale).

In a long target, besides the difficulty in determining
the position of the target surface, the refraction of the
laser beam along the target normal also makes it diffi-
cult to determine the original lasing region. The shift of
the lasing position from the target surface with increasing
target length has been observed for the J ­ 0–1, 25.5-nm
lasing in neonlike iron.29 To overcome these problems,
we used 1.2-cm-long targets to reduce the refractive ef-
fect and limited the acceptance aperture to ,5 mrad to
increase the depth of focus of the imaging system. How-
ever, there are still some refractive effects that influence
the spatially resolved measurements, as is discussed in
Section 4.

Under these conditions the positions and the widths
of the lasing region were measured for 0%, 1.5%, and
15% prepulses. Figures 4(a), 4(b), and 4(c) summarize
the measurement of the intensity distribution of the 19.6,
23.2, and 23.6 nm lasers along the spatial direction. The
target surface is defined as position zero, which was de-
termined as the crossing point obtained by extrapolating
the straight part of the rear slope (of a background trace
close to the laser) down to zero intensity. The error in-
duced in this way was ,50 mm. The curves displayed in
Figs. 4(a), 4(b), and 4(c) are corrected for the background
and therefore represent the emission from laser transi-
tions alone. This permits a direct comparison with the
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Fig. 3. (a) Record of time-integrated, spatially resolved spec-
trum corresponding to Fig. 1. The J ­ 0–1 and J ­ 2–1 lines
at 19.6, 23.2, and 23.6 nm, accompanied by a diffraction pattern
that is due to the 4-mm support structures of the transmission
grating, are clearly seen. The diffraction pattern overlaps the
central spots slightly. The J ­ 1–1 and J ­ 2–1 lines at 24.7
and 28.6 nm are weak. A 1.5-mm aluminum filter was used
to attenuate the lasers. The designated spatial orientation is
along the normal of the target surface. (b) Trace from (a) along
the spectral direction taken at the maximum of the 19.6-nm laser
emission.
simulated results in Figs. 4(d), 4(e), and 4(f), in which
the spatial profile of the gain coefficients, time integrated
from 20.3 to 0.7 ns around the peak of the main pulse,
are given. A detailed discussion of the simulation will be
found in Section 4. As detailed structures in the lasing
region cannot be resolved, only the peak position and the
widths of the lasing region were measured.

Although diffraction from the supporting structure in-
fluences the spatial profile, one can see in Fig. 4 that the
19.6-nm laser emission has a maximum closest to the tar-
get surface (zero coordinate) as compared with the 23.2
and 23.6 nm laser emissions. For example, with a 1.5%
prepulse [Fig. 4(b)] the 19.6-nm laser emission peaks at
,137 mm, and the 23.2- and the 23.6-nm laser emissions
peak at 162 and 172 mm from the target surface, re-
spectively. Also, the region of the 19.6-nm laser emis-
sion is slightly narrower. With an increased prepulse
intensity all lasing occurs farther from the target sur-
face, and the lasing regions become broader. For the
19.6-nm laser emission without a prepulse, the lasing
region is ,70 mm wide (FWHM), and it increases to
,100 mm when a 1.5% or a 15% prepulse is used. The
width of the 23.6-nm laser region changes from 70 to
120 to 160 mm as the prepulse changes from 0 to 1.5
to 15%, respectively. These values are certainly influ-
enced by the diffraction pattern of the grating support,
which broadened the apparent widths of the lasing re-
gions. Therefore the values represent the upper limits
of the actual widths of the lasing regions. The peak las-
ing positions summarized from Fig. 4 are given in Table 1.
Also given in Table 1 are the peak positions of the time-
integrated gain from the simulation.

Our measurements explain why the previously mea-
sured divergence and refractive angle for the 19.6-nm
laser emission are larger than for the 23.2 and 23.6 nm
laser emissions. As the 19.6-nm lasing occurs earlier and
originates closer to the target surface, where the electron
density is higher and the density gradient is larger, a
larger refraction is induced. When the refraction of the
laser beam dominates the beam propagation, the effective
gain–length product will be considerably reduced.

4. SIMULATIONS AND DISCUSSION
To model these experiments, we performed LASNEX one-
dimensional simulations.30 The prepulse and the main
pulse are assumed to be Gaussian pulses with a FWHM
duration of 450 ps and are focused to a width of 150 mm
to yield a peak intensity of 1.9 3 1013 W cm22 on target,
similar to the experimental conditions. The size of the
prepulse is varied from 0% (no prepulse) to 1.5% to 15%
of the main pulse, which is 380 J. The LASNEX calcula-
tions included an expansion angle of 15± in the dimension
perpendicular to the primary expansion so as to simu-
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Fig. 4. Spatial distribution of the 19.6, 23.2, and 23.6 nm laser emissions measured for 12-mm targets with (a) no prepulse, (b) a 1.5%
prepulse, and (c) a 15% prepulse. Also given are the calculated spatial profiles of the gain coefficients, time integrated from 20.3 to
0.7 ns around the peak of the main pulse, with (d) no prepulse, (e) a 1.5% prepulse, and (f ) a 15% prepulse. The energy in the main
pulse was kept at 380 J in both experiments and simulations. Note that the intensity scales for (a), (b), and (c) are comparable.
late two-dimensional effects. With the LASNEX calculated
densities, temperatures, and velocities used as input to
the XRASER code,31 the gains of the laser lines were cal-
culated including radiation-trapping effects on the 3s–2p
transitions in neonlike germanium. Bulk Doppler effects
due to the expansion of the plasmas were also included.

Figures 5(a), 5(b), and 5(c) plot contours of the gain
versus space and time for the J ­ 0–1 line at 19.6 nm
for the three cases of no prepulse, a 1.5% prepulse, and
a 15% prepulse, respectively. The surface of the target
is at distance zero. The peak illumination is set at time
zero for all three cases. Contours represent 12% changes
from the darkest region, which has a gain greater than
14 cm21. Figures 6 and 7 plot similar contours for the
23.2 and 23.6 nm lines, respectively, for the three cases.
Contours are still 12% changes, but now the darkest re-
gion has a gain greater than 7.5 cm21.

For all three laser lines one notices that the gain
region moves farther from the surface as the prepulse
is increased. There is a big qualitative difference be-
tween the 19.6-nm line and the other two lines. The
23.2 and the 23.6 nm lines have their peak gains far from
the surface, near the time of peak optical illumination.
Figures 5, 6, and 7 are integrated over a period of 2300
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Fig. 5. Contours of gain versus space and time for the J ­ 0–1,
19.6-nm laser line as calculated by the XRASER code with the
hydrodynamic simulations from LASNEX used as input. In the
three cases shown the prepulse varies from (a) 0% to (b) 1.5%
to (c) 15% of the main pulse, which is held constant at 380 J.
Contours represent 12% changes, with the darkest region having
a gain greater than 14 cm21. The main pulse peaks at time zero
for all three cases.

to 700 ps to yield time-integrated spatial distributions of
the gain, which are presented in Figs. 4(d)–4(f ). The
peak gain positions are given in Table 1. Except for the
case of no prepulse, good qualitative agreement with the
measured peak position of lasing emission can be seen in
Table 1 and Fig. 4. However, measuring the peak laser
emission is quite different from measuring the position of
peak gain because of refraction effects and the exponen-
tial dependence of the intensity on the gain coefficient.
Refraction effects also reduce the gain measured in the
experiment, which could explain the factor of 3 or 4 dif-
ference between our simulated gains and the measured
gains, e.g., for the 1.5% prepulse case. The effect of beam
refraction on modifying the effective gain measured has
recently been studied numerically.32
Table 1. Comparison of the Measured Positions of Peak Intensity (xexp) and Calculated Peak-Gain
Positions (xcalc) for the 19.6-, 23.2-, and 23.6-nm Lasing Lines for the 0%, 1.5%, and 15% Prepulse Casesa

Lasing Transition (nm) Prepulse Level (%) xexp s mmd xcalc s mmd

19.6 0 114 15
1.5 137 102
15 212 225

23.2 0 132 69
1.5 162 157
15 247 305

23.6 0 132 86
1.5 172 170
15 273 311

aAn error bar of 650 mm is estimated for the experimental values.
Figure 8 shows contours of the log of the electron den-
sity versus space and time for the three cases. The black
region represents an electron density greater than the
critical density of 6.4 3 1020 cm23, and each contour repre-
sents a change of 0.1 in the log, or an approximately 21%
lower density. Clearly the gradient in the electron den-
sity is much larger for the no-prepulse case as compared
with the two-prepulse cases. For example, consider how
far an x ray traveling parallel to the target surface is re-
fracted away from the surface after traveling 1.2 cm if
the beam is subject to a constant gradient in the electron
density. The refracted distance x is given by

x ­
dn
dx

z2

2
,

Fig. 6. Contours of gain versus space and time for the J ­ 2–1
laser at 23.2 nm as calculated by the XRASER code with the
hydrodynamic simulations from LASNEX used as input. In the
three cases shown the prepulse varies from (a) 0% to (b) 1.5% to
(c) 15% of the main pulse, which is held constant at 380 J.
Contours represent 12% changes, with the darkest region
having a gain greater than 7.5 cm21. The main pulse peaks
at time zero for all three cases.
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Fig. 7. Contours of gain versus space and time for the J ­ 2–1
laser at 23.6 nm as calculated by the XRASER code with the
hydrodynamic simulations from LASNEX used as input. In the
three cases shown the prepulse varies from (a) 0% to (b) 1.5% to
(c) 15% of the main pulse, which is held constant at 380 J.
Contours represent 12% changes, with the darkest region
having a gain greater than 7.5 cm21. The main pulse peaks
at time zero for all three cases.

where z is the propagation distance, 1.2 cm in this case,
and dnydx is the gradient in the refractive index. The
gradient dnydx is related to the gradient in the electron
density by

dn
dx

­ 24.485 3 10228l2 dne

dx
,

where the wavelength l is in nanometers and the electron
density gradient dneydx is in electrons per centimeters to
the fourth power.

For the 23.6-nm laser line in the 1.5% prepulse case,
the gain peaks at 8.8 cm21, at 180 mm, at 35 ps. At
this position the electron density ne ­ 1.3 3 1020 cm23,
the electron temperature ue ­ 1.05 keV, and the gradient
in the electron density dneydx ­ 21.4 3 1022 cm24. A
23.6-nm x ray is refracted by 25 mm after traveling
1.2 cm. Given the 120-mm measured width for the
emission region, the x ray experiences gain down the
entire length of the 1.2-cm-long x-ray laser targets
used in these experiments. In contrast, for the no-
prepulse case, the gain peaks at 8.4 cm21, at 72 mm,
at 260 ps. Here ne ­ 1.6 3 1020 cm23, ue ­ 0.83 keV ,
dneydx ­ 25.7 3 1022 cm24, and the same x ray would
be refracted by 100 mm after 1.2 cm. Since the laser
emission region is measured to be 70 mm, even for this
short sample, the laser is refracted out of the gain region
before it can exponentiate down the full length of the
target. So, even though the peak gains are similar for
the three cases, the no-prepulse case cannot utilize the
full gain because of refraction limitations. The situation
for the 23.2-nm line is similar to that of the 23.6-nm line
except that the gain is ,10% smaller and the refractive
index is 3% smaller.

For the 19.6-nm line the refraction effect is much more
severe, which is no doubt the reason that this line was
not observed in the early neonlike selenium experiments.1

Now the region of high gain extends close to the target
surface, where the electron density is very high, even
above critical density, and the gain occurs before the
peak of the optical illumination. By observation of the
electron density in Fig. 8, it is clear that most of the
high-gain region has too large a gradient in the refrac-
tive index to allow for any substantial propagation. For
the no-prepulse case, the gain peaks at 15 cm21, at 17 mm
from the surface, at 2160 ps. Here ne ­ 7.3 3 1020 cm23,
ue ­ 0.61 keV, and dneydx ­ 25.4 3 1023 cm24. An x ray
traveling parallel to the surface would be refracted by
670 mm after traveling 1.2 cm. Looked at another way,
the x ray could travel only 0.2 cm before it would be re-
fracted out of the 20-mm-wide gain region. Clearly, no
lasing will be seen under these conditions. It is only later
in time, when the gradients and gain are smaller, that
there will be any chance for significant laser propagation
through the gain region.

Even with the prepulse, the region of peak gain for the
19.6-nm line is close to the target surface. However, the
high-gain region extends much further out and reaches
into regions where the gradients are much smaller. For

Fig. 8. Contours of electron density versus space and time,
calculated by hydrodynamic simulations from LASNEX. In the
three cases shown the prepulse varies from (a) 0% to (b)
1.5% to (c) 15% of the main pulse, which is held constant at
380 J. Contours are in logsned, with the darkest region being
20.8, corresponding to the critical density of 6.4 3 1020 cm23,
and goes in a step of 0.1 or approximately 21% lower density
down to 19.5, corresponding to a density of 3 3 1019 cm23. The
main pulse peaks at time zero for all three cases.
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Fig. 9. Contours of neonlike fraction versus space and time as
calculated by the XRASER code with the hydrodynamic simulations
from LASNEX used as input. In the three cases shown the
prepulse varies from (a) 0% to (b) 1.5% to (c) 15% of the main
pulse, which is held constant at 380 J. Contours represent 8%
changes in the neonlike fraction with the darkest region having
neonlike fraction greater than 50%. The white regions have
neonlike fraction less than 10%. The main pulse peaks at time
zero for all three cases.

example, consider now the edge of the highest-gain region
furthest from the surface. For the 1.5% prepulse case,
we calculate a gain of 13.9 cm21 at 137 mm and 285 ps.
The electron density ne ­ 1.9 3 1020 cm23, ue ­ 0.89 keV,
dneydx ­ 22.2 3 1022 cm24, and the x ray would be re-
fracted by 27 mm after 1.2 cm. For the 15% prepulse
case we have gain of 13 cm21 at 221 mm and 275 ps
with ne ­ 2.2 3 1020 cm23, ue ­ 0.78 keV, and dneydx ­
22.0 3 1022 cm24. The x-ray is refracted only 25 mm af-
ter 1.2 cm.

In Fig. 4 and Table 1 for the 19.6-nm line good quali-
tative agreement between the calculations and the
experiments is seen except for the no-prepulse case, for
which the refraction effect is much larger and the laser
emission is weighted by regions farther from the surface
with lower gradients and smaller gains to let us use the
entire length of the laser plasma effectively. The laser
emission will appear farther from the surface than the
peak gain in all these cases, since the electron density is
smaller as you move away from the surface and the x rays
bend away from the solid surface under these conditions.
In the future we plan to combine plasma modeling with
beam-propagation calculations to estimate the space- and
time-dependent laser emission under these experimental
conditions.

If we look at the time histories of the laser lines shown
in Figs. 5–7, we see that the 19.6-nm line peaks 120 ps
before the 23.2 and 23.6 nm lines for the 1.5% prepulse
case, which is in good agreement with the 100-ps delay
observed experimentally. This delay between the gains
of the different lines can be explained by examination of
the ionization balance. Figure 9 shows the neonlike frac-
tion versus space and time for the three prepulse cases.
The darkest region has a neonlike fraction of greater than
50%, and each lighter contour has an 8% lower neonlike
fraction, down to 10% for the lightest contour. The white
regions have less than 10% neonlike fraction. Compar-
ing Figs. 5–7 with Fig. 9, we see that the region of peak
gain always falls in the region of the largest neonlike frac-
tion. The difference among the lines is that the 19.6-nm
line favors higher densities, since it is driven by direct
monopole collisional excitation, and the favorable den-
sity region overlaps with the maximum neonlike fraction
before the peak optical illumination. During peak illu-
mination the region near critical density is overstripped;
therefore not so much neonlike is present, which is why
there is a large white region in the middle of the plasma.
At this time the neonlike fraction peaks farther from
the surface at the lower density and higher temperature,
which favors the 23.2 and 23.6 nm lines driven mainly by
recombination processes.

5. SUMMARY
We have investigated lasing on the J ­ 0–1 and J ­ 2–1,
3p–3s transitions in neonlike germanium. By using slab
targets with the prepulse technique, we show that the
19.6-nm, J ­ 0–1 laser emission occurs earlier than the
pair of J ­ 2–1 laser emissions at 23.2 and 23.6 nm,
which is the result, as suggested by the XRASER simula-
tion, of the ionization balance in the plasma.

Detailed spatially resolved measurements with 1.2-cm
targets show that the J ­ 0–1 laser emission at 19.6 nm
occurs closer to the target surface than the two J ­ 2–1
laser emissions at 23.2 and 23.6 nm. The 23.6 nm laser
is the farthest from the target surface. A larger prepulse
shifted all lasers farther from the target surface. The
combination of the measured temporal and spatial be-
havior of the lasing explains the measured refraction and
beam divergence for the J ­ 0–1 versus the J ­ 2–1 laser
beams in previous experiments. By using a simple model
that describes the refraction of the x-ray laser beam dur-
ing propagation along the target, we compare the LASNEX

plus XRASER simulation and the experimental results in
detail. Refraction in connection with the hydrodynamics
of the plasma is shown to play a key role in governing the
beam propagation along the plasma column and hence in
producing an effective high gain–length product.
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G. Jamelot, A. Klisnick, A. Sureau, and P. Zeitoun, “Obser-
vation of intense soft-x-ray lasing at the J ­ 0 to J ­ 1
transition in neonlike zinc,” J. Opt. Soc. Am. B 11, 564–573
(1994).

13. J. C. Moreno, J. Nilsen, and L. B. Da Silva, “Traveling wave
excitation and amplification of neon-like germanium 3p–3s
transitions,” Opt. Commun. 110, 585–589 (1994).

14. J. Nilsen and J. C. Moreno, “Nearly monochromatic las-
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