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ABSTRACT

We discuss high resolution two-dimensional near-field images of the neon-like nickel and germanium x-ray laser obtained
using the Asterix laser at the Max-Planck-Institute and the Nova laser at Lawrence Livermore National Laboratory. Our
imaging diagnostic consisted of a concave multilayer mirror that imaged the output end of the x-ray laser line onto a backside
illuminated x-ray CCD detector. A 28m thick wire positioned at the end of the target provided a spatial fiducial. With the
Asterix iodine laser, a prepulse 5.23 ns before the main pulse, was used to irradiate slab targets. A great deal ofastructure w
observed in the near field images, particularly in the J=0-1 emission. We observed a large difference in the spatial
dependence of the J=0-1 and J=2-1 lines of germanium, with the J=2-1 emission peaking farther away from the original target
surface. A larger prepulse moved the peak emission farther away from the target surface. For the Nova experiments we used
a series of 100 ps pulses spaced 400 ps apart to illuminate a germanium target. We obtained high resolution images of both
the J=0-1 and J=2-1 lines of Ge. These measurements are compared to hydrodynamic simulations coupled with atomic
kinetics and including refraction effects.
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1. INTRODUCTION

Neon-like soft x-ray lasers are now being produced under a wide range of plasma conditions. Experiments have demonstrated
that the J=0-1 line becomes the dominant line for low-Z Ne-like x-ray lasers when a prepulse is applied before the main

driving laser pulse or multiple pulses are apph€d Numerical simulations have indicated that using the prepulse creates a
more uniform, larger scale length plasma which allows the J=0-1 line to propagate better. The J=0-1 line is predicted to
appear in a higher density region than the J=2-1 lines since its upper level is populated primarily by collisional excitation
from the ground state, while the J=2-1 lines on the other hand are significantly affected by recombination. Similarly when
multiple pulses of equal intensity are used in the drive laser, the J=0-1 line can again become the dominant line compared to
the J=2-1 line. However details of the plasma conditions and gain durations can be quite different depending on the drive
pulse intensity, pulse separation, and pulse duration.

Here we investigate the effect of a prepulse and multiple pulses by analyzing experimentally measured two-dimensional
spatial images of the J=0-1 and J=2-1 laser lines of Ne-like germanium and the J=0-1 line of Ne-like nickel from slab
irradiated target75'8. For the Ne-like germanium laser we present results from both a prepulse driven plasma as well as a
multiple pulse driven plasma. These results are compared to hydrodynamic simulations coupled with atomic kinetics. Our
measurements can not be adequately modeled without taking into account laser transport effects, including refraction. Our
measurements of the spatial structure of the laser output can also be important for understanding the mode structure and
coherence of soft x-ray lasers.

A typical imaging setup as used in both the Nova and Asterix experiments is shown in Fig. 1. Our imaging diagnostic
consisted of a concave multilayer mirror (MoSi) which imaged the x-ray laser line onto a backside illuminated x-ray CCD
detector. The CCD consisted of a 1024 by 1024 array pi24ixels. The magnification was 10 for the Asterix experiments
and 27.8 for the Nova experiments. Two sets of mirrors were coated, one with a peak wavelength at 19.6 nm corresponding



to the Ge J=0-1 line and the other set had a peak wavelength at 23.4 nm for the pair of Ge J=2-1 lines at 23.2 nm and 23.6 nir
as well as the Ni J=0-1 line at 23.1 nm. These mirrors, which typically consisted of 20 layer pairs, have a peak reflectivity o
approximately 50% and a bandpass of around 1.5 nm. For the Nova experiments an additional flat multilayer mirror was used
in front of the CCD detector to relay the image and block additional background.
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Figure 1. Schematic drawing of the experimental setup. Relative dimensions are not to scale.

The proper choice of filtering was essential to decrease the background emission and scattered light in particular since
the data was time integrated. For the Asterix experiments at 19.6 nmum 2t6ck Al filter was used to eliminate short
wavelength radiation below 17 nm, while a filter consisting of a 50 nm thick layer of Ti coated on a 100 nm thick Al and 188
nm thick lexan substrate was used to cutoff the long wavelength radiation above 25 nm. For the Asterix experiments at 23.4
nm, a 0.6um Al filter was used to eliminate the short wavelength radiation, while a 75 nm Co on 280 nm polyimide filter
was used to suppress the 19.6 nm line by two orders of magnitude and reduce the long wavelength radiation.

2. ASTERIX IMAGING EXPERIMENTS

Initial imaging experiments were performed using the Asterix laser. The Asterix laser is an iodine laser with a single beam
that produces as much as 600 J at 1805 Typically a 320 J, 450 ps main pulse with a prepulse (5.23ns earlier) of varying
energy was focused to a 3 cm long by i@ wide line focus on a slab target. To make the prepulse beam, a pair of mirrors

is inserted into the beam path and a portion of the main beam is diverted and them recombined with the main beam as shown
in Ref. [2]. The targets consisted of @rh thick layer of germanium (or nickel) coated onto a machined flat copper substrate.

A thin 25pum wire was positioned at one end of the target at a measured distanceufy3ifd the target surface in order to

provide a spatial fiducial.
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Figure 2. Two-dimensional spatial images (filled contours) of the Ne-like Ge J=0-1 line for two prepulse conditions.
(a) 15% prepulse. (b) 1.65% prepulse.

Figure 2 shows spatial images of the Ge J=0-1 line at 19.6 nm obtained using two different prepulse conditions. The
laser blow-off (radial) direction is the horizontal axis in the figures with zero corresponding to the original target Boueface.
wire fiducial is clearly evident at 330m from the target surface. We observe significant variations in brightness along both
the radial and the transverse direction, particularly for the larger prepulse case. We believe this is partly due tosthe prepul
and non-uniformities in the laser focal spot which in turn produces an inhomogeneous plasma. The line focus arrangement
used with the Asterix laser actually consists of six overlapping lines (due to the six section cylindrical lens array) of which
two are used for the prepulse.
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Figure 3. Two-dimensional spatial images (filled contours) of (a) Ne-like Ge J=2-1 line and (b) Ne-like Ni J=0-1 line.
In both cases a 15% prepulse was used.

In Fig. 3 we show spatial images of the Ge J=2-1 lines (23.2nm, 23.6nm) and the Ni J=0-1 line (23.1nm). Since these
wavelengths are all within a few tenths of nm of each other, the same multilayer chafiBgiim) was used on the mirrors



to image these lines. We observed a significant difference in the radial dependence of the x-ray laser depending on the
element and the transition. The Ge J=0-1 line peaks aftm9@hile both the Ge J=2-1 lines and the Ni J=0-1 line peak at ~

250 um, although the Ni J=0-1 line has a somewhat sharper peak. This is consistent with numerical simulations as will be
discussed later in this paper.

With a 1.65% prepulse we observed a more uniform near field emission region for all cases and in addition we observed
that the peak of the emission moved radially closer to the target surface. With no prepulse our signal was not strong enough
to observe these lines. Using an absolute calibration for the backside illuminated CCD detector we determined the output
energy of the 19.6 nm line to be ~10for the 15% prepulse case and gJifor the 1.65% prepulse case, while the Ge J=2-1
energy was ~1QJ for these two conditions.

3. NOVA IMAGING EXPERIMENTS

Experiments were also performed using the Nova laser at Lawrence Livermore National Laboratory. One beam of the Nova

laser illuminated the germanium-coated target of length 2.52 cm with a 0.48 cm gap in the middle. The Nova laser produced

a series of 100 ps full width at half maximum (FWHM) Gaussian pulses which were 400 ps apart (peak to peak). Each pulse

(containing 400 J) was focused to a 180 wide by 3.6 cm long line focus, for a peak intensity of 110 TW/CTime

traveling wave setup was used so that the Nova beam would illuminate the target from end to end at a phase velocity equal to
the speed of Iigﬁt These germanium targets had gu#bdiameter wire centered 242h from the target surface to serve as a

spatial fiducial.

Our imaging diagnostic again consisted of a concave multilayer mirror (MoSi) which imaged the x-ray laser line (with a
magnification of 27.8) onto a backside illuminated x-ray CCD detector. An additional flat multilayer mirror was used in this
setup. Aluminum and titanium filters were used to attenuate the signal and further eliminate background signals.
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Figure 4. Two-dimensional spatial images (filled contours) of Ne-like Ge J=0-1 line at the output aperture of the
laser. The slab targets were illuminated with either (a) three or (b) two 100-ps pulses which were 400 ps apart.

We performed a series of experiments using two or three pulses from the Nova laser. Previous experiments showed that
lasing occurs during the second and third pulse and that the lasing during the third pulse is stronger by an order of magnitude
Figure 4 shows two-dimensional spatial images from the Nova experiments using two and three pulses. The experiment with
two pulses used an order of magnitude less filtering in order to observe comparable signals on the CCD. For the case of two
pulses, the lasing occurs closer to the surface |(id®s 160um) and has a smaller transverse extent. While the three pulse
case is time integrated over the three pulses, the third pulse completely dominates the data. For the three pulsesase, there i



much structure in the laser pattern and the transverse extent of the lasing region is apout\@oigh is twice the size
for the two pulse case and more than twice the transverse line focal width of the Nova laser.

4. DISCUSSION

For the Asterix experiments we observed a large change in the peak of the x-ray laser emission in the radial blow-off
direction depending on the prepulse level and transition. In all cases with a larger prepulse the plasma expanded more and the
peak of the x-ray laser emission moved farther from the target surface. For the Ge J=0-1 line the peak shiftsirtm®@0

pum when going from a 1.65% prepulse level to a 15% prepulse, while the Ge J=2-1 emission peaks gra ah@i5bQm

for the 1.65% prepulse and 15% prepulse cases respectively. This is due to recombination playing a much larger role in
populating the J=2-1 upper level. In Fig. 5(a) we show calculated contour plots of gain as a function of both time and radial
distance from the target for the 15% prepulse and no prepulse conditions (Asterix conditions), while Fig. 5(b) shows contour
plots of the gain for the three pulse Nova experiment. We used a 1-D hydrodynamic model (LASNEX) and calculated the
gain using a postprocessor (XRASI?F@)O. The densities and temperatures calculated using LASNEX were input into
XRASER to calculate the gains of the Ne-like laser lines, including radiation trapping effects on the 3s - 2p transitions and
including bulk Doppler shifts. Our numerical results for the Asterix laser conditions show the J=2-1 emission peaking later in
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Figure 5. Contour plot of gain for Ne-like Ge J=0-1 line for three cases (a) no prepulse and 15% prepulse (b) three
100ps pulses sparated ly 400ps.

time and farther from the target surface than the J=0-1 emission, similar to otherlhoklEhe addition of a prepulse

allows more plasma expansion and moves the peak emission region farther from the target surface in qualitative agreement
with our observations. In the multiple pulse case, the gain region is very small and short lived during the first pulse. During
the second and third pulses, which peak at 0.55 and 0.95 ns, the gain region becomes much larger and moves further from the
target surface. The peak of the gain occurs 20-30 ps before the peak of the drive pulse aboupBOftoriGhe surface.

Our calculations also show that during the third pulse the gradients in the electron density become smaller while the density
itself increases in the region of peak &ain

The experiments, particularly the Nova experiments, show the laser emission peaking further from the target surface than
the peak of the calculated gain. To understand this effect we performed a detailed calculation of the laser intensity (for the
three pulse Nova experiments) at the output aperture including laser transport and refraction. We took the gain and density
profiles at the time of peak gain for the second and third Nova pulses and did propagation calculations which amplified and
refracted the beam down the 2.52 cm length of the plasma. We used the population of the upper laser state as a distributec
source to mock up the amplified spontaneous emission nature of these lasers. Figure 6 shows the intensity versus distanc



from the target surface from the refraction calculation along with a lineout of the experimental data averaged over the
transverse dimension. While the experimental data is somewhat wider and has a longer tail, the agreement is nevertheless
quite good. This shows that refraction of the laser has a large impact on the laser spatial distribution as well asvéhe effecti
gain for a multiple pulse driven plasma. It is expected that refraction will play a somewhat smaller role in prepulse driven
plasmas since the density gradients are smaller.
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Figure 6. Spatial dependence of the calculated Ne-like Ge J=0-1 line intensity at 19.6nm (dotted line) at the output
aperture of the laser. This is compared to the experimental data (solid line).

5. CONCLUSION

In summary we have obtained high resolution two-dimensional spatial images of the both the Ge J=0-1 and J=2-1 lines and
the Ni J=0-1 line. For Ne-like Ge we have investigated both the prepulse and multiple pulse techniques. These images show
the spatial extent and dependence of the Ge and Ni laser lines. For the prepulse case using the Asterix laser the 9=0-1 line ha
more structure and peaks closer to the target surface than the J=2-1 lines. A larger prepulse shifts the peak outward from the
target surface. The multiple pulse case also exhibits a great deal of structure both radially and transversely with the emissio
peaking at around 150m from the target surface. Simulations show the gain peaking only 5um&@om the surface,

however our laser transport calculations, which include refraction effects, predict the peak emisgiorfrbs® the surface

in good agreement with the experiments. Non-uniformities in both the drive laser and x-ray laser needs more investigation
and may play a significant role in the development of a more coherent and efficient x-ray laser.
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