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Two-dimensional spatial imaging of the multiple-pulse-driven
196-A neonlike germanium x-ray laser
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We present two-dimensional, high-resolution, spatial images of the 196-A laser emission from the output
aperture of a neonlike germanium laser which is created by illuminating a slab target with a series of short
100-ps pulses from the Nova laser. Simulations of the gain which are propagated through the plasma density
gradients to calculate the spatial distribution of the laser intensity are compared with the experiments and show
good agreement. The importance of refraction in the propagation calculation manifests itself in the laser
intensity peaking 15Qum from the target surface, even though the gain peaks 50 tan6Grom the target
surface[S1050-294{@7)01101-3

PACS numbsgs): 42.55.Vc, 42.60.By, 42.60.Jf

Over the last several years the neonlike B,—3s 'P; silicon multilayer mirror was used between the imaging mir-
laser line has dominated the laser output, both in prepulseor and CCD to relay the image and block additional back-
[1-6] and multiple-pulse-driven plasmBg-9|, as was origi- ground. Aluminum and titanium filters were used to
nally predicted 20 years agdO0]. In this paper we use a attenuate the signal and further eliminate shorter- and longer-
multiple pulse technique to illuminate slab targets of germawavelength signals that could be reflected off the mirrors.
nium and measure the two-dimensiof2D) spatial distribu- The CCD consisted of a 1024 by 1024 array of 2%- pix-
tion of the 196-A laser intensity at the output aperture of theels. The magnification used was 27.8, resulting in spatial
laser. The laser output pattern is important for understandingesolution of better than Am. The data were time integrated
the mode structure and coherence of the laser and for conbut previous experiments?] showed that the 196-A laser
paring with our code predictions. These measurements aldine lasted approximately 50 ps and completely dominated
provide important data concerning the two-dimensional nathe spectral output. A simpler, lower magnification version
ture of the plasma and help to understand the nonuniformief this 2D imaging diagnostic is described in REE2].
ties and nonlinear effects that are important. In the past, other We did a series of experiments using two or three pulses
experiments have measured the far field angular distributiofrom the Nova laser. Experiments show that lasing occurs
[11], which provides additional complementary information during the second and third Nova pulse and that the lasing
about the laser. during the third pulse is stronger by an order of magnitude.

Experiments were conducted at Lawrence Livermore NaFigure 1 shows two-dimensional spatial images from the
tional Laboratory(LLNL) on the Nova laser using=0.53  Nova experiments using two and three pulses. The experi-
pum. One beam of the Nova laser illuminated the germaniumment with two pulses used an order of magnitude less filter-
coated (1-um thick) side of a 125am-thick, 3.0-cm-long ing in order to observe comparable signals on the CCD. For
titanium slab which had a 0.48-cm gap in the middle resultthe case of two pulses, the lasing occurs closer to the surface
ing in an actual length of 2.52 cm. The Nova laser produced140 vs 160um) and has a smaller transverse extent, both in
a series of 100-ps full width at half maximuFfWHM)  the expansion direction perpendicular to the target surface
Gaussian pulses which were 400 ps apgpdak to peak  and the line focus direction parallel with the target surface,
Each pulse produced 400 J of energy in a l20-wide than for the case of three pulses. While the three-pulse case
(FWHM) by 3.6 cm long line focus, resulting in a peak in- is time integrated over the three pulses, the third pulse com-
tensity of 110 TW/crA The traveling-wave setufi7] was pletely dominates the data. For the three-pulse case, there is
used so that the Nova beam would illuminate the target froomuch structure in the laser pattern and the transverse extent
end to end at a phase velocity equal to the speed of light. Thef the lasing region is about 3Q@m, which is twice the size
germanium target had a 2bm diameter aluminum wire cen- for the two-pulse case and more than twice the transverse
tered 242um above the target surface several hundred mifine focal width of the Nova laser. Understanding and elimi-
crometers from the output end of the laser to serve as anating this structure is important for improving the spatial
absolute spatial fiducial in the measurements. coherence of the laser.

The imaging diagnostic consisted of a 50-cm radius of As suggested in our previous wofB], we believe the
curvature molybdenum-silicon multilayer mirror placed 25.9multiple pulses are creating a larger, more uniform density
cm from the output end of the germanium laser. Theplasma, at the densities required for lasing at these short
multilayer mirror consisted of 20-layer pairs with a spacingwavelengths. The first pulse heats and expands the plasma.
of 103 A, which gave the mirror a peak reflectivity of ap- At this time the gradients in the electron density are too steep
proximately 40% and bandwidth of 15 A for 196-A radiation for any significant laser propagation and the gain region is
at normal incidence. This mirror imaged the laser output orvery small. However, during the second and third pulse a
to an x-ray charge-coupled devi@@CD) camera which was much larger and more uniform plasma is created, which can
placed 720 cm from the mirror. A second flat molybdenum-directly absorb the optical drive pulse and which is at the
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FIG. 1. (Color) Spatial image of the 196-A laser emission at the output aperture of the germanium laser. The slab targets were illuminated
by the Nova laser with either tw@) or three(b) 100-ps pulses which were 400 ps apart. The plasma expansion direction is upwards in the
figure with the fiducial wire 24Zum above the target surface. The horizontal axis is in the transverse line focus direction.

right densities for gain and laser propagation. To model thespulse, which peaks at 0.15 ns on this scale. During the sec-
experiments we didLASNEX one-dimensional computer ond and third pulses, which peak at 0.55 and 0.95 ns, the
simulations[13] of the germanium slab illuminated by three gain region becomes much larger and moves further from the
100-ps pulses. TheasNex calculations included an expan- surface. The peak of the gain occurs 20-30 ps before the
sion angle of 15° in the dimension perpendicular to the pripeak of the drive pulse about 50 to @On from the target
mary expansion in order to simulate 2D effects. We also didsurface. Figure 3 shows the log of the electron density versus
2D calculations to verify that this approach was valid andspace and time. The electron density is truncated above the
saw very good agreement. Using thrsnEx-calculated den-  critical density of 410°* cm ™3 to better show the position
sities and temperatures as input to #RaSER code[14], the  of the critical density surface. It is also truncated below’10
gains of the laser lines were calculated including radiatiorem™2 to highlight the hydrodynamics during the first pulse.
trapping effects on thes3—2p transitions in neonlike ger- During the first pulse, the density falls off exponentially and
manium. Bulk Doppler effects due to the expansion of theis within 50 um of the target surface. During the second
plasmas were also included. Figure 2 shows the spatial angllse the density falls off exponentially near the target sur-
temporal evolution of the gain for the 196-A line. The gain
region is very small and short lived during the first Nova
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FIG. 2. Spatial and temporal evolution of the gain for the neon-  FIG. 3. The log of the electron density vs space and time for the
like germanium 196-A line as calculated by tkreaser code using  case of multiple-pulse illumination. The data are truncated for elec-
the hydrodynamic simulations fromasnex as input for the case of tron densities below #§ cm™2 and above the critical density of
multiple-pulse illumination. 4.0x10% em ™3,



55 BRIEF REPORTS 829

face but then has a region of more gradual decrease starting e
about 60um from the surface. It is in the density range 2500}
between 18& and 16" electrons per cihthat the gain exists. HE
During the third pulse the gradients in the electron density & 5490 Y
becomes even smaller while the density itself increases in the
region of peak gain.

The experiments show the laser emission to peak further@ 1500
from the surface than the calculated gain. To understand thisg®
effect, we took the gain and density profiles at the time of :
peak gain for the second and third Nova pulses and did 1000
propagation calculations which amplified and refracted the § [
beam down the 2.52-cm length of the plasma. We used theE ggo [
population of the upper laser state as the distributed source to
mock up the amplified spontaneous emission nature of these
lasers. The calculation is done in the small signal regime 0
where the effect of saturation on the gain and upper laser 0 50 100 150 200 250 300 350 400
state populations is not included. For simplicity we neglect Distance (um)
the effect of the gap in the target. The calculations for the
second and third pulses were summed to compare with the F|G. 4. Spatial dependence of the calculated 196-A laser inten-
experimental data; however, the results are completely domkity (dotted ling at the output aperture of the laser vs distance from
nated by the lasing on the third pulse. Also, with the highthe target surface. This is compared with the experimental data
gain in these calculations, using a uniform source at one eng@olid line) from Fig. 1, for the case of three pulses, which is aver-
of the laser gives similar results to using the distributedaged over the transverse line focus direction. The uniform back-
source discussed above. Figure 4 shows the intensity versgsound is subtracted from the experimental data.
distance from the target surface from the refraction calcula-
tion. The figure also shows a lineout of the experimental datdlova laser. The images show the peak of the laser emission
for the three-pulse case averaged over the transverse dire@r occur about 15@m from the target surface. The simula-
tion. The calculation is normalized to the experimental datations show the gain peaking only 50 to fn from the
The calculation predicts the peak laser emission to occur 15§ rface, however, our laser transport calculations, which in-
pm from the surface, which is much further from the surfaceg)yde the refraction effects, predict the peak emission 150
than the peak gain. While the shape of the experimental datam from the surface, in good agreement with the experi-
is wider and has a longer tail, there is good qualitative agreéments. The images do show much structure in both spatial
ment with the position of peak gain. Refraction of the lasergimensions, which points out the complexity of these plas-
has a tremendous impact on the effective gain of the 196-Anas. More imaging experiments are needed to measure the
line. To estimate the effective gain during the third pulse Wegensity and gradients in the plasma and to map out the gain

varied the target length in the propagation calculation. The,rofile without the refractive effects to better compare with
resulting amplification from comparing targets of lengthsihe simulations.

1.89 and 2.52 cm implies a gain coefficient of 8 dwhich
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is much lower than the peak gain of 30 ¢hshown in Fig. The authors would like to thank H. Louis, A. Demiris, S.
2 and much closer to the typical gain of 4 chnwhich has S. Alvarez, and the Nova facilities crew for providing sup-
been measured experimentali. port for the experiments. The support of D. W. Patterson, S.

In conclusion, we present high-resolution, two- B. Libby, and D. L. Matthews is greatly appreciated. Work
dimensional, spatial images of the 196-A neonlike germawas performed under the auspices of the U.S. Department of
nium laser emission at the output aperture of the laser foEnergy by the Lawrence Livermore National Laboratory un-
targets illuminated by a series of 100-ps pulses from thaler Contract No. W-7405-ENG-48.
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