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Saturated output of a Gexxlll x-ray laser at 19.6 nm

J. Zhangt P. J. Warwiclké E. Wolfrum? M. H. Key,}® C. Dansor?, A. Demir? S. Healy® D. H. Kalantar® N. S. Kim}
C. L. S. Lewis? J. Lin* A. G. MacPheé, D. Neely? J. Nlilsenf3 G. J. Perf R. Smith* G. J. Tallent$, and
J. S. War
IClarendon Laboratory, Department of Physics, University of Oxford, Oxford, OX1 3PU, United Kingdom
2School of Mathematics and Physics, Queen’s University of Belfast, Belfast, BT7 1NN, United Kingdom
SCentral Laser Facility, Rutherford Appleton Laboratory, Chilton, Oxon, OX11 0QX, United Kingdom
4Department of Physics, University of Essex, Colchester, CO4 3SQ, United Kingdom
5Department of Computational Physics, University of York, York, YO1 5DD, United Kingdom
SLawrence Livermore National Laboratory, Livermore, California 94550
(Received 8 July 1996

We report on measurements of the saturated single frequency output ob@Geray laser on thd=0—1
transition at 19.6 nm from a refraction compensating double target driven by 150 J of energy from 75-ps
Nd-glass laser pulses. The 19.6-nm line completely dominated the laser output. The output energy was mea-
sured to be 0.9 mJ in a beam of &80 mrad divergence, corresponding to a conversion efficiency of 6
X108, [S1050-294{06)51012-1

PACS numbsg(s): 42.60.By, 32.30.Rj, 32.76.n, 52.50.Jm

X-ray lasers from laser-produced plasmas have been denthe plasma, it is preferable to have an x-ray laser pulse du-
onstrated in Ne-like ions ranging from chloritig=17) to  ration of less than 100 ps. It has been demonstrated that it is
silver (Z=47) [1,2]. Saturation has been observed onpossible to produce a 50-ps laser pulse at 19.6 nm with mul-
J=2—1 transitions in G§3], Se[4], and Y[5] plasmas and tiple 100-ps drive pulses while maintaining a high output
on theJ=0—1 transition on Zn plasmib]. Saturated opera- €nergy[11].
tion is very important because it means that the maximum The experimental setup is shown in Fig. 1. Six beams of
power possible for a given volume of an excited plasma ighe Vulcan glass laser with a 75-ps duration at Jud%were
extracted by stimulated emission. Saturation also tends t4sed in a standard off-axis focus geometry, whéf2.5
produce an Output energy sufficient for app”cations and ensphencal |enseS focused three beamS from .One S|de of the
sures the production of a consistent output with little varia-target chamber to a spot focus that was then imagetdd$
tion from shot to shot. Such consistent saturated output on @ff-axis spherical mirrors to produce a line focus 25 mm
single laser line is needed for applications such as interfetong and 100um wide. The total energy on the line focus
Ometry [7], but it has previous|y been observed mosﬂy onWaS about 75 J after a 20% reflection and tl‘ans_port.ation loss
J=2-1 transitions, which typically generate a doublet of by the relay and focusing system, giving an irradiance of
lines with comparable intensities. ~4x 10 W cm 2 on target. Deploying the other three

X-ray lasers onJ=0—1 transitions are especially inter- beams 180° opposed in a second line focus produced a
esting as they generate a single wavelength. Recently, sat@lasma with an opposed density gradient that compensates
ration has been demonstrated on theO—1 transition at for refractive deviation of the x-ray laser beam from the first
21.2 nm in a Zn plasma using a prepulse techni@eThe  Plasmal[3].
prepulse heats, ionizes, and expands the plasma. BetweenA prepulse was introduced by splitting the oscillator pulse
pulses, the plasma cools down and is not as transparent to tH0 two pulses before the preamplifiers in the Vulcan laser.
optical drive laser, and the lasing region of the plasma ca variable prepulse between 10% and 30% of the total en-
directly absorb energy from the main pulse. A larger, more
uniform density plasma at the densities required for the 1024x1024 Pixels
J=0—1 gain is then generated during the main pUBg]. CCD Detector
The much reduced density gradient allows dre0—1 x-ray
laser beam to propagate a longer distance at higher density
along the excited plasma column and therefore obtains suf-
ficient amplification for saturation to occur. Double Tareet  Multilaver

We are interested here particularly in a saturated laser on Alanil]it{clirum 18218 o Mmoyr
the 19.6-nmJ=0—1 transition. One application of such a ‘ / .
laser is the study of the hydrodynamic imprinting of a laser \ Aperture
speckle pattern on directly driven laser fusion tardés).

More generally, the 19.6-nm wavelength is also just on the o Aluminium
long side of the AIL edge, which has a high transmission at Multilayer LR. Laser beam Filter
this wavelength and allows discrimination against stray light. Mirror

In order to provide information of the fast evolving plasmas

and to reduce blurring due to the hydrodynamic motion of FIG. 1. Schematic of the experimental setup.
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ergy on target was produced and delivered 2.2 ns in advanc 200
of the main pulse. The prepulse level and pulse duratior
were monitored by a fast photodiode system and an optica
streak camera.

The slab targets used in the experiment were 18-mm-lon¢ 3. 100
100um-wide Ge stripes coated on glass substrates. Botl™~
ends of the slab targets were placed well within the line
focus to avoid cold plasmas at the ends of the targets. Thi g
targets were prealigned in a double target mount so that the +2
were parallel with an adjustable separati@m a direction o=t
perpendicular to the target surfagdsetween the surface — -100 F
planes and an axial separation of 5t between the two 8
o
5

ce

targets. Since the x-ray laser pulse duration is comparable t -
the propagation time, traveling-wave excitation for the two

successive targets was used to optimize amplification; i.e. -200 5
the three drive beams for the first slab target were timed 6( i s A 1

ps earlier than the three beams for the second target. Th 0 100 200 300
targets were aligned relative to the target chamber axis usin

a magnifying charge-coupled-devi¢€CD) system to accu- HOfiZOHtal distance ( IJm)

racies of=1 mrad and+5 um.

In order to measure the output energy of the0—1 o
laser, a standard beam imaging diagnostic was used consi%—Ir Felfwfh g;gg:rild éTZ%%.gf l;hresgi:r';t.lgrsler from a double
ing of multilayer mirrorg12], Al filters, and a Peltier cooled g perpendicu paration.
back thinned x-ray CCD detector with 1024024 pixels
and 24um pixel size, as shown schematically in Fig. 1. The Off-axis diagonstics included two spatially resolved crys-
mirrors had superpolishet0.1-nm rms roughnegssub- tal spectrometers coupled to InstaSpec VI x-ray CCD detec-
strates and were coated with 30-layer pairs of Mo and Sitors (Orial Instrument, Stratford, OT Resonance emission
They had a measured peak reflectivity of about 20% at drom the Ne-like and F-like ionization stages in the wave-
central wavelength of 19.6 nm with a full width at half maxi- length range of 7.0-10.5 A from the two opposing germa-
mum (FWHM) bandwidth of 1.5 nm. The concave nium plasmas was monitored to provide information on ion-
multilayer mirror had 50-cm focal length and was positionedization balance and the uniformity of the plasmas. The ratio
to image the output end of the Ge x-ray laser via a 45° planabetween the F-like and Ne-like resonance lines gives a very
multilayer mirror onto the CCD detector at a magnification sensitive monitoring of the uniformity of the illumination on
of 16X. For some shots, a plane 3.0 cm from the laser outputarget.
end was imaged to provide quasi-far-field information. Figures 2 and 3 show a near-field and a quasi-far-field

The imaging system was calibrated by placing at the imimage(at 3 cm from the exit planerespectively, of the Ge
aging plane a grid target with fine bars repeated eachr5  x-ray laser from the double target with a perpendicular sepa-
Analysis of this image showed the resolution of the systenration of 200um between the planes of the two targets. This
to be better than fum and calibrated the magnification at perpendicular direction is the horizontal axis in the figures
16X. The imaging mirror had an aperture of about 25 mm,with zero corresponding to the original target surface. The
which gave an acceptance solid angle of>21® 2 sr (50 target surface position was determined using the integral
mrad in both the horizontal and vertical directipnAstig-  thermal emission from the target surface. The characteristic
matism in the image was minimized by operating the imagtwo-lobe structure was observed at the near field of a single
ing mirror at less than 0.6° off normal incidence. The planarslab target, as predicted by thedfy] and observed in other
mirror and the apertures in the path provided screeningxperiment§12,16. For the double-target configuration, an
against broadband thermal x-ray emission. The aluminunasymmetric distribution in brightness was observed in the
filters protected against stray laser light and attenuated thearallel direction both in the near- and far-field images. This
x-ray laser beam. is believed to be due to asymmetric amplification caused by

The reflectivity of each multilayer mirror and the trans- a small mismatch of the opposing plasmas in the direction
mission of each filter were calibrated using x-ray radiationparallel to the target surfadd7]. Comparing the near- and
from a laser-produced plasma source coupled to a gratinfar-field images, the x-ray photons spread over a much wider
spectrometef13]. The transmission of a 3.2m-thick Al angle in the parallel direction than those in the perpendicular
filter was measured to be#92x 104, which agrees reason- direction. This is plausible since the output characteristics of
ably with the calculated value using Henke dftd]. The the laser beam are mainly determined by propagation
total response of the system provides a high rejection outsiddarough the two opposing plasmas, and both the opposing
the 1.5-nm bandpass of the multilayer mirrors. The total unplasmas and the prepulse improve the propagation process
certainty of the transmission is estimated to be a factor obnly in the perpendicular direction. After a propagation of 3
1.5. For some shots, the multilayer mirrors were replaced bgm distance, the divergence in the perpendicular direction is
two axial flat-field grating spectrometers to give an indepenonly 6.6 mrad. This result agrees with the measurements of
dent measurement of angular distribution and the output erengular distribution using on-axis spectrometers. The diver-
ergy of the x-ray laser from both ends of the laser plasma. gence in the parallel direction was measured to be as large as
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10 ok 1 FIG. 4. Output energy of the Gex laser vs perpendicular
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ized with the measurements, using a single prepulse pre-
i H L sented hergl8]. Both measurements show a strong coupling
0 10 20 30 effect at a perpendicular separation around 20
It is striking from the axial spectrur(Fig. 5 that the Ge
Horizontal (mrad) J=0—1 line completely dominates the laser output, as pre-
dicted by theories. The othér=2—1 laser lines at 23.2 and
FIG. 3. Image of the x-ray laser beam 3 cm from the output23.6 nm are much weaker by a factor of over three orders of
plane for a double target with 2Q@m perpendicular separation.  magnitude. The gain duration was not measured, but previ-
ous experiments indicated that the Ge x-ray laser pulse du-
30.4 mrad, which was the combined effect of the propagationation driven by multiple 100-ps pulses is about half of the
through the two plasmas. This divergence is also signifigrive pulse duratiorill]. If we make a similar assumption
cantly larger than that of the Ge=2—1 laser[12], because for these experiment@s indicated by simulations under our
the J=0—1 laser generated from a higher density regionexperimental condition§19]), the peak x-ray laser output
[8,9]. power is therefore estimated to be 22 MW. It should be
Since the collection solid angle of the imaging mirror sys-noted that the measurements in Rgfl] were carried out
tem exceeds that of the Ge laser beam, the output energy Cjith a single slab target driven by a traveling-wave excita-
be estimated by integrating the total photons emitted fromjon. The measurements presented here were made with a
the gain region and using an absolute calibration for thejouble slab target driven by a traveling-wave excitation ap-
CCD detector and the calibrations for the X-ray mUltilayerproximated by de|ay|n@3y atime required by a laser photon
mirrors and Al filters. The output energy of the Ge laser fortraveling from the first slab to the secortte irradiation of
an optimized separatiof200 um) between the two targets the second slab target. Nevertheless, the data in Fig. 4 clearly
was estimated to be 0.9 mJ, indicating Operation well into show a strong increase in output when the perpendicu]ar

the saturated output regime, corresponding to an energy CoBeparation of the target is optimized. This confirms that the
version efficiency of & 10,

In Fig. 4 the variation of the output energy against the
perpendicular separation between the two targets is shown. A L L
The solid triangles with solid line show the measured output 1051 1=0->1, 196 A
energy collected by the imaging mirror. The solid squares
represent the measurements using an axial flat-field grating
spectrometer, based on the calibration of the gratbip
reflection at 19.6 nm and the double-reflection filter in front
of the grating(5% reflection. The spectrometer has a collec-
tion angle of 46 mrad in the perpendicular direction, large
enough to collect all the photons from the Ge laser in that
direction. But the parallel collection angle of the spectrom-
eter is only 13 mrad, 2.3 times smaller than the divergence ]
angle of the x-ray laser beam. This is therefore taken into ol
account in our estimate. It should be noted that the measure- T
ment using an axial flat-field grating spectrometer in Fig. 4 100 150 200 o 250 300
was obtained from a slightly different pulse configuration in Wavelength (A)
which two prepulses separated by 400 ps were used 2.2 ns FIG. 5. Axial spectrum showing that the 19.6-nm laser line
before the main pulse. The measurements were then normalempletely dominates the spectrum.
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two targets are functioning as a quasi-traveling-wave amplielectron temperature of 880 eV, and an electron density of
fier, and therefore suggests that there is a high output pulsgx 10?° cm™3. The saturated intensity is then calculated to
where duration is expected to be about half that of the drivépe 2.0< 10'° Wcm ™2, which is about a quarter of the mea-
pulse[11]. sured value.

The estimated Uncertainty in this measurement is a factor In Conc|usion’ we have presented Output characteristic
of 1.5 and is due predominantly to errors in the filter attenUmeasurements of a saturated Ne-like Ge x-ray laser. The high
ation. Given our best estimates of the source size and thgightness and 19.6-nm wavelength of this laser make it an
beam divergencés.6 mrad perpendicular by 30.4 mrad Parideal candidate for x-ray laser applications. Recent radiogra-
allel), ailloweirz limit ) of b“qf;”!ess of 3010 phy measurements using this x-ray laser at Rutherford
(photons s™mm “mrad )/(.A?’/v) IS .calcglated, since Appleton Laboratory has successfully revealed the modula-
Z‘(’i?go kn%v the upper limit of the linewidth to be 2.5 tions due to hydrodynamic imprinting and subsequent

nm| ] . . A?ayleigh-Taylor growtH21].
fro;haguet%:r?r;eenrftg 3;:2?06&)(%2?05%5\?\;/?%5 <Ijte itser(r)rfune The authors would like to thank the Vulcan laser opera-
interest to compare this with the saturated intensity estimated’ >’ the target pr_e_paranon, _and engineering groups of the
from the Einstein relations between spontaneous and stim -eniral Laser Facility for their h?'p and cooperation. EW.
lated emissior{5]. The collisional depopulation rate of the "aS Peen supported by the Austrian Fonds zudéaing der
wissenschaftlichen Forschung under Project No. P10844

upper laser level is calculated from complete LASNEX hy-
drodynamic and kinetic simulations to be 1:50%2s NAW. The work of D.K. and J.N. was performed under the

[19]. The linewidth of the 19.6 transition before saturation@uspices of the U.S. Department of Energy by the Lawrence

typical plasma conditions for the Ge laser were used: afFng-48.
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