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Investigation of a short-wavelength laser plasma of a gas-liner pinch discharge
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We studied the axial homogeneity of a gas-liner pinch plasma where amplification of line radiation at short
wavelengths had been reported in an earlier study. For this purpose we measured temporally and axially
resolved the Stark-broadened=5 to n=4 transitions in Fvii. From the linewidth electron densities are
deduced employing spectral line shape calculations which are tested by Thomson scattering. We observe
significant plasma inhomogeneities produced by Rayleigh-Taylor instabilities. Density gradients of
éne/ng~3 along the plasma axis on a scale lengttzafl mm were found. They arise when compressing
large amounts of a heavy gétuorine) of 5—10 % total gas density in the discharge with a hydrogen pusher
for short-wavelength laser studies. Reducing their amount to about 1% of the total gas density results in
homogeneous discharges. In this case no amplification can be obg8¥663-651X97)09801-2

PACS numbgs): 52.25.Qt, 42.55.Lt, 32.30.Rj, 52.70.Kz

I. INTRODUCTION However, model calculation®.g., Ref[16]) performed for
capillary discharges could not be verified, because capillaries
Since the first demonstrations of amplified spontaneousre hardly accessible. A measurement of spatially and tem-
emission in the soft x-ray spectral ranffg2] using large porally resolved plasma parameters is almost impossible.
high-power lasers to produce thin, several centimeters long In the present study we have investigated the homogene-
plasmas as a gain medium, axial discharge plasmas haity of a gas-liner pinch plasma performing temporally and
been investigated to achieve similar success in the correspatially resolved measurements of the electron density. In
sponding wavelength range. They have the advantage of @articular, we studied plasma conditions where amplified
significantly higher efficiency for the production of high- spontaneous emission of thef-8d transition in Ovi at
density plasmas. Thus, this fact could allow a similar energy\ =52.1 nm and in Bl at A =38.2 nm was observed previ-
output of a small discharge-pumped short-wavelength lasesusly [10,18. In case of Q/ a gain-length product of
as at present routinely obtained with large laser facilitiesy/'=4.5 was observed in axial direction. Also, the radial
[3,4]. For that reason, discharge-pumped plasmas are of greamission showed small amplification wig’=1.6. While in
interest to advance a table-top size x-ray laser for laboratorgase of Fvil no axial emission could be detected, in radial
applications. direction amplification as large ag”’=3.5 was found. For
In most of the investigations of discharge plasmas, howthis transition three-body recombination is assumed to be the
ever, axial nonuniformities and a disadvantageous aspect rgominant population mechanism yielding to a population in-
tio of the gain medium yield to difficultiefb]. These effects version and gaifi19]. A dense narrow plasma channel which
limit the length of the active amplifying plasma and increasecools rapidly is required by this inversion scheme and might
the population density of the lower laser level by radiativeoccur in the present experiment when the plasma converges
transport, respectively, and inhibit large gain. For these resfirst on axis.
sons there are only a few successful experiments resulting in Temporally and axially resolved measurements of the ra-
a population inversion of excited levels which are of interestdial emission of the #-3d transition in Fvii showed that
for short-wavelength laseif$,7] or in amplification of line  radial amplification occurs only shortly before maximum
radiation with wavelengths smaller than 120 h&-13. In pinch compression and in small regions along the height of
particular, capillary discharges have been successfuhe plasma column. Furthermore, modulations in the radial
[9,11,19 over the last years where a favorable aspect ratio oflimension of the plasma column were observed with tempo-
the discharge is enforced by the capillary walls. Indeed aally resolved two-dimensional plasma pinhole images. Since
gain-length product as large &s”'=28 was recently ob- these nonuniformities develop during the compression phase
tained for a collisionally excited 3p transition in Arix of the plasma, these observations can be explained by the
[11,14,18. While the argon capillary plasmas are assumed tmccurrence of Rayleigh-Taylor instabiliti€$0]. Hence, for a
be homogeneous, in recent investigations a possible populaetailed comparison of the measured gain with a collisional-
tion inversion produced by charge exchange in inhomogeradiative model, the spatially resolved measurement of the
neous axial discharge plasmas were considdrs8l17.  electron density along the height of the plasma is most im-
portant. The electron density is critical for the determination
of the number density of ionic emitters and of electron-
*Present address: L-399, Lawrence Livermore National Laboracollisional equilibration of excited ionic states. In plasma
tory, P.O. Box 808, Livermore, California 94551. regions with electron densities that are too low, too few emit-
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Adjustable plane mimor Test gas Driver gas  Discharge ber by a second fast electromagnetic valve through a nozzle
R ide-on cnd-on vessel (glass) in the center of the upper electrode. It is dissociated and
ionized by the imploding driver gas and by ohmic heating
resulting in a plasma column of 1-2 cm diameter and 5 cm
length.

For the present investigation the test gas was a mixture of
10% SK; in hydrogen. Relatively low densities of the heavy
test gas in the discharge center of the order of 1% of the
driver gas density give a radially and axially homogeneous
discharge. This was shown in Ref&28,29. Amplification,

J metal mesh however, was only observed when using a fairly large

(,j:l: amount of test gakl0], i.e., 10—20 % of the driver gas den-

\ / sity. Typical electron densities and temperatures reached in
the center of the plasma column werex 10¥<n,<6

FIG. 1. Schematic of the gas-liner pinch. X 10" cm~2 and 7.5<kgT.<45 eV. The compression ve-

locity was measured with Thomson scattering and (2a<3)

ters are present which participate in the amplification pro-x 10’ cm/s. It results in a compression time of aboytd, as

cess. In regions with electron densities that are too high, also observed with a Rogowski coil. The lifetime of the

possible population inversion is equilibrated within shortplasma depends on the discharge condition and was for the

time scales due to electron collisions. Both cases result ipresent work about 0.3s.

low gain. Approximately 50—100 ns before maximum pinch com-

For these reasons we measured temporally and spatiallgression we observed the largest gain. At this time the con-
resolved the electron density with the Stark broadenedentration of multiply ionized test gas ions in the plasma was
n=5 to n=4 transitions in M. In a first series of experi- 10% of the electron density, as determined with Thomson
ments we produced homogeneous plasma conditions argtattering. Using that high test gas densities results in plasma
verified spectral line broadening calculations according tdnstabilities, most probably Rayleigh-Taylor instabilities.
Refs. [20,21. This was achieved by measuring simulta- They were clearly seen in pinhole pictures of the compress-
neously the spectral line shape of the:5 to n=4 transi- ing plasma columh10,30. Their effect on the plasma con-
tions in Fvii and 90° Thomson scattering spectra from theditions is investigated below.
midplane of the discharge.

In a second series of experiments we measurechthb B. Plasma spectroscopy
to n=4 transitions in Fvil for plasma conditions where am-
plification of the 4-3d transition in Fvii has been observed.
We find dense spots with,~7x 10*® cm~2 along the axis

To curved mirror |
(f=450 mm) and
vuv spectrometer

The plasma is accessible through four ports in the mid-
plane of the discharge tube and through a hole in the center
. . L ; o . of the lower cathode for side-on and end-on observations,
W.'th z=1 mm height, giving rise to significant de_nsny 9ra- respectively. In this investigation we measured the side-on
dients ofone/ne~3 on small scales af<1 mm. This result = gniggjon of A For measurements in the vacuum ultravio-
is the first quantitative measurement of a density gradient Mot (vuv) spectral range, the plasma column was imaged onto
an axial discharge. Our findings are of importance to thqhe entrance slit of a i-m spectrometdicPherson model
understanding of the formation and radiatioreg$inch plas- 555 \with a 1200 lines/mm grating blazed at 120)nwith a
mas [22], where only very recently quantitative measure-,.4 gemagnification using a curved MgRnirror. The slit
ments[23] and simulation$24] of hot and dense spots have height and width was 2 mm and 56m, respectively. In the

been performed. exit plane of the spectrometer a microchannelp(M€P) of
Chevron type with Csl coating on the input side and a P20

Il. EXPERIMENT phosphor at the exit sidgalileo model CEMA 302bwas
mounted. We chose a gating time of the MCP of 20 ns. The
A. Plasma source output of the phosphor was further imaged on an optical

We used a gas-liner pinch discharge as plasma source asultichannel analyzefOMA, EG&G model 1456B-9900
described earlief10,25—-27. It resembles & pinch with a  system or a charge coupled device cam@&D, S| model
special gas inlet systefiFig. 1). By means of a fast electro- ICCD 576 G/RB. For this detection system the apparatus
magnetic valve, the so-called driver gésydrogen is in-  function was a Lorentzian with a full width at half maximum
jected into the vacuum chamber through an annular nozzldFWHM) of 0.16 nm. By recording hydrogen continuum ra-
The diameter of the vacuum chamber is 18 cm and the elealiation without injection of test gas we ensured that the de-
trode separation is 5 cm. Initially, the gas forms a hollow gagection system in the vuv has equal sensitivity over the
cylinder near the wall. It is preionized by discharging asmall-wavelength ranges of the unresolved5 to n=4
50-nF capacitof20 kV) through 50 needles that are mountedtransitions at 82.5 nm, i.e., the allowed-&f, 5f-4d, and
underneath the lower cathode on an annulus. Discharging tted-4f and of the forbidden &4f, 5d-4d, and 5-4d tran-
main capacitor(capacitance 11.LF, voltage 35 kY com-  sitions, and of the #3d and 4d-3p transitions at 38.1 and
presses the gas on the axis. It serves as a light pusher 85.8 nm of Fvii. These measurements also confirm that there
compress a heavy gdthe so-called test gasThe latter is  was no unwanted impurity radiation from residual gas in the
injected independently along the axis of the discharge chandischarge tube affecting the spectrum in the investigated
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wavelength interval. The spatial resolution of the detectodirection for radiir<1.1 cm. The test gas ions are concen-
along the axis of the discharge was about 0.3 mm. trated in the homogeneous central region of the plasma with
For the detection of Thomson scattering spectra and for<0.8 cm. Also, the axial homogeneity of the plasma col-
measurements of thes8p transitions of Al in the visible  umn was demonstrated in earlier studi29,34.
spectral range, we imaged the center of the plasma with 1:1 In this paper we investigate the homogeneity quantita-
maghnification on the entrance slit of a 1-m spectrometetively with spatially and temporally resolved measurements
(Spex model 1704 with a 1,200 lines/mm grating blazed abf the emission of th&=5 ton=4 transitions in . Fig-
1,000 nm. The slit height and width were chosen to be 2ure 2 shows an example of a CCD measurement for small
mm and 50um. The spectrometer was equipped with antest gas concentrations detected 20 ns before maximum
OMA system. The gating time was 35 ns for spectroscopidinch compression. About 1 cm of the 5-cm-long plasma
measurements and 100 ns for Thomson scattering. In th@olumn was seen by the detector. The intensity distribution
latter case the pulse length of the probe laser determines tr# Well as the linewidth clearly demonstrate that the plasma
temporal resolution of the measurements which is about 3§°lumn is homogeneous. Similar results were obtained dur-
ns. The sensitivity of the detection system in the visible specind the discharge up to 100 ns after maximum pinch com-
tral range was measured by a tungsten lamp. The wavelengmess'on' .Aft.e.r that the mtens!ty of the spectral lines de-
creases significantly and no reliable statement can be drawn

calibration of the detection system was carried out by em; .
. from the measurements of these lines.

ploying Fe and Al hollow cathode lamps. Furthermore, their The homogeneity of the plasma allows us to compare the

f/%?cttr?uﬁ::?i\gge\?viiﬂe oagg?iatﬁ; p[%fr”eentvzvgﬁh FI\SNgHI\I\//IenaEé/ Hneasured line shapes with those predicted by theoretical ap-
00849 am Gaussian I£WHM proximations for the electron densities and temperatures
: ' measured in the center of the plasma column with Thomson
scattering. Moreover, since the concentration of the test gas
ions can be controlled independently from other discharge
We utilized 90° Thomson scattering to independently di-parameters, radiative transpdgelf-absorption effects can
agnose the plasm@0—32. For this purpose we focused a be avoided for almost all transitions. A convenient method to
ruby laser(2 J with a pulse width of 25-35 ns FWHNhto ~ check the absence of self-absorption of the investigated spec-
the center of the plasma column. This setup allows an indetral lines is to measure spectral line intensities within mul-
pendent measurement of the plasma parameters in the mitiplets. Then=5 to n=4 transitions were unresolved in the
plane of the plasma simultaneously with spectroscopic meglresent study. Therefore, we verified that the intensity ratio
surements. The analysis of the ion feature of the Thomsonf the 32S,/,-3p?Py, to the F2S,,,-3p?P;,, multiplet line
scattering spectra yields the proton, electron, and test gas ion Fvil was 2:1. This is in agreement with the predictions of
temperature when fitting the theoretical form factor of Ref.the LS-coupling approximation and indicates that the con-
[33] to the experimental scattering data by a least-squaresentration of fluorine ions was sufficiently low so that radia-
procedure. We find the same value for the ion, electron, andon transport can be ignored for the=5 to n=4 transi-
test gas ion temperature. Electron densities are determindibns.
by absolutely calibrating the detection system with Rayleigh Figure 3 shows the comparison of a measured line profile
scattering on propane and using the fittéidequency- of then=5 ton=4 transitions in Fvii at A =82.5 nm with
dependent form factor to obtain the frequency-integrated a profile calculated independently for the measured plasma
form factor by numerical integration. For small test gims-  parameters. The calculations were performed for the electron
purity) concentrations as used for the line shape measuralensity and temperature measured with Thomson scattering
ments, deviations of this procedure from conventional methusing the code developed in Ref&0,21]. In earlier studies
ods using the Salpeter approximation to determine thehis code was tested for the8d and 4d-3p transitions in
frequency-integrated form factor are smg8D]. Estimating Civ and Nv [35], and for then=5 to n=4 transitions in
the mean charge number of the test gas ions from spectr@iv—0 vi [36]. While in the latter study ion dynamic effects
scopic measurements allowed us to determine the test gas iovere important accounting for, e.g., 25% of the line width of
concentration from the relative intensity of the so-called im-Civ, ion dynamics is not important for the=5 to n=4
purity peak of the scattering spectrum. In this way the contransitions in Fvil for the present plasma conditions. It be-
centration of fluorine ions is estimated to be about 1% of thecomes obvious from Fig. 3 that the calculations agree well
electron density for the line shape measurements and 10%ith the experiment for the whole spectral line profile. For

C. Thomson scattering

for the amplification studies. electron density diagnostic purposes, on the other hand, it is
not convenient to compare full experimental line shapes with
Il. EXPERIMENTAL RESULTS AND DISCUSSION calculations. In Sec. Il B the full width at half maximum
(FWHM) of the line profiles is used for the density determi-

A. Small test gas concentrations nation.

For the investigation of spectral line shapes relatively Figure 4 shows the experimental linewidttiSVHM) of
small test gas concentrations of the order of 1% of the electhe n=5 to n=4 transitions in Fvi as a function of the
tron density are used. In this case the multiply ionized teselectron density which is measured simultaneously for each
gas ions are located in the center of a homogeneous plasndischarge with Thomson scattering. The experimental data
column. This condition was thoroughly studied in earlier in-are compared with calculations, which take into account
vestigationg 29,34 with various experimental methods. We Doppler broadening and the apparatus profile. Good agree-
found a homogeneous electron density distribution in radiament between theory and experiment is obtained. The tem-
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FIG. 2. Example of a CCD camera measurement ofith& ton=4 transitions in Fvil spatially resolved along the height of the plasma
column. Zero corresponds to the midplane of the discharge chamber. The experiment was performed with low test gas con¢E#tirations
of ng). The intensity distribution and the linewidth show that the plasma column is homogeneous.

peratures are 1&<kgT.<20 eV. In this range our calcula- deriving the electron density from the width of the spectral
tions show that the linewidth is not sensitive to theline, small errors in the determination of the width can result
temperature. The uncertainty of the experimental linewidthin a large error for the density. Figure 4 shows that from a
of the individual data points is less than 10%, and the uncersingle measurement, an error as large as a factor of 2 for the
tainty of the electron density is 15%. However, the lineabsolute density value can occur. On the other hand, when
width is extremely sensitive to the electron density. Whenapplying a large number of measurements the electron den-
sity of the plasma can be deduced from the line shape calcu-
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FIG. 3. Comparison of an experimental spectrum ofrtkes to FIG. 4. Experimental Stark widtitFWHM) of the n=5 to

n=4 transitions in Fvi with theoretical calculations which are n=4 transitions in Fvi and theoretical data as a function of the
performed according to the independently measured plasma pararalectron density. The calculations take into account the apparatus
eters from Thomson scattering. function as well as Doppler broadening.
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FIG. 5. Intensity ratio of the #3d to the 4d-3p transition in FIG. 6. Same as Fig. 5, but for smaller test gas concentrations of

F vii along the height of the plasma column for large amounts 0f5% of the electron density. The discharge is homogeneous, and the

test gag10% ofn,). The measurement was performed with a CCD experimental intensity ratio is somewhat smaller than the equilib-

camera 50 ns before maximum pinch compressief Also shown  fium value for the whole plasma column.

is the equilibrium ratio of 2.8 and the intensity of thé-3d tran-

sition in arbitrary units (- - -). The ratio is enhanced by a factor up the population densities within these shells were approxi-

to about 6 over the equilibrium value in small spatial regions ofmated with a Boltzmann distribution. In addition, ground

z<1 mm along the plasma axis. states of the He-, Be, and B-like ionization stage were in-
cluded.

lations with an uncertainty of 35%. Applying the spectral In Fig. 5 experimental intensity ratios as large as

line broadening calculations to determine relative electron

densities results in smaller error bars. For example, the mea- [(4f—3d)

surement shown in Fig. 2 gives a homogeneous plasma col- (m) =16 @

umn with a standard deviation of 15%. exp

are observed in small regions of abat1 mm along the
plasma axis. This large enhancement of thie3d transition
Large test gas concentrations of 10—20 % of the driveover the 4l-3p transition cannot be explained by self-
gas density have been applied in a gas-liner pinch discharggbsorption of the measured lines, because the optical depth
for short-wavelength laser studigs0]. A population inver-  of the 4f-3d spectral line is larger than that of thel-8p
sion and gain of the #3d transition in Ovi and Fvi was line [37], and any self-absorption effects will reduce the in-
achieved while no amplification could be found fonvCand  tensity ratio to be smaller than the equilibrium value. The
Nv. In the case of Fvil we observed large amplification of measured enhancement is due to amplified spontaneous
the 4f-3d transition ath =38.2 nm in the radial direction of emission of the #-3d transition in Fvii. Using the expres-
the plasma column witly/’=3.5. No axial data were ob- sions of Refs[41] to derive the gain-length product from the
tained for this transition, because of the lack of propemeasured enhancement results in a maximum gain-length
multilayer mirrors. product ofg/” =3.75 for the example shown in Fig. 5.
Figure 5 shows the intensity ratio of thé-&d transition As opposed to some measurements B34 and 4d-3p
at A=38.2 nm to the 4-3p transition at\=36.8 nm of transitions in laser-produced plasmp42] and axial dis-
Fvi as a function of the height of the plasma column. charges[13], the present investigation shows a large en-
Large test gas concentrations were used, resulting in a fludrancement of the 43d over the 41-3p transition. The re-
rine ion density of 10% of the electron density. Since thesult of the present study is in agreement with spectra
upper levels 4 and 4 of both spectral lines are separated in simulations of an amplifying plasma medium. They predict a
energy by less than 400 cm electron collisions between factor of about three larger gain for thé-8d transition than
these levels completely dominate over all other level popufor the 4d-3p transition[10,39, resulting in an increasing
lation mechanisms at our plasma conditions. Hence, botintensity ratio with increasing gain.
levels are populated according to a Boltzmann distribution As shown in Fig. 2, a test gas concentration of about 1%

B. Large test gas concentrations

[37] giving an equilibrium intensity ratio of of the electron density yields a homogeneous discharge. In
this case no amplification can be observed. We gradually

( I(4f —3d)) —o8 1) varied the test gas concentration of the plasma in the range of

[(4d—3p) eq 1-20 % of the total gas density and observed that axial

plasma inhomogeneities arise for test gas concentrations
for electron temperatures above 1 eV. We verified this simfarger than 10%. For example, for a concentration of 5%
plified ratio for the present plasma conditions by time-almost all discharges show no gain in radial direction. This is
dependent collisional-radiative modeling similar to Refs.shown in Fig. 6 where the intensity ratio of thé-38d to the
[38—-40. For these calculations, the populations of all lithi- 4d-3p transition in Fvil is plotted against the heightof the
umlike levels up ton=5 are taken into account. Each shell plasma column. The intensity of thef-8d transition shows
with n=6 to n=14 was approximated by a single level anda rather homogeneous plasma condition. We find no en-
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Intensity (arb. units)

FIG. 7. Example of a CCD camera measurement ofithé ton=4 transition in Fvil spatially resolved along the heightf the plasma
column. The experiment was performed with large test gas concentrélio®s of n.). The intensity distribution and the linewidth show
significant plasma inhomogeneities along the axis.

hancement of the experimental ratio over the equilibriumFig. 4 of Ref.[30]). However, the line emission of\f ions
value. In fact, the intensity ratio of thef43d transition to is dominated by modes with smaller wavelengths which
the 4d-3p transition is somewhat smaller than the equilib- where also observable on the pinhole measurements. It can
rium value which is probably due to self-absorption. be seen in Fig. 5 that the dominant wavelength is about 1.3
These data demonstrate the importance of using a fairlynm.

large amount of test gas in the center of the discharge to On the same axial scale length, significant electron den-
produce a population inversion and gain of the3H tran- sty variations occur inducing the large axial intensity and
sition in Fvii. However, simultaneously with increasing gain variations. Figure 7 shows a CCD camera measurement
heavy test gas densities, Rayleigh-Taylor instabilities of thg ihe axially resolvech="5 ton=4 transitions in Fvil with
compressing plasma occur giving rise to axial variations of; go fiyorine ion density on the discharge axis. The intensity
the amplification. as well as the line width shows variations on scales of

. _'I_'he growth of magnetica_llly driyen Rayleigh-Taylor insta-_ z<1 mm along the axi¢Fig. 8). The linewidth(FWHM) of
bilities has been recently investigated for the Pegasus dlsfhen=5 ton=4 transitions in Fvil assumes peak values of

charg€g 43]. By two-dimensional modeling the authors found bout 0.35 nm. Applying line broadening calculatigRefs.

that the details of the instabilities such as the large-scal 20 211, Sec. [l A find di | densiti
features are not sensitive to the choice of the initial perturl20:23; Sec. Il A) we find corresponding electron densities

bations. Although a large number of different modes were® ne~7x10'* cm™*. The high density spots have a height
initially present in the calculations, the largest structures’f @bout 1 mm, and the density gradients arg/ne~3 on
which eventually break through the plasma have wavelengtf Scale oz<1 mm. In addition to these small scale density
of the order of the thickness of the plasma itself. This com+€aks, a large scale inhomogeneity with a height of the order
putational result is in agreement with observations carrie®f 5 mm can be observed in Fig. 7.

out with framing camera$43,44. In the present study we It should be noted that the intensities of the spectral lines
find similar results. The dominant features of the Rayleigh-emitted from the dense spots is larger than on the average by
Taylor instability are separated by about 1-2 cm along the&lmost a factor of 2. On the other hand, Fig. 5 shows that the
plasma axis and are comparable with the diameter of thbighest enhancement of th€-8d transition over the d-
plasma column. This is observed with a time-resolved ex3p transition in Fvil, i.e., the highest gain, does not exactly
treme ultraviolet pinhole camefaee Fig. 5 of Refl10] and  coincide with the regions of the highest intensities of the
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N ——— Since amplification occurs most probably in the low den-
sity regions of the plasma, the appearance of Rayleigh-
Taylor instabilities and accompanying dense spots limit the
length of the amplifying plasma medium in axial direction of
the discharge. The Rayleigh-Taylor instabilities give rise to
centimeter-size plasma features in radial direction of the
plasma column. Thus, amplified spontaneous emission with a
gain-length product ofj/’=3.75 occurs in the radial direc-
tion of the plasma column. It will be of the utmost impor-
[ ] tance to investigate the end-on emission ofiFor similar
a . B 2 ! plasma conditions as achieved in this study. Although the
dense spots will reduce the effective size of the amplifying
medium in the axial direction and furthermore reduce the
FIG. 8. Measured linewidth of the=5 to n=4 transitions possible qbservable gain by absorp_tion of the laser emission,
along the height of the plasma axis-) for large test gas concen- our expgrlmental re_sults Obtalngq In\{O[lo] suggest that
trations (10% of ng). Also shown is the intensity of the=5 to large gain of the axial #3d transition in Fvii can occur.
n=4 transitions in arbitrary units,- - -.

Line width (0.1 nm)
Intensity (arb. units)

Z (mm)

IV. SUMMARY AND OUTLOOK

4f-3d transitions in FiI. This observation indicates that the W€ achieved a fairly large gain-length product of the

largest gain occurs in plasma regions of lower densities Witrf'f'&.j transltlon In PVl at A =38.2 nm in a plasma of the
N.<2x10'* cm~3. This is consistent with the results of our gas-liner pinch discharge. We found dense spots along the

collisional-radiative modeling which show that a possibleaXi/S (fsthe plaslrlna Tnd 0§i<g|rl1ificant Idenstirt1y grz_idi(_err;]ts of
population inversion between thd 4nd 3 levels is equili- Ne/Ne™~3 ON SMafl scales mm along e axis. they
brated in the high density regions witi~7x 108 cm 3 by are produced by Rayleigh-Taylor instabilities of the com-

electron collisions on time scales much shorter than 10 n&ressing plasma column. The instabilities affect the emission

For example, assuming a rapidly cooling plasma with a de9f the plasma column. They give rise to plasma features of

cay constant of 5-10 eV/ns results in a population inversiorﬁgnnalilﬁrt:]hea?a%?; ?j?rr;té?c?rgegfa?hdeanr;slg;(;atcl:g?u?rfrllngol;a?rlmz-
by three-body recombination of thd 4nd 3 level for only P :

i i — 0,
a few hundred picoseconds. The temporal resolution of o%a'm;sm dléii?t te;taglzis ﬁ?ggelgtrr?lglsq[gziliotfielsocozuol d/ongtf tt)r;e
measurements in the extreme ultraviolet spectral range is voidged limitin y,the ?:an gth ofythe active medium in axial
ns. Therefore, very short laser pulses by amplified spontanea-. ) 9 Jengin T
direction of the gas-liner pinch plasma. For future studies it

ous emission processes on times scales:afns could not will be most interesting to observe the axial emission of the
be resolved in this study. On the other hand, in the low 9

. - . _ - . . 4f-3d transition in Fvii similar to our earlier studies in
<2x108 3 )
density regions witn,<2x 10°® cm * equilibration times O viI. The results of the present study show that the choice of

are of the order of 10 ns, resulting in a population inversion he test qas concentration determines the arows of Ravieigh-
with a duration of a few nanoseconds which is measurabl - gas concentrat ; 9 yieig
aylor instabilities in liner discharges which are of special

with our detection system. . .

More detailed measurements of the electron temperatur'é"er(aSt for the development of a discharge-pumped short-
evolution of the plasma will be necessary to verify the decaywavelength table-top laser.
constant used in the collisional-radiative modeling. These
measurements will also be useful to investigate the role of
charge exchange processes on the population kinetics of the This research was supported by the Sonderforschungs-

plasma[16,17). bereich 191 of the DFG.
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