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Investigation of a short-wavelength laser plasma of a gas-liner pinch discharge

S. H. Glenzer,* Th. Wrubel, and H.-J. Kunze
Institut für Experimentalphysik V, Ruhr-Universita¨t, 44780 Bochum, Federal Republic of Germany

L. Godbert-Mouret
P2IM Case 232, Centre St. Jerome Universite´ de Provence, 13397 Marseille Cedex 20, France

~Received 9 July 1996!

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-broadenedn55 to n54 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
dne /ne'3 along the plasma axis on a scale length ofz,1 mm were found. They arise when compressing
large amounts of a heavy gas~fluorine! 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 observed.@S1063-651X~97!09801-2#

PACS number~s!: 52.25.Qt, 42.55.Lt, 32.30.Rj, 52.70.Kz
ou

on
ha
rr
o
-
rg
s
ie
re
to

w
t

s
ive
e
g
es

sf
o

d

t
u
g

ries
em-
.
ne-
nd
. In
ed

i-

ial

ial

the
in-
h
ght
rges

ra-

m
t of
dial
po-
nce
ase
the

al-
the
im-
on
n-
a
it-

or
I. INTRODUCTION

Since the first demonstrations of amplified spontane
emission in the soft x-ray spectral range@1,2# using large
high-power lasers to produce thin, several centimeters l
plasmas as a gain medium, axial discharge plasmas
been investigated to achieve similar success in the co
sponding wavelength range. They have the advantage
significantly higher efficiency for the production of high
density plasmas. Thus, this fact could allow a similar ene
output of a small discharge-pumped short-wavelength la
as at present routinely obtained with large laser facilit
@3,4#. For that reason, discharge-pumped plasmas are of g
interest to advance a table-top size x-ray laser for labora
applications.

In most of the investigations of discharge plasmas, ho
ever, axial nonuniformities and a disadvantageous aspec
tio of the gain medium yield to difficulties@5#. These effects
limit the length of the active amplifying plasma and increa
the population density of the lower laser level by radiat
transport, respectively, and inhibit large gain. For these r
sons there are only a few successful experiments resultin
a population inversion of excited levels which are of inter
for short-wavelength lasers@6,7# or in amplification of line
radiation with wavelengths smaller than 120 nm@8–13#. In
particular, capillary discharges have been succes
@9,11,12# over the last years where a favorable aspect ratio
the discharge is enforced by the capillary walls. Indee
gain-length product as large asgl 528 was recently ob-
tained for a collisionally excited 3s-3p transition in ArIX
@11,14,15#. While the argon capillary plasmas are assumed
be homogeneous, in recent investigations a possible pop
tion inversion produced by charge exchange in inhomo
neous axial discharge plasmas were considered@16,17#.

*Present address: L-399, Lawrence Livermore National Lab
tory, P.O. Box 808, Livermore, California 94551.
551063-651X/97/55~1!/939~8!/$10.00
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However, model calculations~e.g., Ref.@16#! performed for
capillary discharges could not be verified, because capilla
are hardly accessible. A measurement of spatially and t
porally resolved plasma parameters is almost impossible

In the present study we have investigated the homoge
ity of a gas-liner pinch plasma performing temporally a
spatially resolved measurements of the electron density
particular, we studied plasma conditions where amplifi
spontaneous emission of the 4f -3d transition in OVI at
l552.1 nm and in FVII at l538.2 nm was observed prev
ously @10,18#. In case of OVI a gain-length product of
gl 54.5 was observed in axial direction. Also, the rad
emission showed small amplification withgl 51.6. While in
case of FVII no axial emission could be detected, in rad
direction amplification as large asgl 53.5 was found. For
this transition three-body recombination is assumed to be
dominant population mechanism yielding to a population
version and gain@19#. A dense narrow plasma channel whic
cools rapidly is required by this inversion scheme and mi
occur in the present experiment when the plasma conve
first on axis.

Temporally and axially resolved measurements of the
dial emission of the 4f -3d transition in FVII showed that
radial amplification occurs only shortly before maximu
pinch compression and in small regions along the heigh
the plasma column. Furthermore, modulations in the ra
dimension of the plasma column were observed with tem
rally resolved two-dimensional plasma pinhole images. Si
these nonuniformities develop during the compression ph
of the plasma, these observations can be explained by
occurrence of Rayleigh-Taylor instabilities@10#. Hence, for a
detailed comparison of the measured gain with a collision
radiative model, the spatially resolved measurement of
electron density along the height of the plasma is most
portant. The electron density is critical for the determinati
of the number density of ionic emitters and of electro
collisional equilibration of excited ionic states. In plasm
regions with electron densities that are too low, too few em
a-
939 © 1997 The American Physical Society
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940 55GLENZER, WRUBEL, KUNZE, AND GODBERT-MOURET
ters are present which participate in the amplification p
cess. In regions with electron densities that are too hig
possible population inversion is equilibrated within sh
time scales due to electron collisions. Both cases resu
low gain.

For these reasons we measured temporally and spa
resolved the electron density with the Stark broade
n55 to n54 transitions in FVII . In a first series of experi-
ments we produced homogeneous plasma conditions
verified spectral line broadening calculations according
Refs. @20,21#. This was achieved by measuring simult
neously the spectral line shape of then55 to n54 transi-
tions in FVII and 90° Thomson scattering spectra from t
midplane of the discharge.

In a second series of experiments we measured then55
to n54 transitions in FVII for plasma conditions where am
plification of the 4f -3d transition in FVII has been observed
We find dense spots withne'731018 cm23 along the axis
with z51 mm height, giving rise to significant density gr
dients ofdne /ne'3 on small scales ofz,1 mm. This result
is the first quantitative measurement of a density gradien
an axial discharge. Our findings are of importance to
understanding of the formation and radiation ofz-pinch plas-
mas @22#, where only very recently quantitative measur
ments@23# and simulations@24# of hot and dense spots hav
been performed.

II. EXPERIMENT

A. Plasma source

We used a gas-liner pinch discharge as plasma sourc
described earlier@10,25–27#. It resembles az pinch with a
special gas inlet system~Fig. 1!. By means of a fast electro
magnetic valve, the so-called driver gas~hydrogen! is in-
jected into the vacuum chamber through an annular noz
The diameter of the vacuum chamber is 18 cm and the e
trode separation is 5 cm. Initially, the gas forms a hollow g
cylinder near the wall. It is preionized by discharging
50-nF capacitor~20 kV! through 50 needles that are mount
underneath the lower cathode on an annulus. Discharging
main capacitor~capacitance 11.1mF, voltage 35 kV! com-
presses the gas on the axis. It serves as a light push
compress a heavy gas~the so-called test gas!. The latter is
injected independently along the axis of the discharge ch

FIG. 1. Schematic of the gas-liner pinch.
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ber by a second fast electromagnetic valve through a no
in the center of the upper electrode. It is dissociated a
ionized by the imploding driver gas and by ohmic heati
resulting in a plasma column of 1–2 cm diameter and 5
length.

For the present investigation the test gas was a mixtur
10% SF6 in hydrogen. Relatively low densities of the heav
test gas in the discharge center of the order of 1% of
driver gas density give a radially and axially homogeneo
discharge. This was shown in Refs.@28,29#. Amplification,
however, was only observed when using a fairly lar
amount of test gas@10#, i.e., 10–20 % of the driver gas den
sity. Typical electron densities and temperatures reache
the center of the plasma column were 131018,ne,6
31018 cm23 and 7.5,kBTe,45 eV. The compression ve
locity was measured with Thomson scattering and was~2–3!
3107 cm/s. It results in a compression time of about 1ms, as
also observed with a Rogowski coil. The lifetime of th
plasma depends on the discharge condition and was for
present work about 0.3ms.

Approximately 50–100 ns before maximum pinch com
pression we observed the largest gain. At this time the c
centration of multiply ionized test gas ions in the plasma w
10% of the electron density, as determined with Thoms
scattering. Using that high test gas densities results in pla
instabilities, most probably Rayleigh-Taylor instabilitie
They were clearly seen in pinhole pictures of the compre
ing plasma column@10,30#. Their effect on the plasma con
ditions is investigated below.

B. Plasma spectroscopy

The plasma is accessible through four ports in the m
plane of the discharge tube and through a hole in the ce
of the lower cathode for side-on and end-on observatio
respectively. In this investigation we measured the side
emission of FVII . For measurements in the vacuum ultravi
let ~vuv! spectral range, the plasma column was imaged o
the entrance slit of a 1-m spectrometer~McPherson model
225 with a 1200 lines/mm grating blazed at 120 nm! with a
1:4 demagnification using a curved MgF2 mirror. The slit
height and width was 2 mm and 50mm, respectively. In the
exit plane of the spectrometer a microchannelplate~MCP! of
Chevron type with CsI coating on the input side and a P
phosphor at the exit side~Galileo model CEMA 3025! was
mounted. We chose a gating time of the MCP of 20 ns. T
output of the phosphor was further imaged on an opti
multichannel analyzer~OMA, EG&G model 1456B-990G!
system or a charge coupled device camera~CCD, SI model
ICCD 576 G/RB!. For this detection system the apparat
function was a Lorentzian with a full width at half maximum
~FWHM! of 0.16 nm. By recording hydrogen continuum r
diation without injection of test gas we ensured that the
tection system in the vuv has equal sensitivity over
small-wavelength ranges of the unresolvedn55 to n54
transitions at 82.5 nm, i.e., the allowed 5g-4 f , 5f -4d, and
5d-4 f and of the forbidden 5f -4 f , 5d-4d, and 5g-4d tran-
sitions, and of the 4f -3d and 4d-3p transitions at 38.1 and
36.8 nm of FVII . These measurements also confirm that th
was no unwanted impurity radiation from residual gas in
discharge tube affecting the spectrum in the investiga
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55 941INVESTIGATION OF A SHORT-WAVELENGTH LASER . . .
wavelength interval. The spatial resolution of the detec
along the axis of the discharge was about 0.3 mm.

For the detection of Thomson scattering spectra and
measurements of the 3s-3p transitions of FVII in the visible
spectral range, we imaged the center of the plasma with
magnification on the entrance slit of a 1-m spectrome
~Spex model 1704 with a 1,200 lines/mm grating blazed
1,000 nm!. The slit height and width were chosen to be
mm and 50mm. The spectrometer was equipped with
OMA system. The gating time was 35 ns for spectrosco
measurements and 100 ns for Thomson scattering. In
latter case the pulse length of the probe laser determines
temporal resolution of the measurements which is abou
ns. The sensitivity of the detection system in the visible sp
tral range was measured by a tungsten lamp. The wavele
calibration of the detection system was carried out by e
ploying Fe and Al hollow cathode lamps. Furthermore, th
spectra provided the apparatus profile which is given b
Voigt function with 0.0071 nm Lorentzian FWHM an
0.0049 nm Gaussian FWHM.

C. Thomson scattering

We utilized 90° Thomson scattering to independently
agnose the plasma@30–32#. For this purpose we focused
ruby laser~2 J with a pulse width of 25–35 ns FWHM! into
the center of the plasma column. This setup allows an in
pendent measurement of the plasma parameters in the
plane of the plasma simultaneously with spectroscopic m
surements. The analysis of the ion feature of the Thom
scattering spectra yields the proton, electron, and test ga
temperature when fitting the theoretical form factor of R
@33# to the experimental scattering data by a least-squ
procedure. We find the same value for the ion, electron,
test gas ion temperature. Electron densities are determ
by absolutely calibrating the detection system with Rayle
scattering on propane and using the fitted~frequency-
dependent! form factor to obtain the frequency-integrate
form factor by numerical integration. For small test gas~im-
purity! concentrations as used for the line shape meas
ments, deviations of this procedure from conventional me
ods using the Salpeter approximation to determine
frequency-integrated form factor are small@30#. Estimating
the mean charge number of the test gas ions from spe
scopic measurements allowed us to determine the test ga
concentration from the relative intensity of the so-called i
purity peak of the scattering spectrum. In this way the c
centration of fluorine ions is estimated to be about 1% of
electron density for the line shape measurements and
for the amplification studies.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Small test gas concentrations

For the investigation of spectral line shapes relativ
small test gas concentrations of the order of 1% of the e
tron density are used. In this case the multiply ionized t
gas ions are located in the center of a homogeneous pla
column. This condition was thoroughly studied in earlier
vestigations@29,34# with various experimental methods. W
found a homogeneous electron density distribution in ra
r
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direction for radiir,1.1 cm. The test gas ions are conce
trated in the homogeneous central region of the plasma w
r,0.8 cm. Also, the axial homogeneity of the plasma c
umn was demonstrated in earlier studies@29,34#.

In this paper we investigate the homogeneity quant
tively with spatially and temporally resolved measureme
of the emission of then55 to n54 transitions in FVII . Fig-
ure 2 shows an example of a CCD measurement for sm
test gas concentrations detected 20 ns before maxim
pinch compression. About 1 cm of the 5-cm-long plasm
column was seen by the detector. The intensity distribut
as well as the linewidth clearly demonstrate that the plas
column is homogeneous. Similar results were obtained d
ing the discharge up to 100 ns after maximum pinch co
pression. After that the intensity of the spectral lines d
creases significantly and no reliable statement can be dr
from the measurements of these lines.

The homogeneity of the plasma allows us to compare
measured line shapes with those predicted by theoretica
proximations for the electron densities and temperatu
measured in the center of the plasma column with Thom
scattering. Moreover, since the concentration of the test
ions can be controlled independently from other discha
parameters, radiative transport~self-absorption! effects can
be avoided for almost all transitions. A convenient method
check the absence of self-absorption of the investigated s
tral lines is to measure spectral line intensities within m
tiplets. Then55 to n54 transitions were unresolved in th
present study. Therefore, we verified that the intensity ra
of the 3s2S1/2-3p

2P3/2
° to the 3s2S1/2-3p

2P1/2
° multiplet line

in FVII was 2:1. This is in agreement with the predictions
the LS-coupling approximation and indicates that the co
centration of fluorine ions was sufficiently low so that rad
tion transport can be ignored for then55 to n54 transi-
tions.

Figure 3 shows the comparison of a measured line pro
of then55 to n54 transitions in FVII at l582.5 nm with
a profile calculated independently for the measured plas
parameters. The calculations were performed for the elec
density and temperature measured with Thomson scatte
using the code developed in Refs.@20,21#. In earlier studies
this code was tested for the 4f -3d and 4d-3p transitions in
CIV and NV @35#, and for then55 to n54 transitions in
CIV–O VI @36#. While in the latter study ion dynamic effect
were important accounting for, e.g., 25% of the line width
CIV, ion dynamics is not important for then55 to n54
transitions in FVII for the present plasma conditions. It b
comes obvious from Fig. 3 that the calculations agree w
with the experiment for the whole spectral line profile. F
electron density diagnostic purposes, on the other hand,
not convenient to compare full experimental line shapes w
calculations. In Sec. III B the full width at half maximum
~FWHM! of the line profiles is used for the density determ
nation.

Figure 4 shows the experimental linewidths~FWHM! of
the n55 to n54 transitions in FVII as a function of the
electron density which is measured simultaneously for e
discharge with Thomson scattering. The experimental d
are compared with calculations, which take into acco
Doppler broadening and the apparatus profile. Good ag
ment between theory and experiment is obtained. The t
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FIG. 2. Example of a CCD camera measurement of then55 ton54 transitions in FVII spatially resolved along the height of the plasm
column. Zero corresponds to the midplane of the discharge chamber. The experiment was performed with low test gas concentra~1%
of ne). The intensity distribution and the linewidth show that the plasma column is homogeneous.
ral
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a
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e
atus
peratures are 10,kBTe,20 eV. In this range our calcula-
tions show that the linewidth is not sensitive to the
temperature. The uncertainty of the experimental linewidt
of the individual data points is less than 10%, and the unce
tainty of the electron density is 15%. However, the line
width is extremely sensitive to the electron density. Whe

FIG. 3. Comparison of an experimental spectrum of then55 to
n54 transitions in F VII with theoretical calculations which are
performed according to the independently measured plasma para
eters from Thomson scattering.
h
r-

n

deriving the electron density from the width of the spect
line, small errors in the determination of the width can res
in a large error for the density. Figure 4 shows that from
single measurement, an error as large as a factor of 2 for
absolute density value can occur. On the other hand, w
applying a large number of measurements the electron d
sity of the plasma can be deduced from the line shape ca

m-

FIG. 4. Experimental Stark width~FWHM! of the n55 to
n54 transitions in FVII and theoretical data as a function of th
electron density. The calculations take into account the appar
function as well as Doppler broadening.
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55 943INVESTIGATION OF A SHORT-WAVELENGTH LASER . . .
lations with an uncertainty of 35%. Applying the spectr
line broadening calculations to determine relative elect
densities results in smaller error bars. For example, the m
surement shown in Fig. 2 gives a homogeneous plasma
umn with a standard deviation of 15%.

B. Large test gas concentrations

Large test gas concentrations of 10–20 % of the dri
gas density have been applied in a gas-liner pinch disch
for short-wavelength laser studies@10#. A population inver-
sion and gain of the 4f -3d transition in OVI and FVII was
achieved while no amplification could be found for CIV and
NV. In the case of FVII we observed large amplification o
the 4f -3d transition atl538.2 nm in the radial direction o
the plasma column withgl 53.5. No axial data were ob
tained for this transition, because of the lack of prop
multilayer mirrors.

Figure 5 shows the intensity ratio of the 4f -3d transition
at l538.2 nm to the 4d-3p transition atl536.8 nm of
FVII as a function of the heightz of the plasma column
Large test gas concentrations were used, resulting in a fl
rine ion density of 10% of the electron density. Since t
upper levels 4f and 4d of both spectral lines are separated
energy by less than 400 cm21 electron collisions between
these levels completely dominate over all other level po
lation mechanisms at our plasma conditions. Hence, b
levels are populated according to a Boltzmann distribut
@37# giving an equilibrium intensity ratio of

S I ~4 f23d!

I ~4d23p! D
eq

52.8 ~1!

for electron temperatures above 1 eV. We verified this s
plified ratio for the present plasma conditions by tim
dependent collisional-radiative modeling similar to Re
@38–40#. For these calculations, the populations of all lith
umlike levels up ton55 are taken into account. Each she
with n56 to n514 was approximated by a single level a

FIG. 5. Intensity ratio of the 4f -3d to the 4d-3p transition in
F VII along the height of the plasma column for large amounts
test gas~10% ofne). The measurement was performed with a CC
camera 50 ns before maximum pinch compression~—!. Also shown
is the equilibrium ratio of 2.8 and the intensity of the 4f -3d tran-
sition in arbitrary units (••••). The ratio is enhanced by a factor u
to about 6 over the equilibrium value in small spatial regions
z,1 mm along the plasma axis.
l
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the population densities within these shells were appro
mated with a Boltzmann distribution. In addition, groun
states of the He-, Be, and B-like ionization stage were
cluded.

In Fig. 5 experimental intensity ratios as large as

S I ~4 f23d!

I ~4d23p! D
exp

516 ~2!

are observed in small regions of aboutz,1 mm along the
plasma axis. This large enhancement of the 4f -3d transition
over the 4d-3p transition cannot be explained by sel
absorption of the measured lines, because the optical d
of the 4f -3d spectral line is larger than that of the 4d-3p
line @37#, and any self-absorption effects will reduce the i
tensity ratio to be smaller than the equilibrium value. T
measured enhancement is due to amplified spontan
emission of the 4f -3d transition in FVII . Using the expres-
sions of Refs.@41# to derive the gain-length product from th
measured enhancement results in a maximum gain-le
product ofgl 53.75 for the example shown in Fig. 5.

As opposed to some measurements of 4f -3d and 4d-3p
transitions in laser-produced plasmas@42# and axial dis-
charges@13#, the present investigation shows a large e
hancement of the 4f -3d over the 4d-3p transition. The re-
sult of the present study is in agreement with spec
simulations of an amplifying plasma medium. They predic
factor of about three larger gain for the 4f -3d transition than
for the 4d-3p transition @10,39#, resulting in an increasing
intensity ratio with increasing gain.

As shown in Fig. 2, a test gas concentration of about
of the electron density yields a homogeneous discharge
this case no amplification can be observed. We gradu
varied the test gas concentration of the plasma in the rang
1–20 % of the total gas density and observed that a
plasma inhomogeneities arise for test gas concentrat
larger than 10%. For example, for a concentration of 5
almost all discharges show no gain in radial direction. This
shown in Fig. 6 where the intensity ratio of the 4f -3d to the
4d-3p transition in FVII is plotted against the heightz of the
plasma column. The intensity of the 4f -3d transition shows
a rather homogeneous plasma condition. We find no

f

f

FIG. 6. Same as Fig. 5, but for smaller test gas concentration
5% of the electron density. The discharge is homogeneous, and
experimental intensity ratio is somewhat smaller than the equ
rium value for the whole plasma column.
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FIG. 7. Example of a CCD camera measurement of then55 ton54 transition in FVII spatially resolved along the heightz of the plasma
column. The experiment was performed with large test gas concentrations~10% of ne). The intensity distribution and the linewidth sho
significant plasma inhomogeneities along the axis.
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hancement of the experimental ratio over the equilibri
value. In fact, the intensity ratio of the 4f -3d transition to
the 4d-3p transition is somewhat smaller than the equil
rium value which is probably due to self-absorption.

These data demonstrate the importance of using a fa
large amount of test gas in the center of the discharge
produce a population inversion and gain of the 4f -3d tran-
sition in FVII . However, simultaneously with increasin
heavy test gas densities, Rayleigh-Taylor instabilities of
compressing plasma occur giving rise to axial variations
the amplification.

The growth of magnetically driven Rayleigh-Taylor inst
bilities has been recently investigated for the Pegasus
charge@43#. By two-dimensional modeling the authors foun
that the details of the instabilities such as the large-sc
features are not sensitive to the choice of the initial per
bations. Although a large number of different modes w
initially present in the calculations, the largest structu
which eventually break through the plasma have wavelen
of the order of the thickness of the plasma itself. This co
putational result is in agreement with observations carr
out with framing cameras@43,44#. In the present study we
find similar results. The dominant features of the Rayleig
Taylor instability are separated by about 1–2 cm along
plasma axis and are comparable with the diameter of
plasma column. This is observed with a time-resolved
treme ultraviolet pinhole camera~see Fig. 5 of Ref.@10# and
ly
to

e
f

is-

le
r-
e
s
th
-
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-
e
e
-

Fig. 4 of Ref.@30#!. However, the line emission of FVII ions
is dominated by modes with smaller wavelengths wh
where also observable on the pinhole measurements. It
be seen in Fig. 5 that the dominant wavelength is about
mm.

On the same axial scale length, significant electron d
sity variations occur inducing the large axial intensity a
gain variations. Figure 7 shows a CCD camera measurem
of the axially resolvedn55 ton54 transitions in FVII with
10% fluorine ion density on the discharge axis. The intens
as well as the line width shows variations on scales
z,1 mm along the axis~Fig. 8!. The linewidth~FWHM! of
then55 ton54 transitions in FVII assumes peak values o
about 0.35 nm. Applying line broadening calculations~Refs.
@20,21#, Sec. III A! we find corresponding electron densitie
of ne'731018 cm23. The high density spots have a heig
of about 1 mm, and the density gradients aredne /ne'3 on
a scale ofz,1 mm. In addition to these small scale dens
peaks, a large scale inhomogeneity with a height of the or
of 5 mm can be observed in Fig. 7.

It should be noted that the intensities of the spectral lin
emitted from the dense spots is larger than on the averag
almost a factor of 2. On the other hand, Fig. 5 shows that
highest enhancement of the 4f -3d transition over the 4d-
3p transition in FVII , i.e., the highest gain, does not exact
coincide with the regions of the highest intensities of t



e
it
r
le

n
de
io

o
s
n

ow

io
b

tu
a
s
o

f

n-
gh-
the
of
to
the
th a
-
r-

the
ing
the
ion,

he

the
of

m-
ion
of
ia-
he
the
be
al
s it
the

e of
igh-
ial
ort-

ngs-

-

55 945INVESTIGATION OF A SHORT-WAVELENGTH LASER . . .
4 f -3d transitions in FVII . This observation indicates that th
largest gain occurs in plasma regions of lower densities w
ne,231018 cm23. This is consistent with the results of ou
collisional-radiative modeling which show that a possib
population inversion between the 4f and 3d levels is equili-
brated in the high density regions withne'731018 cm23 by
electron collisions on time scales much shorter than 10
For example, assuming a rapidly cooling plasma with a
cay constant of 5–10 eV/ns results in a population invers
by three-body recombination of the 4f and 3d level for only
a few hundred picoseconds. The temporal resolution of
measurements in the extreme ultraviolet spectral range i
ns. Therefore, very short laser pulses by amplified sponta
ous emission processes on times scales of,1 ns could not
be resolved in this study. On the other hand, in the l
density regions withne,231018 cm23 equilibration times
are of the order of 10 ns, resulting in a population invers
with a duration of a few nanoseconds which is measura
with our detection system.

More detailed measurements of the electron tempera
evolution of the plasma will be necessary to verify the dec
constant used in the collisional-radiative modeling. The
measurements will also be useful to investigate the role
charge exchange processes on the population kinetics o
plasma@16,17#.

FIG. 8. Measured linewidth of then55 to n54 transitions
along the height of the plasma axis~—! for large test gas concen
trations ~10% of ne). Also shown is the intensity of then55 to
n54 transitions in arbitrary units,••••.
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Since amplification occurs most probably in the low de
sity regions of the plasma, the appearance of Raylei
Taylor instabilities and accompanying dense spots limit
length of the amplifying plasma medium in axial direction
the discharge. The Rayleigh-Taylor instabilities give rise
centimeter-size plasma features in radial direction of
plasma column. Thus, amplified spontaneous emission wi
gain-length product ofgl 53.75 occurs in the radial direc
tion of the plasma column. It will be of the utmost impo
tance to investigate the end-on emission of FVII for similar
plasma conditions as achieved in this study. Although
dense spots will reduce the effective size of the amplify
medium in the axial direction and furthermore reduce
possible observable gain by absorption of the laser emiss
our experimental results obtained in OVI @10# suggest that
large gain of the axial 4f -3d transition in FVII can occur.

IV. SUMMARY AND OUTLOOK

We achieved a fairly large gain-length product of t
4 f -3d transition in FVII at l538.2 nm in a plasma of the
gas-liner pinch discharge. We found dense spots along
axis of the plasma and significant density gradients
ne /ne'3 on small scales ofz,1 mm along the axis. They
are produced by Rayleigh-Taylor instabilities of the co
pressing plasma column. The instabilities affect the emiss
of the plasma column. They give rise to plasma features
smaller than one centimeter and amplification of line rad
tion in the radial direction of the plasma column. For t
maximum used test gas concentrations of 10–20 % of
total gas density, Rayleigh-Taylor instabilities could not
avoided limiting the length of the active medium in axi
direction of the gas-liner pinch plasma. For future studie
will be most interesting to observe the axial emission of
4 f -3d transition in FVII similar to our earlier studies in
O VI. The results of the present study show that the choic
the test gas concentration determines the grows of Rayle
Taylor instabilities in liner discharges which are of spec
interest for the development of a discharge-pumped sh
wavelength table-top laser.
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