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Amplification of extreme-ultraviolet radiation in a gas-liner pinch plasma
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The emission of the 4f 3d -and of the 4d-3p spectral lines of the Li-like ious CIv, N v, 0 vI, and
F VII is studied in a gas-liner pinch plasma. For 0 vI the comparison of radial and axial line intensities
reveals clearly ampli6catiou of the 4f 3d -transition at 51.97 nm in the axial direction corresponding
to a gain-length product of G = g/ = 4.5. The corresponding transition in F VII at 38.18 nm is
enhanced already in the radial direction by factors up to 4.6. The strongest ampli6cation always
occurs at times shortly before rnaximurn pinch compression.

PACS number(s): 52.25.Qt, 42.55.Lt, 32.30.Rj

I. INTRODUCTION

The 4f-3d spectral lines of Li-like ions emitted by
dense plasmas are the subject of extensive studies for
the generation of short-wavelength lasers. Line-focused
laser-produced plasmas were most successful so far. The
first observations of a population inversion between the
n = 4, 5 and n = 3 levels of Li-like Al were reported
by Kononov et al. [1] in a recombining laser-produced
plasma. They employed a neodymium-glass laser with
power densities of (1 —2) x 10is W/cm2 and a pulse
length of 5 ns. Milchberg et al. [2] found population
inversion between the 4d and 3d levels for CIv, Ovr,
F vie, and Ne vries using a CO2 laser with a power density
of 10 —10 W/cm2 and 60—80 ns pulse width. For
these ions the energy separation of the 4d and 4f lev-
els is smaller than 500 cm, and high electron-collision
rates will equalize the population of the 4d and 4f sub-
levels. Gain is expected for the 4f-3d transition, since
this transition in the Li-like electronic structure has the
advantage of a relative high atomic transition probability
in comparison with other n = 4 to n = 3 transitions, and
the lower level has a fast radiative decay 3d-2p. How-
ever, no gain was observed experimentally in Refs. [1,
2], because no elongated laser-produced plasma could be
generated [1]and no suitable spectrometer in the extreme
ultraviolet (xuv) was available [2].

Measurements of gain of the 4f 3d or of th-e 5f 3d-
transition in Li-like Al are reported in Refs. [3—10].
Population inversion is achieved by fast three-body re-
combination of He-like ions in laser-produced plasmas.
High-n quantum nun:ber levels are favored followed by
collisional-radiative decay to lower levels. Therefore, ul-
trashort (0.12—25 ns) high-power (0.6 x 10ii —8 x 10'
W/cm ) laser pulses are requested in order to obtain a
dense, rapidly cooling plasma. Theoretical simulations
[ll] of the experiments of Ref. [4] show good agreement
with measured gain values, when laser pulses with a time
duration shorter than 1 ns are considered. However, mea-
sured gain values obtained with long driving laser pulses
( 4 ns) are not understood (see also [12]). Further-
more, the predicted gain ratio of the 4f-3d to the 5f3d-
transitions of about 5 —10 could not be observed exper-
imentally.

Based on investigations of Macklin et al. [13], where
the 4f-3d spectral line in Li was found to be a laser tran-
sition in a recombining metal-vapor arc plasma, Li-like
C was investigated in a recombining 8-pinch plasma [14,
15]. The authors found population inversion between the
n = 4, 5 and n = 3 levels. However, the single-pass gain
G of the 4f-3d and 5g 4f tran-sitions in C1v was too small
for lasing without a cavity. This is because of the large
ion temperature and modest populations of the excited
levels. Furthermore, cavity operation failed because of
cavity losses and window absorption. Again three-body
recombination was proposed to be the dominant mecha-
nism for establishing the population inversion. However,
charge exchange with neutral hydrogen is also advanced
as a possible dominant recombination mechanism [15,16].

In the present paper the 4f-3d transition of C tv, N v,
0 vI, and F VII has been investigated in the plasma pro-
duced by the gas-liner pinch device. Several require-
ments for lasing in the xuv spectral region [17] such as
high pumping power, high densities of the emitting ions,
moderate electron-collision probabilities in comparison to
the Einstein A coefEcients, and a plasma of appreciable
size are easily fulfilled. On the other hand, temperature
requirements for lasing, e.g. , of H-like ions [18] in the
recombination scheme or of collisionally excited Ne-like
ions [19] are hard to meet. Because of their smaller ion-
ization potential Li-like and Ni-like ions are thus better
candidates for lasing at short wavelength than the lasing
transitions in H-like and Ne-like ions, see, e.g. , Refs. [20,
21].

It is an essential feature of the present study that we
had the capability to investigate ions along the Li-like
isoelectronic sequence under similar plasma conditions
in order to find suitable spectral lines for lasing in the
xuv spectral region. This is of importance because las-
ing in the recombination scheme requires a collision limit
below the upper level of the lasing transition, which is
thus rapidly populated, and a strong depopulation of
the lower lasing level due to fast radiative decay [17,
22]. The atomic transition probability of the 3d-2p tran-
sition becomes larger along the sequence in comparison
to the electron-collision probabilities of the inverse pro-
cess. Furthermore, the collision limit and the quantum
number of the most populated ionic level due to atom-
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ion charge transfer also increase with the spectroscopic
charge number Z [23, 17].

II. EXPERIMENT
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FIG. 1. Schematic of the gas-liner pinch.

Pulsed-power axial discharges have been proposed as
active media for short-wavelength lasers by several au-
thors, e.g. , [24, 25]. In Ref. [26] a krypton gas puff plasma
is investigated for the generation of population inver-
sion in Ne-like krypton by electron-impact excitation.
Population inversion by resonant photopumping in the
sodium-neon x-ray laser scheme is reported in Ref. [27].
Recently, charge exchange processes in axial discharges
between ionic species are proposed to create population
inversion because of the selective population of ionic lev-
els [28].

The measurements of the present study are performed
with the gas-liner pinch device [29—31]. It resembles a
large aspect ratio z-pinch discharge (diameter of the dis-
charge chamber is 18 cm and electrode separation is 5
cm) characterized by two independent special gas in-
let systems (Fig. 1). The so-called driver gas (for our
measurements we used hydrogen) is injected with a fast
electromagnetic valve through an annular nozzle into the
vacuum chamber. Initially, the gas builds a hollow gas
cylinder near the wall. It is preionized by discharging a
50 nF, 20 kV capacitor through 50 needles mounted an-
nularly below the lower cathode, and it is compressed to
a plasma column of 1—2 cm diameter and 5 cm length by
discharging the main capacitor bank (11.1 pF, charging
voltage: 30—35 kV) through the ionized gas.

A second electromagnetic valve injects the so-called
test gas through a nozzle in the center of the upper elec-
trode along the axis of the discharge tube. The gas is
dissociated and ionized by the imploding driver gas and
by Ohmic heating. We used CH4, N2, COz, and a 10'
mixture of SFs in H2 for the generation of Civ, Nv,
0 vi, and F vii ions, respectively. In contrast to previous
investigations (for example, Ref. [32]) a large amount of
test gas was injected in order to achieve a high concen-
tration of emitters along the plasma column for a large
single-pass gain. With these discharge conditions the test
gas ions are no longer distributed homogeneously in the

plasma cob~mn. However, the investigated line radiation
emitted transversely to the plasma column was not af-
fected by self-absorption as will be shown later.

The implosion time of the discharge is 1—2 ps and the
lifetime of the plasma is shorter than 0.3 ps. The dis-
charge current is monitored with a Rogowski coil and
the plasma radiation at 520 nm with a 4-m monochro-
mator equipped with an RCA 1P28 photomultiplier. The
plasma parameters in the center of the discharge mea-
sured by Thomson scattering [33, 34] were in the range
between 1.5 & n, & 6 x 10 s cm and 7.5 & kT, & 45
eV. These temperatures are high enough for the gen-
eration of a considerable amount of ions in the He-like
ground state (in the compression phase of the discharge),
but still too low to excite a considerable number of these
ions to the first excited state. This is because of the large
energy separation between the He-like ground state and
the first excited level (the ionization potential of He-like

C, N, 0, and F is larger than the ionization potential of
Li-like C, N, 0, and F by about a factor of 5). A high ini-
tial population density of the He-like ground state level
is essential in order to achieve population inversion by
recombination processes.

The plasma is accessible through four ports in the mid-
plane of the discharge chamber for side-on observations,
and through a hole in the lower cathode of about 1.8
cm diameter opposite to the test gas injection for end-on
observations. All measured transitions are in the vac-
uum ultraviolet (vuv) spectral range and are detected
with a 1-m normal-incidence spectrometer (McPherson
model 225 with a 1200-line/mm grating blazed at 120
nm). Underneath the discharge is a set of three plane
mirrors (MgF2 on duran glass), set at 45' angle to the
incident radiation, to guide the light onto a curved mirror

(f = 450, MgF2 on Al) which focuses the emission of the
plasma column onto the entrance slit (30 pm width and 2

mm height) of the spectrometer for end-on observations
(see Fig. 1). Side-on observations are performed with the
curved mirror alone. The distance of the lower electrode
to the Brst plane mirror underneath the lower electrode
is about 50 cm and that mirror is protected from plasma
bombardment by a grounded micromesh. The spectrom-
eter is equipped with a microchannel plate (MCP) of the
Chevron type with CsI coating on the input side and
a P20 phosphor at the exit side (Galileo model CEMA
3025). The phosphor screen is imaged onto an optical
multichannel analyzer (OMA, EGkG model 1420) giving
a reciprocal linear dispersion of 0.021 nm/channel and a
full width at half maximum (FWHM) of the Lorentzian
apparatus pro6le of 0.18 nm. Spectra are recorded at
various times of the discharge, the gate duration being
20 ns.

For higher time resolution the MCP-OMA system was
replaced by a slit in the exit plane of the spectrolne-
ter and an XP2972 photomultiplier. The photomulti-
plier signal was recorded with a Gould oscilloscope (DSO
4094) with 800 Ms/s giving a time resolution of 5 ns. For
these measurements the width of the entrance slit was
increased to 100 pm, and the width of the exit slit was
chosen to be 100 pm or 210 pm so that line radiation
integrated over the line pro6le is detected.
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Simultaneously to the observations in the vuv, plasma
parameters in the center of the plasma are determined
by 90 Thomson scattering. Scattered light of a Korad
Q-switch-driven ruby laser pulse (2.5 S, 25 ns) is detected
with a 1-m Czerny-Turner spectrometer (Spex model
1?04) which is equipped with a second OMA (EGRG
model 1456B-990G) system in the exit plane. Details
of the experimental procedures are given in Refs. [33,
35]. We modified [34] the theoretical form factor func-
tion of Evans [36] in order to allow the determination of
electron-proton drifts in the plasma which give rise to
asymmetric Thomson scattering profiles. This function
is fitted to the experimental spectra by a least-squares
procedure [37] giving electron densities, proton, electron,
and test gas ion temperatures, the concentration of the
test gas ions in the plasma, and drift velocities. In this
way it is verified that the concentration of the test gas
ions in the center of the plasma is of the order of 10% of
the electron density; the mean spectroscopic charge num-

ber, which has to be known, is estimated by spectroscopic
measurements. %hen F vie ions were investigated, large
asymmetries of the measured Thomson scattering spectra
were found, which indicate drift velocities of the order of
the compression velocity of the driver gas, v, 5 x 10
cm/s. In discharges with oxygen as test gas, asymme-
tries were also present but smaller. On the other hand,
the origin of these asymmetries is not clear at all and
they are studied in further investigations.

Finally, the whole plasma column is imaged side on
through four pinholes (300 pm diameter) onto a four-
frame camera system [38]. This system consists of a
MCP with a CsI coating and a phosphor screen with
four independent sectors and a pulse generator. Each
sector is gated separately with a time duration of 5 ns,
and the time duration between the triggers of two sec-
tors is 7.5 ns. The phosphor screen is imaged onto a
Kodak T-MAX 3200 film. Thus time-resolved pictures
of the plasma spectrally integrated over the x-ray and
vuv spectral regions are obtained. Taking such pictures
with and without the injection of test gas shows that the
light emission of free-free, free-bound, and bound-bound
transitions of the pure hydrogen plasma is rather small in
comparison to the radiation when high-Z ions are present
in the plasma.

III. EXPERIMENTAL RESULTS
AND DISCUSSION

A. Nv and Crv

We measured the relative intensities of the 4f 3d and-
4d-3p spectral lines (integrated over the line profiles) of
N v at 74.83 nm and 71.38 nm side on and in axial di-
rection of the plasma column. By recording the con-
tinuum radiation Rom pure discharges in hydrogen with
no test gas injected it was shown that the sensitivity of
the vuv detection system was practically constant over
those small spectral ranges where respective measure-
ments were done. This procedure was also used to check
for unwanted impurities in the plasma. Obtained spec-
tra are shown in Fig. 2. The experimental intensity ratio

4d-3p

CO

6
C

72 74 76 78
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FIG. 2. Example of recorded line spectra of the 4f 3d an-d

4d-3p transitions in N V. Trace (a) is measured side on and
trace (b) end on.

I(4f-3d)/I(4d-3p) of the side-on emission is independent
of the plasma condition and is determined from trace (a)
of Fig. 2 to

I A's gf (E' —El
I, —), ,f, PI kT (2)

where I, A, g, f, and E are total intensity (integrated
over the line profile), wavelength, statistical weight of
the lower state of the line, absorption oscillator strength,
and excitation energy for the upper level of the line, re-
spectively. This gives an equilibrium intensity ratio of

~"("'")'~ =2.64-2.69
( I(4d-3p) ),

for electron temperatures above 1 eV. Since it is shown
experimentally that this line pair is not afFected by self-
absorption by measuring the 3s-3p lines of N v at 460.374
nm and 461.997 nm in the visible spectral range (see also
the experimental results of Ref. [32]), and assuming ad
hoc that there is no amplification of those lines trans-
versely to the plasma column, the slightly difFering results
of Eqs. (1) and (3) may come from inaccurate Einstein A
coefficients of Refs. [41,42]. Trace (b) of Fig. 2 gives the
same intensity ratio of the emission in axial direction:

I(4f- 3)di'
i I(4d-3p) ]

= 3.1(+7%).
( I(4d-3p) ) „

The error is the rms value &om about 20 discharges. Line
emission of the 2s 2p-2s2p transitions at 76.33 nm and
at?6.44 nm and of the 2s2p -2p transitions at 77.2 nm
&om N III and of the 2s -2s2p transition at 76.52 nm
Rom NIv ions is also evident.

Because of the small energy gap between the 4d and 4f
levels of 139 cm i [39] electron collisions between both
levels are faster than radiative decay by a factor of about
200 at our densities [40, 41], the population densities of
both levels are according to a Boltzmann distribution
(see, e.g. , Chapter 6 of [23]), and the theoretical intensity
ratio of the two lines I and I' is given by (Chapter 13 of
[23])
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The ( symbol indicates that some of the axially recorded
spectra were self-absorbed due to a cold plasma boundary
layer underneath the lower electrode. The effect of self-
absorption could also be seen as broadening of the line
profiles of the measured transitions [43].

The xneasurements of the respective lines in C Iv give
similar results, although the error was somewhat larger
due to close-by transitions from C III. Both results show
that for Li-like N and C no population inversion is de-
tectable.

B. Ovr

Relative intensities of the 4f 3d a-nd 4d-3p spectral
lines (integrated over the line profiles) of 0 vI at 51.79
nm and 49.83 nm are also measured transversely and axi-
ally to the plasma column with the vuv detection system.
We find side on [see trace (a) of Fig. 3] from 30 measure-
ments

f I(4f-3d) l
q I(4d-3p) )„„.(5)

The larger measured intensity ratios indicate a small
enhancement of the 4f 3d trans-ition in comparison to
the 4d-Bp transition, since the equilibrium considerations
predict [I(4f Bd)/I(-4d 3p)],q -= 2.62 —2.68 for electron
temperatures higher than 1 eV. The axial emission, on
the other hand, gives [see trace (b) of Fig. 3]

I(4f-Sd) „;i (I(4d-Sp)
I(4f-Sd) trans (I(4d Sp-)trans ) (7)

In the case of a Doppler pro61e the enhancement E is
related to the single-pass gain G = gl [44, 45],

I (exp(gl) —1& ~ ( 1

Io ( gl p (exp(gl) )
(8)

where g is the small-signal coefficient and l is the length
of the lasant plasma. This gives G = gl = 4.5 for our
experimental results of 0 VI. The true gain, however,
could be even larger, because in the case of equilibrium
population between the 4f and 4d levels and the Sd and
3p levels, respectively, the 4d-3p spectral line should also
exhibit laser action. Assuming an inversion factor of F =
1/3 and kT, = 10 eV, we find for 0 VI

G(4f-Sd)
G(4d-Sp)

(9)

in Eq. (6); nevertheless, we derived the enhancement by
averaging over the 16 spectra for better reliability. The
relative high intensities of the 0 III 2s22p -2s2ps spectral
lines at 50.8 nm and 52.6 nm and of the 0 IV 2s23p-2p 3s
spectral lines at 53.6 ~m of the axial emission in Fig. 3 are
from a cold plasma layer underneath the lower electrode.
We derive an enhancexnent E due to laser action for the
4f 3d -line of 0 vt with

(I(4f Sd))-
l, I(4d-Sp) )

(6)
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CQ

S

49 50 51 52 53 54

Wavelength (nm)

FIG. 3. Example of recorded line spectra of the 4f 3d and-
4d 3p transitions in O-vi. Trace (a) is measured side on and
trace (h) end on.

This large enhancement of the axial emission of the 4f 3d-
spectral line in comparison to the 4d-Sp spectral line in
contrast to the side-on observation is obvious from Fig. 3.
This effect is not due to self-absorption of the measured
lines, because the optical depth of the 4f 3d spectral -line
is larger than that of the 4d-3p line (Chapter 7 of [23]) at
our plasma conditions, and any optical depth effect will
reduce the intensity ratio. The enhancement is observed
at times around maximum pinch compression and just
before. During a time interval of 130 ns 16 measurements
show clearly an enhancement and 34 do not. Individual
spectra show even a higher enhancement than quoted

A similar statement has been given in Ref. [6]. On the
other hand, it was experimentally observed that the gain
of the 4f-3d and of the 4d-Bp transition of Al XI was
about equal (e.g. , [5]).

The spectra in Figs. 2 and 3 are time integrated over
20 ns, and it is conceivable that the instantaneous gain
could be higher during that time interval. For this reason
we performed time-resolved measurements of the radial
and axial emission of the 0 VI 4f Bd and 4d--3p line pair
with an XP2973 photomultiplier. Line intensity ratios of
the transverse emission of the 4f Bd to the-4d-3p spec-
tral lines are in the range of 2 —4. The reproducibility of
the absolute line intensities and of the continuum emis-
sion is rather poor side on and even worse for the axial
emission. For this reason no enhancement is being de-
rived as was done &om the spectra, since intensities of
the two lines from successive discharges have to be com-
pared. However, axial signals show an emission burst of
the 4f Sd spectral line. D-etected signals of the transverse
(a) and the axial (b) emission of that line together with
the plasma continuum radiation at 520 nm (c) are plot-
ted in Fig. 4. The axial emission peaks about 75 ns after
the maximum emission of the transverse signal. From 32
measurements nine signals indeed show bursts on the ax-
ial signal in the time region 140 ns& t & 200 ns, that is,
at the same time when the OMA measurexnents show the
large enhancement of the axial emission. On the signals
of the 4d-3p emission line no burst was detectable.

Extrapolating the intensity Io of the axial emission
from times, where no bursts occur, and integrating the
burst, which has a tixne duration of the minimuxn possi-
ble detectable signal, gives an enhancement for the pho-
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FIG. 4. Line intensity of the 4f 3d tr-ansition in 0 vr (a)
side on without continuum and (b) end on with continuum
(indicated by the dashed curve which is obtained by adaptive
smoothing of the continuum signal [46]) as a function of time.
Trace (c) shows the continuum radiation at 520 nm.

tomultiplier measurements of

E = —= 6.1.
I
Io

(10)

This corresponds to G = gl = 3.9. This result is some-
what smaller than the result of the OMA-MCP measure-
ments. One reason could be the poor reproducibility of
the absolute end-on signals, which makes it difficult to
substract the continuum emission &om the line emission.

The population inversion should depend on the plasma
parameters, and in order to identify this we performed
spectroscopic line intensity measurements of the trans-
verse emission simultaneously with Thomson scattering.
Figure 5 shows the result: the side-on intensity ratio is
plotted as a function of the electron density. The electron
temperature was in the range 10 —17 eV. The collision
limit n' calculated according to Ref. [23] for a tempera-
ture of kT = 15 eV is quoted for each density. The den-

sity effect is evident. The largest enhancement is seen
with the lowest density corresponding to a collision limit
of n* 3.7. Increasing electron density increases the
collisional coupling between the levels and by fitting a

linear curve to the experimental values we find that for
n, 5.2 x 10 cm corresponding to a collision limit of
n = 3.4 for kT, = 15 eV the equilibrium intensity ratio
of [I(4f 3d-)/I(4d 3p-)],q =—2.68 is matched.

The values of the collision limit indicate that the n = 4
levels should be in equilibrium, and hence the enhanced
intensity ratios can only be explained with some amplifi-
cation of the 4f 3d-emission transverse to the plasma
axis. Our plasma parameters themselves are indeed
most favorable for lasing according to the recombination
scheme [17],the major problem being the rapid cooling of
the hot plasma, which has to precede lasing in order that
three-body recombination is most effective in producing
the population inversion. Although temperatures mea-
sured in the center of the plasma column by Thomson
scattering do not show this cooling, it is generally ac-
cepted [47] that in z-pinch implosions a high-density and
high-temperature narrow plasma channel of very short
duration can be produced, when the imploding plasma
converges first on the axis: the channel disappears very
quickly and is difficult to detect since even Thomson scat-
tering integrates over the duration of the laser pulse and
over some plasma volume. The existence might show up,
however, on large variations of the plasma parameters
&om discharge to discharge, and it is indeed observed
that the rms deviations increase by a factor of 2 at re-

spective times.
We finally were interested in the spatial distribution of

the oxygen ions. For this purpose we observed the plasma
column through four pinholes. The pinhole pictures were
detected with the four-frame microchannel plate; the im-

age separation was 7.5 ns. Figure 6 shows four such im-

ages indicating the oxygen distribution Rom 50 ns to 20
ns before maximum pinch compression. The length of
the plasma column seen is 4 cm. It is obvious that prob-
ably Rayleigh-Taylor instabilities develop during the im-

plosion [48]. They are not seen in discharges without
oxygen or low oxygen concentration.

t=-32.5 ns

t=-25 ns
upper
electrode

0
U

CO

G)

C:

lower
electrode

n~ 3.7 n"- 3.6 n*- 3.5 n*- 3.4 t=-40 ns

2 3 4 5 6

Electron density (10'scm 3)

FIG. 5. Line intensity ratio of the 4f 3d to the 4d-3p-tran-
sitions in 0 vI as a function of the electron density. Also given
is the value of the intensity ratio (straight line) after the equi-
librium relation [Eq. (2)], a linear least-squares fit to the ex-
perimental ratios, and the collision limit n' after Ref. [23].

t=-47.5 ns

FIG. 6. Example of pinhole pictures recorded from 50 to
20 ns before maximum pinch compression. The existence of
Rayleigh-Taylor instabilities is evident in the emission from

oxygen ions. The higher brightness of the first picture is in-

strumental.
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The 4f-3d and the 4d-3p spectral lines of F VII at 38.2
nm and 36.8 nm were only investigated transversely to
the plasma cob~rnn, because the reHectivity of the mir-
rors was too low in the wavelength range below 40 nm
to detect the axial emission. The discharge voltage was
increased to 35 kV for these experiments. We 6nd a sim-
ilar efFect for the line intensity ratio of the 4f 3d -to the
4d-3p spectral lines as in the case of 0 vi. However, the
enhancement of the 4f 3d -line is much larger. Figure 7
shows two spectra in the range of 35.5—40.5 nm obtained
for the same time (t = 40 ns before maximum pinch com-
pression). Some evidence of the S VI 4s-3p doublet is
found at 38.89 nm and at 39.09 nm. Again enhancement
occurs briefiy before and at the time of maximum pinch
compression. We find for different discharges

f I(4f-3d) i
( I(4d-3p) )„„,

where the lowest value corresponds again to equilibrium
population of the 4f and 4d levels. The enhancement of
the 4f 3d line -varies strongly Rom discharge to discharge.
The dependence of the intensity ratio on the electron
density and on the collision limit is not as obvious as
in the case of the results of the 0 VI emission since no
values with a respective collision limit smaller than 3.7
are measured. This is demonstrated in Fig. 8, where the
collision limit is calculated for an electron temperature
of 30 eV. The actual temperature range of these values
is 15—45 eV.

Pinhole pictures of the plasma again revealed the ex-
istence of Rayleigh-Taylor instabilities along the axis of
the plasma column similar to the case of 0 VI. In order
to investigate the plasma regions where such instabilities
occur we performed additionally spectroscopic measure-
ments of the intensity ratio of the 4f 3d to t-he 4d-3p
transition in F VII with a charge-coupled-device (CCD)
camera (SI model ICCD 576 G/RB) instead of the OMA
detector head behind the phosphor screen in the vuv
spectrometer. Along the axis of the discharge 36.8 mm
were resolved with a resolution of 0.09 mm by that de-

vice. In Fig. 9 part of the spectrum is shown. The en-
hancement of the 4f-3d emission of F VII is located in

0 12.

CD
C6 4-

+
+ + +

+ ++ ++
+ ++

n*- 3.8 A*» 3.7

2 3 4 5 6

Electron density (10' cm 31

FIG. 8. Line intensity ratio of the 4f 3d to-the 4d-3p tran-
sition in F VII as a function of the electron density. Also given
are the values of the intensity ratio according to the equilib-
rium relation [Eq. (2)] and the collision limit n' after Ref. [23).

g
C

0
2
CA
CS
C

regions of, for example, 0.8 mm height along the axis.
This fact is an indication of amplified spontaneous emis-
sion [49] transverse to the plasma axis. Furthermore, the
observed Rayleigh-Taylor instabilities give rise to difFer-

ent extensions of the plasma in radial direction and hence
also explain the large axial variations of the enhancement
of the side-on emission as well as the variations &om dis-
charge to discharge.

Inhomogeneities in laser-produced plasmas have been
investigated by several authors [50—57]. It is stated that
the gain of lasing transitions is reduced for the Ne-like
collisional excitation scheme, because temperature re-
quirements for lasing are not fulfilled along the full elon-
gated plasma. Refraction effects and turbulent broad-
ening also reduce the gain. For a recombining plasma
it is calculated that inhomogeneities along the amplified
beam give rise to self-absorption of the lasing transition
and also to a reduction of gain In our. experiment, how-

ever, electron and ion densities are smaller than in laser-
produced plasmas and, following Ref. [17], refraction of
the lasing beam out of the gain regions is negligible for
densities n, & 10 cm and wavelength A 40 nm and

36 38 40

Wavelength (nm)

FIG. 7. Two examples of recorded line spectra of the 4f
3d and 4d-3p transitions in F vn. Beth traces were measured
side on for the same time in the discharge.

FIG. 9. Example of line spectra recorded with the CCD
camera. The intensity ratio of the 4f 3d to the 4d-3p tran-si-
tien is enhanced ever the equilibrium ratio in regions ef about
0.8 mm along the axis.
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self-absorption of the lasing transition is not of impor-
tance for our conditions.

IV. SUMMARY AND OUTLOOK

We find large gain-length products for the 4f 3d-tran-
sition of 0 vr and F vol emitted from plasmas in the
gas-liner pinch discharge. The experimental results show
that this discharge type is indeed a promising source for
the generation of lasers in the extreme ultraviolet and
vacuum ultraviolet spectral range. Measured gain-length
products for this transition are comparable with those
obtained in laser-produced plasmas.

Three-body recombination most probably is responsi-
ble for the observed population inversion, although model
calculations carried out for 0 v1 similar to Ref. [11] in-

dicate that cooling times shorter than 1 ns are needed
for this pumping scheme to be effective. This is possi-
ble immediately after the first compression. In addition
an influence of instabilities cannot be ruled out. This
and other mechanisms such as charge exchange will be
studied in the future.
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