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Preface

The Fourth Topical Meeting on Short Wavelength Coherent
Radiation: Generation and Applications was held in North Falmouth,
Massachusetts, September 26-29, 1988. This volume is a record of the
exciting research presented at the conference. The most recent pre-
vious conferences in this series were held in Monterey, California
(1986) and Boulder, Colorado (1984 and 1982).

The meeting brought together 164 participants, including scientists
from Australia, Austria, Canada, China, England, France, Germany,
Japan, the Soviet Union, Sweden, and the United States. It is a reflec-
tion of the continuing growth in the areas covered by the conference
that the attendance at the meetings continues to grow and that the
number of contributed papers grows even faster. This made it neces-
sary to schedule many of the contributions for a particularly lively
poster session that lasted far past its scheduled end at 10:00 pm.

Much of the conference was devoted to new results on short
wavelength lasers. Progress in short wavelength synchrotron sources
and nonlinear-optics techniques was also reported. Theoretical and
experimental research was presented to describe the coupling of in-
tense lasers with matter and the study of multiphoton and above-
threshold ionization. A session was devoted to the remarkable
coherence properties of nuclear Bragg-scattered radiation. In the ap-
plications area, new results were presented on x-ray optics, micros-
copy, holography, and spectroscopy.

We wish to express our appreciation to the Technical Program
Committee for their help and valuable advice. The Optical Society of
America made our task easy with excellent management, organiza-
tion, and editorial support. We are particularly grateful to Mary Ellen
Malzone, Barbara Hicks, Cindy Martin, and Donna Leggett for their
tireless efforts. Janice Fleming has expertly guided the publication of
the proceedings book with great efficiency. We gratefully acknow-
ledge the generous financial support that was provided for the con-
ference by the Air Force Office of Scientific Research, the Office of
Naval Research, the U.S. Department of Energy, the National Science
Foundation, and the Optical Society of America. We are also grateful
to our industrial sponsor, Acton Research Corporation.

Roger W, Falcone
Berkeley, CA

Janos Kirz
Stony Brook, NY

December 1988
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Progress Towards a 44-A X-Ray Laser

B.J. MacGowan,‘ J.L. Bourgade,T P. Combis,t C.J. K;ane,* R.A L()ndon,t
M. Louis-Jacquet,f D. L. Matthews,* S. Maxon,* D. Naccache,'
M. D. Rosen,* G. Thiell,' and D. A. Whelan?

"Center for X-Ray Optics, Lawrence Berkeley Laboratory, 1 Cyclotron Road
University of California, Berkeley, California 94720

YCentre d’Etudes de Limeil- Valenton, B.P. 27, 94190 Villeneuve St. Georges, France

* awrence Livermore National Laboratory, University of California
P.O. Box 808, Livermore, California 94550

Abstract

Since 1984 when soft x-ray amplification was
convincingAly demonstrated at XUV wavelengths
near 200 A, much effort has gone into obtaining
soft x-ray gain at shorter wavelengths. One
motivation is the possibility of using a high
brightness source of amplified spontaneous
emission to perform holography of live biological
specimens over shott time scales.

introduction

A strong motivation for the development of a soft
x-ray laser is the possibility of imaging biological
specimens holographically. This application
would require a bright source of coherent
radiation with a wavelength close to the 43.76-A
K absorption edge of carbon.1

This article will summarize progress to date in
the field of soft x-ray laser development. The
main emphasis will be on experiments carried out
at Lawrence Livermore National Laboratory
although the large amount of progress at other
laboratories will be mentioned.

Collisionally pumped schemes for producing
population inversion and hence gain in both
neon-like and nickel-like high-Z ions will be
described. The results of experiments with
recombination schemes in lower Z ions will also
be briefly discussed.

Neon-like Schemes

The possibility of producing a 3p - 3s population
inversion, within a hot plasma of ions
isoelectronic to Ne |, was first published in the
literature by Zherikhin et al.,2 in 1976.
Subsequent work3.4 indicated that the population

inversion should be maintained, steady state,
within a plasma produced by short-pulse optical
laser irradiation of matter. The population
inversion was predicted to be produced by the
plasma thermal electrons collisionally exciting
electrons from the Ne-like 2p€ ground state to the
2p54,23p1/2)¢ (J = 0) level. The population of the
J = 0 level was then expected to produce large
gains (10-20 cm-1) on the 2p54,23p¢,2)0 -
2p54,23s)y (J = 0 - 1) transition (at 182 A in
Se24+), The population inversion is maintained
by the very rapid 3s - 2p radiative decay rate.
Experiments at LLNL in 1984 succeeded in
demonstrating gain in Ne-like selenium at 206
and 209 A in an exploding foil amplifier.5.6 The
amplifier consisted of a thin foil of Se on a
Forravar (C44H1805) substrate that was irradiated
by two opposed high-intensity beams of short-
pulse optical laser light focused into a 1.1-cm-
long line. The plasma formed by the heating and
subsequent explosion of the foil served as the
amplifying medium. The large density scale
lengths (of order 100 um) within the plasma
allowed 200-A radiation to propagate down the
length of the amplifier without being refracted out
of the gain region. The ability to propagate
radiation over large lengths is essential in order
to achieve a large gain length product and hence
significant amplification. The electron density and
temperature in the gain region were 3-5 x 1020
cm-3 and 1 keV, respectively. Various other
mechanisms contribute to the population of the
J = 0 and other levels in the 3p manifoid,
(dielectronic recombination from F-like, cascading
from higher n states and the 3d levels), leading to
the possibility of gain on other 3p - 3s transitions
such as the 206 and 209 A, J = 2 - 1 lines.”7 A
surprising result of the experiments of Ref. 5 was




that, aithough large amplification was observed
forthe J = 2 - 1 lines, the J = 0 - 1 line was not
even unambiguously identified.

Figure 1 shows sample time integrated spectra
from Se exploding foil plasmas of ditferent
lengths. The spectra were taken "on-axis”, that is
looking down the long axis of the cylindrical
plasma produced by the line focus. The brightest
lines are the J = 2 - 1 transitions at 206.38 and
209.78 A (Ref. 8) which are observed to increase
dramatically in intensity as the length of the target
is increased. The spectra were taken from
exploding foils of Se of areal density 45 ug cm-2
irradiated with a total of 7 x 1013 W ¢cm-2 in a 450

psec pulse of 2w (» = 0.53 um) light. The data are
from the original Novette experiments of Ref. §
when the maximum length line focus achievable
with the cylindrical optics, then available, was
1.1cm.

in the 0.5- and 1-cm experiments shown in Fig.
1, the irradiance was obtained by superposing
the two 1.1-cm beams on either side of the target.
For the last spectrum, from the 2.2-cm plasma, the
target was irradiated by offsetting the two 1.1-cm-
fong line foci on either side of the foil, end.to end,
making a total length of 2.2 cm. The irradiation
geometry in the latter case was not optimum. In:
experiments limited to foils irradiated with the
superposed beams, a gain of 5.5 cm-! was
measured by fitting the increase in fine intensity
with plasma length to the formula:
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I= Io ed(a,a) (1)

for the scaling of the output of a spatially and
temporally uniform source of amplified
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Figure 1. On axis spectra from Se exploding foil
plasmas of various lengths showing the non-
linear increase in intensity of the Ne-like lines as
a function of plasma length.

spontaneous emission of length £ and line center
gain a. Due to the irradiation geometry, the
observed line intensity for the 2.2-cm data is not
consistent with such a gain; however, it was the
brightest signal obtained in the experiments of
Ref. 5 and serves to illustrate how intense the
neon-like lines are when amplified. The
equivalent Planckian radiation temperature of the
line emission at 206 and 209 A was estimated in
Ref. 5 to be 30 keV, far in excess of the
temperature of any component of the plasma and,
hence, further evidence that the line emission
was being amplified. Additional, time-resolived
data, demonstrated that the amplified
spontaneous emission had a time duration of
order 200 ps, much shorter than that of the
heating pulse and indicative that it was being
produced by a strongly time varying phenomenon
such as a transient gain.

In later experiments performed at the Nova
laser,9.10 the length of the line focus available for
each of two superposed beams was increased to
5 cm. The subsequent observations of the
scaling of the brightness of the neon-like lines
over lengths up to 5 cm resulted in gain
measurements for three other lines besides the
206 and 209 A, J = 2 - 1 transitions observed in
the first experiments. In particular, the d =0 - 1
line was identified at 182.43 A (Ref. 8) but with
significantly less gain than expected.

The scaling of line-intensity data was fit to the
equation:

-172
1=1, - n**{age™)
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for the output power of a source of unsaturated
amplified spontaneous emission of length 2 .11
This formula is an approximation for the
frequency integrated power, assuming constant
gain o in space and time, for the usual case of a
Doppler broadened line. I is exact in the large
and small positive o limits, with 2 maximum error
of 10% for intermediate ol. Equation (2) is more
accurate than Eq. (1) which is not valid for ad
less than 2. Figure 2 shows the intensity of the
206.38 A, J = 2 - 1 line of selenium for target
lengths up to 4 cm. The fit to Eq. (2) results in a
gain of 4.0 cm-1. The gains of the other four Ne-
like 3p - 3s lines were measured in the same way
and are summarized in Table 1.

The Ne-like Se result has been
|soe|ectron|cally scaled to higher Z ions. Y29+
has shown gain at 155.0 and 157.1 A, whilst
Mo32+ hasiroduced a gain of 4 cm'! at 131.0
and 132.7 A (Ref. 12). Cu'9+ and Ge22+ have
shown gain near 280 and 230 A in experiments
carried out at the Naval Research Laboratory.13
Also experiments performed at the Centre
d'Etudes de Limeil-Valenton!'4 have
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Figure 2. The scaling of intensity of the 206.38-A
Ne-like Se J = 2 - 1 transition with target length.
The1data can be fit to a small signal gain of 4.0
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demonstrated gain at 164.1 and 166.5 A in a
plasma of Sr28+. The observed gains and gain
lengths for all of the experiments mentioned are
summarized in Table 1 along with the
experimental conditions.

One observation to be made from Table 1 is
that the required pump laser intensity is
increasing very rapidly as the wavelength of the
lasing transition is reduced.'5 The increase in
irradiance between Se24+ and Mo32+ was from
7 x 1013 to 4 x 1014 W cm-2. So far attempts to
produce gain in the 80 to 100 A region, with
Ag37+ at irradiances of up to 1016 W cm-2, have
been unsuccessful.1® To obtain gain near 43.76
A, with a 3p - 3s transition in a Ne-like ion, would
require Gd54+ with an estimated irradiance in
excess of 10'® W ¢cm 2. Such an irradiance
would be difficult to produce over a long line
focus with currently availabie laser drivers.

A further observation to be made from Table 1
is that the J = 0 - 1 line (E(0-1)) has not been
observed to have a significantly higher gain than
other transitions, in contradiction to predict-
ions2-4.6, The explanation for the low gain on the
J =0 - 1 line is still not understood.

Nickel-like Schemes

The concept of a Ni-like 4d - 4p analog to the Ne-
like 3p - 3s scheme has been described in the
literature16-18 and has recently been demon-
strated experimentally19-21, The population
inversion necessary for amplification is produced
between the 3d%4d and 3d%4p levels, the latter
level then decays radiatively to a 3d'0 Ni-like
closed-shell ground state. Because of the larger

splitting between the 4d and 4p levels (compared
to that between the 3p and 3s levels of a Ne-like
ion with the same ionization potential), the
wavelengths of lasing transitions are significantly
shorter than those of Ne-like ions produced with
the same heating laser intensity.

A Ni-like laser was first demonstrated9.20 with
Eu35+ produced by the irradiation of a thin (60 ug
cm-2) foil of EuF, by two superposed beams of 2w
light with a total irradiance of 7 x 1013 W cm-2,
This irradiance was similar to that used to
produce lasing transitions near 200 A in Se24+
during the first Ne-like experiments; however, the
4d - 4p lasing transitions observed from the Eu35+
were at 71.00 and 65.83 A

Figure 3 shows details from the spectra of
different length EuF, targets, in the region near
the lasing lines. The two J = 0 - 1 lines are
observed to increase at a rate faster than linear
as the target length is increased whilst other (non-
lasing) lines increase linearly or at a rate less
than linear. Fitting the scaling of line intensity to
Eq. (2) resulted in gains of 1.1 and 0.6 cm"1 for
the 71.00 and 65.83 A lines, respectively. These
measured gains were in good agreement with the
predicted gains from detailed caliculations19.

Two other Ni-like 4d-4p lines were identified at
100.39 and 104.56 These are the

9 9

3d 524ds5) 2- 3d 524pap) 1, J=2-1, and the
9 9

3d s24ds5)¢ - 3d s24pap )y, J = 1-1, transitions,

respectively. Although these lines were observed
to be bright, in an axis spectra, their length
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Figure 3. Details from on-axis spectra of EuF,
targets of various lengths, showing the
exponential increase in intensity of the J = 0 - 1
line at 65.83 and 71.00 A with target length.
Reproduced with permission from Ref. 20.
Copyright 1987, The American Physical Society.




Table 1. Summary of achievements to date with neon-like schemes.

lon  Transition MA) Target Areal iradiance Apump Gain Gain Ref
Density (Wem?) um em™ Length
(gem?)  (Pulselength)
cul9+  A(2-1) 279.31 1200 6x1012 1.05 1.7 2.7 13
B(2-1) 284.67 (2ns) 1.7 2.7
E(0-1) 221.11 2.0 3.2
Ge22+  A(2-1) 232.24 Solid 6x1012 1.05 4.1 6.2 13
B(2-1) 236.26 (2ns) Blend Blend
E(0-1) 196.06 3.1 4.6
Se24+  A(2-1) 206.38 45 7x1013 0.53 4.0 16.0 9,10
B(2-1) 209.78 (0.5ns) 3.8 15.2
C(2-1) 262.94 3.5 11.8
D(1-1) 220.28 2.2 9.2
E(0-1) 182.43 2.4 96
Sré8+  A(2-1) 164.1 90(SrF2) 1.4x1014 0.53 4.4 9.7 14
B(2-1) 166.5 (0.5ns) 4.0 8.8
E(0-1) 159.8 Blend Blend
Y29+ A(2-1) 155.0 47 1.4x1014 0.53 ~4 ~ 11 -
+ E(0-1) (0.5ns)
B(2-1) 157.1 ~4 ~11
Mo32+  A(2-1) 131.0 88(MooN) 4x1014 0.53 4.1 71 12
B(2-1) 132.7 {0.5ns) 4.2 7.3
D(1-1) 139.4 2.9 5.0
E(0-1) 141.6 0 0
F(0-1) 106.4 2.2 38
Ag37+  A(2-1) 99.3 > 1015 Prediction only
B(2-1) 100.3 Prediction only
E(0-1) 122.7 Prediction only
F(0-1) 815 Prediction only
Transitions: A(2-1) 2p53/23p3/2)2 - 2p53/23s)1
B(2-1) 2p51/23p3/2)2 - 2991/238)1
Cc(2-1) 2p%3/23p1/2)2 - 2p93/235)4
D(1-1) 2p53/23p372)1 - 29037238}
E(0-1) 2p51/23p1/2)0 - 2P°1/235)4
F(0-1) 2p%3/23p3/2)0 - 2p°3/235)4

scaling was close to linear (o« ~ 0).

This

observation was in contradiction to calculations!9
which predicted gains of order 1 cm-1 on both
lines. A possible reason for the lack of gain on
these lines could be that the plasma electron
temperature is lower than in the calculation.22
Just like the J = 2 and J = 1 levels in Ne-like ions,
these lines should be fed by many processes, but
a significant contribution should come from

dielectronic recombination from the cobalt-like ion
stage which would be reduced by a lower
electron temperature. Another possibility is that
trapping by self-absorption of photons from the 4p
- 3d dump lines are elevating the population in
the 4p state. This process would discriminate
againstthe J=2-1and J =1 - 1 compared to the
J = 0 - 1 lines due to the ratio of the statistical
weights of the upper and lower levels being




larger for the former transitions. The population
inversions, and hence gains, ofthe J=2-1 and J
= 1 - 1 are atfected more by a change in the lower
level population than are the J = 0 - 1 transitions.

The Ni-like scheme is particularly attractive
because it should allow extrapolation to
wavelengths close to 44 A without a prohibitive
increase in pump power. Figure 4 shows the
scaling of the wavelengths of the four most
prominent Ni-like 4d - 4p lines with nuclear
charge. The shorter wavelength J = 0 - 1 line
(65.83 A in Eu) is the most promising candidate
fora 44-A laser. Boththe 65.83 and 71.00 A, J =
0 - 1 transitions originate from the same level.
The main reason for their different gains is that, in
Eu35+, the 65.83-A line has a smaller oscillator
strength. Aithough this line has less gain than the
71.00-A line in Eu, it's oscillator strength becomes
larger than that of the longer wavelength J =0 - 1
at a nuclear charge of 70 (Ref. 23). At a nuclear
charge near 74 (tungsten), the oscillator strength
of the shorter wavelength line (at 43.16 A) is a
factor of two larger than that of the longer
wavelength line.

The extrapolation of the Ni-like scheme to
higher Z has been investigated in experiments2!
with Yb42+, Targets of 100 ug cm-2 of Yb on 10 pg
cm-2 of CH were irradiated with 1.4 1014 W ¢m-2
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Figure 4. The scaling of the wavelength of the
four most prominent Ni-like 4d - 4p lines with
nuclear charge.

ina 1-ns pulse. The J =0 - 1 lines analogous to
those in Eu35+ were observed at 50.26 and 56.09
A. The 50.26 A, J = 0 - 1 was observed to
increase with target length, consistent with a gain
of 1.2 £ 0.4 cml. The measurement of gain on
the second J =0 - 1 (at 56.09 A) was complicated
by the presence of nearby lines making its
identification difficult for short length targets.
Detailed calculations predicted gains up to 9 cm-!
on both of the J = 0 - 1 lines for the target and
irradiance conditions used in the experiment.
However, using a new version of the LASNEX
hydrodynamics code, which produces lower
electron temperatures, leads to gain predictions
of order 3 cm-1 for both lines. The predicted
gainsontheJ=2-1and 1 - 1 lines are reduced
in the new calculations and in good agreement
with the near zero gains observed on these
lines.22 The experiment and calculation are not
in serious disagreement. Due to the uncertainties
in the electron temperatures produced by the
calculations, it is possible that the temperature in
the experiment is lower than we think. Hence, it is
possible that the J = 0 - 1 gain can be increased
by increasing the pump laser irradiance, as will
be attempted in future experiments.

Table 2 lists the Ni-like 4d-4p laser lines
observed to date. Aiso shown in Table 2 are the
predicted wavelengths of the analogous short
wavelength J = 0 - 1 transition in tantalum,
tungsten and rhenium. These elements should
produce lasing transitions near 44 A with
predicted pumping irradiances in excess of 4 x
1014 W cm2, Preliminary experiments at lower
irradiance16 have produced under-ionized
plasmas not suitable for observation of
amplification near 44 A. Future experiments will
be able to irradiate targets up to 2 cm in length
with in excess of 4 x 1014 W cm-2 and, hence,
make a measurement of gain possible.

A Ni-like Ta x-ray laser would saturate at an
output power of approximately 3 x 1011 W c¢cm2,
where saturation is defined as the rate of
stimulated emission producing a two-fold
reduction in the small signal gain. If a 100 um by
100 um output aperture and emission time of 200
psec are assumed, the laser wouid produce at
least 6 mJ. If the divergence of the x-ray laser
were 1 mrad by 1 mrad, then 17 gain lengths
would be required to reach saturation and the
laser would have about 500 transverse modes.
Recent calculations22 indicate that gains of order
5 cm-1 should be achievable with Ni-like W.
Hence, a Ni-like Ta or W x-ray laser of 4 cm
length could be capable of providing of order 10
uJ per transverse mode. This energy would be
sufficient to expose high-resolution photo resists
such a polymethyl methacrylate which requires of




Table 2. Summary of achievements to date with nickel-like schemes.

fon  Transition MA) Target Areal {rradiance Apump Gain Gain Ref
Density (Wem'2) (um) (cmy Length
(ugem?) (Pulselength)
EudS+  A(2-1) 100.39 60 7x1013 0.53 0.1 - 20
B(1-1) 104.56 (1ns) -0.1 -
C(0-1) 71.00 1.1 3.8
D(0-1) 65.83 0.6 2.1
Yb42+  B(1-1) 84.40 110 1.4x1014 0.53 1.0 . 21
D(0-1) 50.26 (1ns) 1.2 2.0
Ta%5+  D(o-1) 4483 > 4x1014 Prediction only
w46+ D(o-1) 43.16 > 4x1014 Prediction only
Re47+  D(0-1) 4154 > 4x1014 Prediction only
Transitions: A(2-1) 3d9,24d5/2)2 - 3d%/24P3/2)
B(1-)  3d95/24ds5/2)1- 3d%24P3/2)4
C(0-1) 3d93/54d3,2)0- 3d95/04P3/2),
D(0-1) 3d93/04d3/2)p - 3d93,24P1/2)4

order 0.1 J cm2 (Ref. 24). Therefore, it should be
possible to perform Gabor holography on smalil
(~ a few um) samples using such a source of x-
rays.2425 Such an x-ray laser would probably be
pumped by 8 beams of the Nova laser (32 TW of
power); however, experiments to demonstrate
gain in Ni-like Ta and W will be attempted in early
1989 using the Nova Two Beam Chamber Facility
with up to 8 TW of pump power.

A natural analog to the Ni-like 4d - 4p laser is
the Nd-like 5f - 5d laser.23 The Nd-like ground
state is a closed 4f shell with a total of 60 atomic
electrons. The electron collisional excitation rate
between the 4f and the 5f levels for ions such as
U32+ has been calculated to be large enough to
pump a 5f - 5d population inversion. The
candidate lasing transition in U32+ s at
approximately 70 A. Unfortunately there are not
enough elements in the periodic table to scale
Nd-like systems to significantly shorter
wavelength. Their chief advantage is that a Nd-
like system miiht produce a very efficient x-ray
laser near 70 A with pump laser irradiances as
low as 1013 W cm2, Some experimental work
has been performed at Lockheed Palo Alto, on
laser irradiation of high Z elements such as U, but
to date no clear evidence of the production of the
Nd-like ion state has been observed.26

Recombination Schemes

Table 3 summarizes demonstrations of
amplification ir recombination pumped schemes
published to date. The schemes are separated
into lithium- and hydrogen-like schemes. In both
schemes, the dominant pump mechanism is three
body recombination from the next ionization state.
The higher principal quantum number states are
favored by three body recombination (which
scales as n4) and hence, if the recombination rate
is fast enough, high n states can become inverted
relative to low n states that are strongly coupled
radiatively to the ground state. In Li-like
Al, amplification has been demonstrated on the 4f
- 3d and 5f - 3d transitions27-29 and recently
extrapolated to the 4f - 3d in silicon.29 In H-like C,
the 3 - 2 transition at 182 A has been amplified up
to 8 gain lengths in experiments performed at
Princeton University.30.31 The same scheme has
produced 3.7 gain lengths at Rutherford Appleton
Laboratory and been extrapolated to 81 A in F8+
with 2.8 gain lengths being reported.28

In order to obtain a fast recombination rate, two
methods have been used. In both, the objective
is to heat the lasant material so that it is stripped
beyond the ion state required, then cool it rapidly
whilst keeping the density high so that rapid




Table 3. Summary of achievements to date with recombination schemes.

lon  Transition MA) Target Irradiance Apump Gain Gain Ref
(Wem?) um (cm™y Length
(Pulselength)
Ll
A110+  s51.3d 105.7 Solid 4x1012 1.06 1.0 2.0 27
{2.5ns)
A110+  41.3d 154.7 7 um fibre 1.7x1014 0.53 3.0 2.0 28
51-3d 105.7 (120ps) 3.0 2.0
A110+  41.3d 154.7 Magnetically 2x1013 10.6 35 3s 29
confined laser- (50ns)
sill+ 41-3d 129 produced plasma  2x1013 10.6 1.5 15 29
(50ns)
H:-Like
cS+ 3-2 182 Magnetically 5x1012 10.6 8.0 8.0 30,31
contined laser- (75ns)
produced plasma
cS+ 3-2 182 7 um fibre 1.5x1014 0.53 4.1 3.7 28,32
(70ps)
F8+ 3-2 81 7 um fibre 5.7x1014 0.53 55 2.8 28
(70ps)

recombination occurs. The technique used at
Princeton29-31 heats the plasma using a long-
pulse (75-ns) CO2 laser, the plasma then fisws
into a region where it is confined by a strong
magnetic field (30 kG) which keeps the electron
density high (1018-1019 cm-3). The plasma then
cools through radiation, either from the lasant
ions or from added high-Z impurities such as Fe.
This technique was used to produce a H-like C
amplifier of 8 gain lengths.30.31 The pulse of
amplified spontaneous emission at 182 A was
observed to have a time duration of 10-30 ns and
a total energy of 1-3 mJ (Ref. 31).

in the experiments at Ecole Polytechnique2?
and Rutherford Appleton Laboratory,28.32 the
mechanism employed was a combination of
short-pulse laser irradiation of a solid target
followed by cooling through adiabatic expansion
of the almost cylindrical plasma. In the Ecole
Polytechnique experiments, the targets were
slabs of Al and a 2.5-ns irradiating pulse was
used. For the Rutherford Appleton Laboratory
experiments, the targets were, typically, 7-um-
thick carbon fibres, either bare or coated with the
lasant material, irradiated with 70-ps puises. The
fibres were irradiated symmetrically so that the
plasma formed a cylindrically expanding amplifier
medium.28.32 At Nova, targets consisting of 50 pg

cm-2 thick, 100 um wide strips of the lasant
material, sandwiched between two 5 ug cm-2 thick
CH foils have been used in similar experiments.
Al strips have been irradiated with up to 2.5 x
1014 W cm2 in 120-ps pulses, but the resultant
plasma was only ionized to H-like Al (Ref. 33).
Hence the possibility of pumping an inversion in
H-like Al by recombination from the fully stripped
state would require more irradiance. Similar
targets of CaF2 and Cr led to the identification of
the 4f - 3d transitions (at 57.7 A) in Li-like Ca and
Cr (at 38.6 A), but no observation of amplification
was made.

Since the cooling mechanism is adiabatic
expansion, it is necessary to use short pulse
irradiation so that the plasma is heated and
ionized beyond the required ion state whilst it stiil
has a small volume. The use of shorter puise
irradiation will therefore result in higher electron
density at the time of peak recombination, and
thus higher gain. Achieving high density during
recombination is particularly important for short
wavelength recombination x-ray laser schemes
since the recombination rate has to compete with
the spontaneous emission rate from the upper
laser level. In the near future, short wavelength
experiments with H-like and Li-like recombination
systems will be performed with irradiating pulses




as short as 20 ps. Candidates for operation near
44 A are H-like Mg at 45.5 A and Li-like Ti, 4f - 3d
at46.7 A.
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Observation of Extreme Ultraviolet Amplification in 3-2
(42~46A), 4-3(130.5A) and 5-4(305A) Transitions

in Laser Produced He-like Al Plasma

H. Kuroda, K. Muroo, K. Naito and Y. Tanaka

The Institute for Soilid State Physics
The University of Tokyo
Roppongi 7-22-1. Minato~-ku., Tokyo 106 Japan

Phone: 03-478-6811

To demonstrate the XUV stimulated emission process in
plasma produced by 100ps glass-iaser pulse, close to the water
window region, XUV and X-ray spectroscopic measurements are
done by adopting He-like Al 3-2, 4-3 or 5-4 transition scheme.
This scheme is simple and predictable by the spectroscopic

analysis, and suitable to demonstrate the induced emission of

the shorter wavelength than any other transition ever
attained.

First, intensities of 2p-ls, 3p-is, 4p-ls and 5p-ls
transitions of He-like Al in X-ray region, and those of 3-2,

4-3 and 5-4 transitions in XUV region were measured, at
various laser energy. Enhancements of XUV intensitie of 3-
2(42 .4 ~46A), 4-3(130.5A) and 5-4(305A) transitions were seen
compared to intensities of 3-1, 4-1 and 5-1 transitions as the

laser energy was increased. These enhancements were probably
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due to the induced emission process.

Next . intensities of 3-2 transition were measured at
various line-focus length, keeping the laser energy density as
constant. Intensities of He-like 3d-2p., 39-2s and 3s-2p
transitions drew exponentially compared to the finear growth
of transitions of lower ionized Al. These exponential growth
are found to be due to the induced emission ©process. Gain

coefficients are estimated as 4~lOcm—1
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12.8 eV Laser in Neutral Cesium
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Abstract

We report the operation of a saturated
12.8 eV (96.9 nm) laser in Cs vapor that
has an extrapolated small signal gain of
exp(83) in a total length of 17 cm. We
believe that lasing occurs from a core-
excited level embedded in the continuum
of the valence electron. The Ilaser is
pumped by soft x-rays from a
synchronous, traveling-wave, laser-
produced (2.5 J, 15 ps, 1064 nm) plasma.

Introduction

Recently, it has been the aim of several
research efforts to achieve lasing action
at wavelengths below 100 nm. In
gencral, successful efforts such as the
20.6 nm Se laser{1] have invaolved
transitions in highly ionized atoms
crcated within a dcnse laser-produced
plasma and have required kilojoule class
laser systems as pumping sources. In
this work, we report the first operation
of a new class of short wavelength lasers
in which the upper level of the lasing
transition is embedded in the continuum
of thec valence electron[2]. Consequently,
it requires less than a joule of pumping
encrgy to saturate the lasing transition.
We belicve that the upper level of the
laser is a core-excited level in neutral Cs
and is pumped by photoelectrons
generated by soft x-rays emitted from a
laser produced plasma. Core-excited

levels that are embedded within a
continuum usually autoionize on a
picosecond timescale, making the
accumulation of population difficult. But
this need not be the case; recent work by
Spong et al.[3,4] has shown, for example,
that there are many levels in neutral Rb
that have autoionization lifetimes
exceeding 10 ps and several that exceed
100 ps. Such long lifetimes can result
either from angular momentum and spin
selection rules that to first order
prohibit  autoionization, or from
fortuitous radial matrix element
cancellations. The possibility of using
such levels to make extreme ultraviolet
and soft x-ray lasers has been noted by
several workers[5,6,7]. The existence of
an inversion from an upper level
embedded within a continuum has been
inferred from fluorescence intensity
measurements by Silfvast et al.[8].

Spectroscopy

An energy level diagram of the Cs 96.9
nm laser system is shown in fig. 1. The

117,702 cm-! energy of the upper level
has been measured by vacuum
ultraviolet absorption  spectroscopy

[9,10], and the energy of the 5p65d
2D 5,5 lower level is well known[10). The
difference, 96.897 nm, agrees with our
measured emission wavelength of 96.86 *
0.05 nm. The upper level designation is




based upon a comparison of a computer

generated ground state absorption
spectra, using the RCN/RCG atomic
physics code developed by Robert

Cowan[11), the known absorption spectra
of Connerade[9], and the ejected electron
spectra of Pejcev et al[12].

CESIUM
117 702 cm! 5pS5d6s 4D,
(14.6 eV)

=0.7 *D,, (5p°5d6s)
+0.7 %D, (5p55d?)
+0.15 2P, , (50506s)
- 0.15 2P, (5p56p?)

electron 96.9 nm

pumping laser

faps = 0.07 fiaser = 0-0035

Al lifetime = 60 ps
spontaneous lifetime = 40 ns

31 407 cm™ '\

) 6 1 M
3353 5p® 'S, Cs

14 499 cm*! 5p°5d 2Dy

(1.8 8V)

0cm? 5p%6s 2S,,,

Figure 1. Energy level diagram of
neutral Cs

The four largest components of the
code generated eigenvector of the wupper
level are shown in fig. 1. The two large
quartet terms, arising from the S5d€s and

the 5d2 configurations, allow the level to

have a relatively long autoionization
lifetime, while the doublet terms allow
for large pumping and laser oscillator

strengths. It should also be noted that of
all the core excited levels in the 90 nm to
120 nm region of the neutral Cs spectra,
this level has the most favorable
combination of code calculated lifetime,
pumping cross section, and gain cross

section with respect to achieving laser
action.
The relatively long spontaneous

decay time of 40 ns yields a branching
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ratio to radiation of 0.0014. Therefore, it
should be very difficult to observe
spontaneous emission from this
transition. Significant outputs will occur
only if the upper level is excited very
rapidly and the stimulated emission rate
exceeds the autoionization rate.
Experimental Arrangement
In our experiments, rapid excitation is
provided via an intense 15 ps laser
pumping pulse. The pulse is focused by a
cylindrical lens onto a target which
resides within a Cs heatpipe cell. At the
surface of the target, a hot plasma is
created which radiates incoherent soft
x-rays and, in the process, photoionizes
the surrounding Cs vapor. The resulting
photoelectrons may then collisionally
excite the 96.9 nm laser transition. In
order to achieve large single pass gains
with this excitation, it is necessary that
the length of the line focus be extended
to several cm. However, the short
autoionization lifetime of the upper level
and the finite transit time of the 96.9 nm
radiation through the gain region limit
the useful length of the line focus,
unless a traveling-wave excitation is
used.

The synchronous traveling-wave
excitation used in this experiment is
shown schematically in fig. 2.

15 ps, 254
compressed
puise

1200 groove/mm
grating

Figure 2. Grating-assisted, traveling-
wave geometry




The geometry is a modification of that
used by Sher et al[13] for the Xe 108.9
nm Auger laser. A 2.5 J, 15 ps, 1064 nm
pulse is incident upon a cylindrical lens
at 65 deg from normal and is focussed
onto a target which is parallel to the
lens. The large angle of incidence
expands the length of the line focus by
1/cos(65) = 2.4, producing a 17 cm long
plasma. By itself, this geometry would
produce a plasma sweeping along the
target at a speed of c/sin(65) = 1.1 x ¢,
resulting in a synchronism mismatch of
3.1 ps per cm of target length. In this
experiment, however, the 15 ps long
pulse is formed by chirping a mode-
locked 1064 nm pulse in a fiber,
amplifying it in Nd:YAG and Nd:glass
stages, and compressing the resulting
120 ps pulse with a parallel grating
pair[14]. The second grating of this pair
is tilted off true parallelism by 2.3 deg so
as to produce a tilted wave front[15] that
exactly compensates for the group
velocity lead of the oblique geometry.
The result is a2 plasma, and its associated
pulse of soft x-rays, which travels along
the target at the speed of light.

The Cs heatpipe target chamber was

operated at a Cs density of 6.3 x 1016 c¢m-3
The surface of the stainless steel target
rod is grooved at a pitch of 43 per cm and
during the experiments is wet with
liquid Cs. Radiation from a ~lcm region
in front of thc target was collected by a
Im normal incidence spectrometer and
detected by a microchannel plate having
a 600 ps time resolution. Thin films of In
and Al, and LiF windows were used 10
check for possible grating second order
and ghost signals., For wavelength
measurements, the 96.9 nm laser beam
was scattered from two ground glass
plates before entering the spectrometer.

Results

Small signal gain was determined by
measuring the relative 96.9 nm energy
as a function of plasma length for short
sections of the target and fitting the
data to the functional form for
frequency-integrated superfluorescence

output{16]. The Ilength was varied by
masking the input plasma producing
beam. The gain was measured at several
sections along the 17 cm target and was
uniform, averaging 4.9 cm-!. This yields
a total extrapolated small signal gain of
exp(83). A typical gain measurement is
shown in fig. 3.

40000 [

gain = 4.9 cm-1
pressure = 4 torr
excitation: 2.8]J, 15ps, 1064nm

30000 |

20000 |

Signal (rel. units)

Length (cm)

Figure 3. Small signal gain measurement

The solid line represents a computer
generated fit to the superfluorescence
function. Fig. 4 shows the dependence of
the 969 nm output energy on total
plasma length. The linear increase after
4 cm clearly indicates saturation of the
transition. In this case, a 4 cm plasma
length corresponds to only 400 mJ of
pump energy on target.

The absolute output energy was
measured with an Al vacuum photodiode

and a calibrated In filter to be 1.5u].
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Figure 5. Streak camera output of 96.9
nm radiation
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Signal (rel. units)

The temporal profile of the full length
output is shown in fig. 5. The
measurement was made with a Kentec x-
ray streak camera equipped with a KBr
coated In photocathode. The resolution of
the camera is ~20 ps.

gain (cm-1)
i

0 2 4 6 8 10 12 14

Pressure (torr)

Figure 6. Gain vs. Cs pressure
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Figure 7. Small signal output vs. Cs

pressure. 2 cm plasma length




Using a two dimensional vidicon detector
placed ~1! m from the end of the plasma,
the beam divergence was estimated to be
< 2 mrad. ‘

Variation of small signal gain with
ambient Cs pressure and of small signal
output with Cs pressure is shown in figs.
6 and 7. Taken together, these curves
imply that the ambient Cs absorption
cross section at 96.9 nm is 0.3 x 10-18
cm?2,

Several experiments were performed
to test the importance of synchronous
traveling-wave pumping. The grating
angle and target angle of incidence were
changed to produce a group velocity lead
for the traveling excitation of 10 ps per
cm of target length. For this condition,
the output signal for a 2.4 cm plasma
length was reduced by a factor of 525,

and the gain was reduced to 1.8 cm-1.
Using synchronous pumping, we also

compared the 96.9 nm gain using the
normal 15 ps pumping pulse and an
unchirped 190 ps pulse of the same

energy. The result is shown in fig. 8. The

20000
Energy on Target =2.2J
15000 [
Short Pulse = 15 ps—7]
-~ Gain = 4.6 cm-1
.'2 Long Pulse = 190 p4
=] Gain = 3.2 cm-1
=
-E- 10000
)
A
=
=
20
w
5000 |
0 N
t.0 1.5 2.0 2.8

Length (cm)

Figure 8. Small signal gain for long and
short pulse excitation
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signal levels of the 90.1 nm Cs Il
resonance line and the 63.8 nm Cs IlI
resonance line were wunchanged for
short and long pulse excitation,
indicating that the laser signal
reduction with longer pulse pumping
should not be attributed to reduced x-ray
conversion.

Discussion
The measured gains are in good
agreement with simple estimates of

photoelectron pumped gain. For our 1064
nm power density on target of 1.5x10!2
Wcm-2, assuming that only 3% of the
1064 nm laser energy is converted 1o
soft x-rays, the resulting laser produced
plasma will have an effective blackbody
temperature of 25 eV. At a distance of
Imm from target, the flux from this
blackbody will <create, in Cs, a
photoelectron density of about 1016 cm-3
with a Maxwell-Boltzmann temperature
of ~30 eV. At this temperature, the
RCN/RCG code calculates a temperature-
averaged electron excitation times
velocity product for the upper Ilaser
level of 3.5 x 10-9 cm3sec-!. Using the
calculated wupper level autoionizing
lifetime of 62 ps as the effective
pumping time, yields an upper level
population density of 1.4 x 10!4 cm-3.
This is consistent with experiments
demonstrating that laser-produced
plasmas can produce populations in
excess of 1014 cm 3 in metastable levels
embedded within a continuum([17]. This
upper level population times the
calculated gain cross section of 1.7x10-14
cm? gives a gain coefficient of 2.4 cm-!,
assuming the lower level is empty, as
compared to our measured value of 4.9
cm-!. The autoionization lifetime and
oscillator strength calculated by the
RCN/RCG code can vary by about a factor
of two depending on the relative energy
spacing used between the S5d6s, 542, and
6p2 configurations. Direct excitation by
the plasma soft x-rays may also play a
role in the production of upper level
population.




The above calculation assumes that
the lower level of the laser transition is
empty. However, current calculations
indicate that electron rates into the
lower level are larger than those into
the upper level, and that electron
collisional rates out of the lower level
alone cannot empty the level and
produce an inversion. The mechanism
by which the population of the lower
laser level is reduced below that of the
upper level has not been determined and
is critical to the understanding of this
system. A 1064 nm two-photon transition
to the continuum, with the 4f wvalence
level as an intermediary, may play a role
in this process. We also note that, in
principal, for levels embedded in a
continuum, Fano type interferences
between autoionizing lines{18] that
cause a cancellation of absorption and
allow stimulated emission without
inversion[19,20]. However, no such lines
appear to exist in the correct proximity
of the 117,702 cm"1 4Dy upper level.

The predicted poor radiative yield of

the upper laser level implies that it
should be difficult to observe 96.9 nm
spontaneous emission, Using a very

short, 0.6 cm long, plasma in the same
cell, we were unable to observe 96.9 nm
radiation, and estimate that its intensity
was at least a factor of 40 smaller than
the 90.1 nm Cs II resonance line, a factor
of 60 smaller than the 63.8 nm Cs III

resonance line, and a factor of 40
smaller than the 87.5 nm Cs IV
resonance line, all of which we

observed. Emission at 96.9 nm may have
been observed from a discharge in
earlier work at a signal level ~200 below
the 90.1 nm Cs II resonance line[21].
Although difficult to detect unless
large gains are present, lasers of this
type have some intrinsic advantages
over short wavelength lasers created in
highly stripped laser plasmas{1). The
most striking is the 100 fold or more
reduction in pump energy required to
produce large single pass gains. Because
the upper level is at a much lower
energy than it would be in a typical
ionic species, it can be pumped by much
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cooler electrons. The lower electron
temperature and excitation energy can
yield a much larger cross section for
excitation. This, in addition to the lack of
energy lost to ionization, results in much
lower pumping requirements.
Furthermore, since the lasing media is
an atomic vapor, plasma diffraction
effects that can limit the gain
interaction region and beam quality, are
ns longer present. This is evident in our
long interaction length of 17 cm and our
estimated beam divergence of < 2 mrad.
Finally, in order to take advantage of
the possibility of long gain regions, it is
necessary to use a traveling-wave
excitation. We found that the highest
gains were obtained with an excitation

that traveled across the surface of the
target with a velocity v = c. However,
in all our tests of gain vs. traveling-

wave, the speed at which the excitation

swept across the surface of the target
was greater than or equal to c¢. In
general, the group wvelocity in an

inverted media for a pulse on line
center is slower than the speed of light
in vacuum. It is therefore believed that
excitations traveling at less than the
speed of light may further improve gain.

Summary

We believe this is the first observation of
laser action on a transition having an
upper level embedded within the
continuum of an outer c¢lectron.
Extremely large gains were produced
using only 2.5 J of pumping energy, and
this fact bodes well for the extension of
this concept to even shorter
wavelengths.
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Summary

The results reported here, are time
integrated measurements of soft X-ray
amplification obtained with our new
experimental set-up involving a single
normal incidence multilayered mirror,
put at the rear of a 60mm laser-
plasma column. After a brief
description of the experimental
system, we report the first resuits
obtained at 10.57nm by comparing
intensities of single-pass ASE and of
double-pass with the mirror. The
target is a thin aluminum layer with a
thickness optimizing the population
inversion on lithium-like AlI+10 jons.
The pumping is produced by
recombination mechanisms during the
plasma cooling.

From the single to the double pass
X-ray beam, the Ilines exhibit
significant differences, both in peak
intensities and widths. First, double-
passing enhances the 10.57nm line
intensity much more than mirror
reflection would do without any
amplification by the plasma. Secondly,
and concomitantly, one observes a line
width decreasing of about 30%.

This is supposed due to a core size
decreasing of the zone emitting the
line. To explain how the cross-section
of the double pass beam can be reduced

2]

laser,

during propagation trough the plasma
column we suggest to consider the
focussing effects due to the gain
coefficient profile.

L. _Introduction

On the way to get a usable soft x-ray
significant advances have been
achieved since the first observations, ten
years ago, of Amplified Spontaneous
Emission (ASE) at 10.57nm in lithium-
like ions obtained with laser-produced
plasma and massive aluminum targets
(1,2) as well as at 18.2 nm in hydrogenic
carbon (3). Considering that a usable soft
X-ray laser would need a gain-length
product (GL) about 15 to 20, subsequent
efforts were done on both factors. Higher
G for different wavelengths, from some
tens to few nanometers, are continuously
searched through several kinds of
transitions using three basic population
inversion schemes: recombination during
plasma cooling, collisional excitation (4)
and the more hypothetical direct pumping
by X-ray. Large L were first obtained
through a direct increase of the length of
the plasma column to reach now several
centimeters in some experiments. First
suggestions to increase the effective
path length by a double pass using normal
incidence X-UV multilayers mirror came
in 1984 (5) on the basis of reflectivity




achieved by such mirror (6,7) and gain
measurements obtained by comparing ASE
from plasma of different lengths. Even
few percent of reflectivity at the rear of
a plasma column produce a noticeable
effect so long as the mirror orientation
is correct and as well as the variation of
gain lifetime matches the extra pass
length introduced by reflection. In fact,
investigation of line shape and intensity
change with and without rear mirror is a
very efficient test of GL increase with
only shot to shot comparisons for iden-
tical plasma column characteristics.
With time component resolved measu-
rement, a single shot gives a direct
access to the time dependent gain-length
product by comparing relative intensities
of the time components: the direct and
time delayed reflected beam. Until now
only two experiments have successfully
observed path length increase with such
half cavity mirrors (8,9). More recently
(10), an additional semi-transparent
multilayer has been introduced as a beam
splitter in front of the plasma to get
three pass amplification and test the
feasibility of real X-ray laser cavities.
Beside the intensity increase itself,
line shape and divergency variation of
amplified beam are interesting features

to observe as signs of coherence modifi-
cation.

The results presented here are time-
integrated measurements obtained with
our new experimental set-up and a single
normal incidence multilayered mirror put
at the rear of a 60mm laser-plasma
column (11). After a brief description of
the experimental system, we will report
the first results obtained at 10.57nm by
comparing single-pass ASE and double-
pass using the mirror. The target was a
thin aluminum layer, able to optimize the
population inversion on lithium-like
AI+10 jons which are pumped by
recombination during the plasma cooling.

2. Experimental set-up
2.1. Plasma production.

Cylindrical P4
lens

Detector

]

)
]
’

Figure 1. The geometry pof the five
beam experiment is indicated on this
scheme. The central beam 1is
horizontal, all the laser beam axes
are contained in a vertical plane and
have a 22°5 angular separation. The
Nd laser pulse (1.06um, 5 x 100 J,
2.5 ns) 1is focused on a 60mm
horizontal line by five cylindrical
lens. The spectrometer plane is
horizontal.

The figure 1 shows the geometry and the
main characteristics of the new five
beam Nd-laser experiment recently
installed at the laboratory facility LULI.
In our case the wavelength is1.06 um and
the pulse duration 2.5 ns. Focussing on a
single side of the target was achieved by
using cylindrical lenses plus square
diaphragms to insure illumination homo-
geneity along the focal spot line. The
focal spot was a rectangular surface 64




mm x 200 um; the estimated power was
2 x 1012 W/cm2 which is sufficient to
ionize the plasma up to He-like ions
which will recombine to Li-like ions.

Although massive aluminum slab
target have been used for preliminary
studies of the aluminum spectrum and
monochromator tests, the results
reported here were obtained with a 100
nm aluminum layer evaporated on a thick
standard commercial polymer. The alu-
minum layer thickness has been chosen
with the help of calculation performed
with an hydrodynamical simulation. This
corresponds to a thickness slightly
smaller than the ablation length. That
minimizes the density of the aluminum
plasma between active plasma and the
target surface, in view to help to a radial
escape of photons better than in the case
of massive target. This is necessary to
avoid radiation trapping effect which
destroys the population inversion by
pumping from the ground level to the
lower level of lasing transition.

2.2. Soft X-ray spectrometer.
The figure 2 presents a scheme of the
optical system showing the spectro-
meter, the plasma column and the multi-
layered mirror.

it is known that, among the X-UV light
emitted when looking axially at a long
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Figure 2. Scheme of the
spectrometer, plasma column and
mirror arrangement. Thé distance
between each element is indicated.
All indicated lengths are in milli-
meter. Typical slit widths are: 450um
for the exit slit S and 300um for
the entrance slit Sj.

plasma column ,the lines for which the
plasma does amplify radiation have a
noticeable direc-tivity. So an impro-
vement of sensitivity to amplification
phenomena will be obtained if the

spectrometer is designed in order to
1,1
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Figure 3. Divergence variations,
and corresponding line widths, of the
10.57nm line for the spectrometer
arrangement shown on Fig.2. The
divergences and line widths, versus
the entrance slit Sj, correspond to a
S1-S2 distance 1000mm and a fixed
exit slit width 400pm.

focus more efficiently the parallel rather
than the divergent light.

To increase the sensitivity to parallel
light our grazing incidence grating
spectrometer works on a focalisation
circle which is the half of the classical
Rowland circle as indicated on Fig. 2.
With such an optical scheme, only the
parallel light falling on the grating is
perfectly focussed on the focalisation
circle where the detector is located.

In the present experiment the detector
was a flat scintillator of 12mm length
coupled to an Optical Multichannel!
Analyzer (OMA), which gives time-
integrated flux measurements. The OMA,
has a 25u linear resolution matching the
dispersion of the grating ( 900 grooves-
/mm, curvature radius R = 4675 mm,
grazing angle of 10°50).

Optical calculations show that, for a
beam falling on the grating with a diver-
gency ©, the instrumental line width is:
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A\ (nm) = 0.208 x © (mrad) (1)
Therefore, with a divergent source, the
resolution of such a spectrometer is
dependent on the distance d between the
S1 and S2 slits, represented on figure 2,
and to their aperture widths ,sq4 and s5.
in our experiment a typical sefting is to
vary only sp keeping fixed the slit
distance d =1000mm. The fixed s1 = 300
um value is the supposed plasma column
diameter. The full divergence for this
simple slit system is:
O (mrad) = 103 (s +sp)/d (2)
For a range of typical slit width s2, the
theoretical line width and the divergence
are plotted on the graph Fig. 3, as
deduced from Egs. 1 and 2. These values
will be used later to discuss the results.

2.3. Multilayered mirror.

The mirror was a spherical blank, radius
of curvature 60mm, coated with
tungsten/carbon multilayer (12). A
shutter near the mirror surface can be
opened or shut from shot to shot in order
to compare the spectra corres-ponding
respectively to single- and double-pass.
In addition a screen with a 1mm hole
diameter is set on the plasma column
axis to avoid large surface mirror
damage. Slight movements of the blank
between two succes-sive shots permit to
use the same mirror for several shots.
The distance from the mirror to the
plasma end was of 30 mm, so the mirror
sphere center is just in the middle of the
plasma column length. The role of the
mirror curvature will be considered
later. This short distance makes easier
the alignment and relax the tolerances
for angular precision and stability. In our
case, assuming a 300 um diameter for
the active plasma, the angular precision
needed is no more than 2mrad. The proper
setting of the mirror is performed at
atmospheric pressure by the help of a
small He-Ne laser beam sent from the
rear of the spectrometer to the mirror
and coinciding with the plasma column
axis. Then the mirror is oriented until

coincidence between the incoming and
the reflected laser beam is obtained

The mirror has 15 tungsten/carbon
bilayers with a period adjusted to get
the theoretical 0.2nm halfwidth centered
on the 10.57nm line. On this spherical
multilayer none absolute reflectivity
measurement have been done for this
wavelength but, according to reflectivity
tests achieved at 0.154 nm, with K line
from copper X-ray tube on flat similar
mirrors, the real reflectivity at 10.57 nm
has been evaluated to 5% .

3. Experimental results,

Figures 4 a and 4 b, show spectra corres-
ponding respectively to single- and
double-pass in the region of the 3d-5f (A
= 10.57 nm) and 3p-5d (A = 10.38 nm)
transitions. From the single- to the
double-pass, these lines exhibit signi-
ficant differences, both in peak inten-
sities and line widths As observed
precedently at other wavelengths by two
groups (8,9), ones sees that double-
passing enhances the 10.57 nm line much
more than a simple mirror reflection
would do without any amplification by
the plasma. From the experimentally
observed enhancement the gain
coefficient can be deduced it the mirror
reflectivity is known. We find G = 0.5
cm-1. It is clear that a weaker intensity
enhan-cement affects the 10.38 nm line
for which population inversion is also
predicted.

Besides this main result one observes
an half width decreasing of the 10.57 nm
line, about 30%, from 0.17 to 0.12 nm as
indicated on Fig. 4. We comment this
point as follows

One can evaluate the geometrical
divergence of the beam emitted by a
plasma column diameter D and length L by
the usual 2D/L value. In our case that
would correspond to 6 mrad. But,
according to Eqs. 1 and 2 summarized on
the Fig. 3, the slit setting (sy = 300 um
s2 = 450 ym and d =1000 mm) leads to a
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Figure4. Comparison of intensities
and widths obtained with a single-
and double-pass for the two aluminum
lines 3d-5f (A = 10.57nm) and 3p-5d
A = 10.38nm) . The target is a 100nm
aluminum layer evaporated on a thick
polymer. The reflectivity of the
multilayer, for double pass spectra,
is about 5%.

0.75 mrad maximum divergence and a
theoretical half width AL = 0.16 nm. So
with sources having divergence larger
than 0.75 mrad the observed widths is
due to slit colli-mation and is quite
similar for all lines. With an experi-
mental uncertainty less than 10% this
corresponds to the 0.17 nm experimental
width obtained on the single-pass
spectrum without mirror. From the 0.12
nm half width observed on the double-
pass spectrum, through the same Eqs. 1
and 2, we can now infer a 0.5 mrad
divergence. This 30% in reduction

compared to the single-pass spectrum
needs to be explained.

At the present stage of our analysis it
should be more than hazardous to ascribe
the 0.50 mrad divergence to a
corresponding parallel beam produced by
the double-passing. Ancother hypothesis
to explain such divergence-reduction, is
the possibility to get a decrease from the
300 um in single-pass to about 100um in
double pass for the diameter of the
emitting of zone at the end of the plasma.
In such case the s{ = 300 um would not
be the effective entrance collimator, at
the contrary to the single-pass plasma
which has a diameter comparable to sq.

To explain a decreasing of the active
beam diameter in the double-pass case,
we can identify two possible reasons:
mirror focus-sing effect and beam
steering induced by a radial gradient of
index or gain. Although the radial
gradient index has not a perfectly
cylindrical symmetry and cannot be
modelled precisely, this effect has been
tentatively tested with the help of a 1-D
model and plane or spherical waves
coming out from different plasma points.
At the present stage of the analysis (11)
that leads to disregard a coarse geome-
trical effect due to the mirror shape. On
another side, the refraction index contri-
bution is also certainly negligeable in our
case, because the electronic density is at
least two orders of magnitude below that
which is known for inducing noticeable
effects. However one can have focussing
effects due to the gain coefficient
profile. The so-called lenslike medium
effect (13) should expiain the reduction
of the cross-section of the reflected
beam during the propagation through the
plasma column. Its magnitude has been
calculated for plasma column charac-
teristics close to the experimental ones.
Considering the gain lifetime of the
recombination system and the short
distance from plasma end to mirror we
supposed we don‘'t need to use time
dependent gain model or to take into
account time degradation for the mirror.




In such calculation our plasma was
considered in a steady state and the
radiation path was modelled through a
formal constant complex optical index,
the imaginary part of which being set in
such way to represent an ampilification
of the medium. We conclude that the most
realistic expla-nation for the importance
of the observed 30% width decreasing on
the 10.57 nm line in the double pass
spectrum is to suppose that the emissive
zone is reduced by comparison to the
single pass.

Conclusions

A new experimental set-up has been
organized to study the 10.75 nm line
which is now well known to present ASE.
Our first experiment had shown a large
amplification effect and also a noti-
ceable narrowing of the line-shape Such
new observations are due partially to
two main differences of the geometry of
our plasma experiment compared to the
other ones. The first is the long fength of
our plasma column; because beam
steering effact is a function of the
plasma length column The second is the
peculiarity of the optical scheme of the
spectrometer. At the contrary to the
Rowland circle and flat field optical
designs, which work well for point
source and divergent beam, our system is
more adapted to parallel light beam and
so to source with large depth like long
plasma columns. By comparison to the
other spectrometers used in similar
experiments, that means a better
coliection efficiency for the part of the
light emitted with low divergence than
for iso-tropic emission. So even if the
same pheno-mena were present in other
experiments, we were more able to
detect it with our new spectrometer.
The high sensitivity of this spectro-
meter to discriminate the divergence of
different components in a plasma
spectrum encourages us to pursue on this
way and to look more about coherence

effects in different plasma conditions.
The side illuminated thin foil target
permit to set mirrors cavity close to the
plasma ends without blocking laser
illumination. Combined with the long gain
life time, we can explore a maximum
number of path lengths with different
kind of double side cavity models. The
long 60mm length column increases also
the possibility of studying beam guiding
effects.

The recombination scheme we are using
is less demanding in laser energy than
the collisional excitation does and have
longer gain time life. This is specially
important to study shorter waveiength
lasing transitions without need of
exceptional powerful laser facilities.
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Short Wavelength Lasers: Something New, Something Old
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Abstract

Significant amplification in the EUV and soft x-ray spec-
tral regimes have been demonstrated recently at a num-
ber of laboratories using very high power ICF class lasers
as pump sources. We discuss in this paper the possibility
of developing short wavelength lasers on a smaller scale
by scaling the electron collisional scheme in nickel-like
ions to lower Z. Additionally, we examine population
inversions in neodynium-like ions as an alternate route
towards a small scale soft x-ray laser.

We consider specifically the design of a transieny
nickel-like molybdenum collisional laser based on a 4d —
4p transition near 194 A. Such a laser could be driven
by a 10 Joule Nd:glaes pump laser system. In addi-
tion we consider the extension of the electron collisional
scheme to neodynium-like U, in which the monopole-
excited 5f ~ 5d transition occurs near 71 A.

Introduction

During the past several years, progress in the area of
laboratory x-ray laser research has been made princi-
pally at laboratories specializing in inertial confinement
or magnetic confinement fusion research. Currently, suc-
cessful x-ray laser experiments generally involve teams
of experimentalists, theorists, major pump facilities and
sophisticated diagnostics.

No one has yet developed an x-ray laser at home in
their garage.

Laboratory x-ray laser systems are not commercially
available at this time from any company. If such systems
were easily available, one might imagine that they would
be used for tasks similar to those for which UV lasers are
currently employed, except at shorter wavelength.

The major point of this paper is to show that, at
least in principle, it should be possible to extend the
electron collisional scheme to lower Z to a regime ac-
cessible to small scale laser pump sources. Specifically,
that laboratory x-ray laser experimental research may
one day (soon) be considered within the realm of “small
science” (slthough perhaps still not accessible to a hob-
byist in his/her garage) through the use of the schemes
described here or through other methods.

Substantial effort has recently been focussed on the
physics of plasmas produced by very high intensity sub-
picosecond optical pulses. The argument has been made
that the requisite energy density for x-ray laser studies
can easily be produced and that the pump sources are
benchtop few joule systems. Precise details of how such
lasers might work in practice seems largely (except for
inner-shell photo-pumped schemes) to be determined.
In spite of an impressive array of talent and resources
currently involved in this work, there are no reports to
date of significant amplification in the EUV or soft x-ray
regime using short pulse techniques.

The present proposal concerns primarily the devel-
opment of a short wavelength (194 A) laser at the uni-
versity level. The method which we plan to use is a
version of the nickel-like excitation acheme, which at
shorter wavelengths (50-70 A) has been very success-
ful at LLNL,!~® scaled down to work with a “tabletop”
pump laser.

This work is motivated by a number of observations:

1. X-ray lasers which require very large drivers (pump
lasers) will be expensive and impractical for appli-
cations.

2. The nickel-like scheme is by now & “proven” scheme,
and is amenable to design using established com-
putational tools.

3. Recent advances in slab laser technology have led
to the development of high-power slab laser sys-
tems which can produce tens of joules of energy
per pulse at ten hertz.” The EUV laser which we
are proposing could in principle be used as a short
wavlength convertor for a high power slab laser to
produce a milliwatt average EUV output.

The extension of the electron collisional scheme to
neodynium-like ions® is also considered in this work. In
principle, one might expect that since the nickel-like sys-
tem works “better” (in the sense that amplification at
shorter wavelength is possible for a given laser inten-
sity), that working with neodynium-like ions (which are
analogs one shell further filled) would be better still.




We have begun an investigation of this suggestion, and
have found that due to the presence of metastable states
(which do not similarly degrade the operation of either
the neon-like®!! or nickel-like systems) the neodynium-
like ions are not as attractive as might otherwise be ex-
pected. Nevertheless, the collisional scheme in the Nd-
like sequence is sufficiently interesting to warrant further
investigation.

Applications

We have argued that exploration of short wavelength
(EUV) laser schemes which require relatively modest
pump sources is motivated by applications. In our field,
the question of precisely what applications are available
for x-ray lasers is often asked, and the answers are not
always obvious. For example, it is often said that x-ray
lasers will have a large impact in biology through holo-
graphic imaging of living cells, and that this task will
require a sub-44 A x-ray laser. This argument, whether
correct or incorrect, has for years and is currently driv-
ing research efforts in the field.

Our view is that ultimately a small-scale " benchtop”
x-ray laser system which is relatively cheap and easy to
use will have many uses for research in academia and in
industry.

Examples of potential applications include nonlinear
spectroscopy and mixing of EUV radiation with both
optical and EUV light. Such studies might be of interest
in a number of scenarios:

a. Actively driving resonant or ioniging transitions in
neutral or ionized atomic systems in order to study
population kinetics of interest for atomic physics,
astrophysics and short wavelength laser research.

b. Mixing EUYV light with EUYV light to produce very
bright sources at shorter wavelengths. Such mixing
would involve multi-photon transitions in moder-
ately stripped complex ions.

c. Mixing EUV with optical radiation to provide bright
tunable sources in the EUV.

Phase sensitive diagnostics and holographic probing
of thin (0.1 ) samples or surfaces may prove useful. We
envision solid state and biological samples. Although it
would not be possible to resolve atoms or molecules, ulti-
mately resolution on the order of a wavelength (200-300
A) should be attainable. These techniques should be
very sensitive in determining transverse profiles of ab-
sorbing monolayers on thin films. Time resolved imag-
ing of the surfaces of cells in vivo may be useful for the
biology community.

High intensity EUV radiation can in principle be
generated by focusing the output of a short wavelength
laser to a spot. Under such conditions one might expect
to create small very dense hot plasmas. It is possible
that multiphoton absorption of EUV radiation could be
demonstrated.

It is possible that the x-ray laser will find applica-
tions in the area of photodithography, specifically in the
areas of reduction or holographic lithography. An x-ray
laser source for this application would have to have a
very high average power (tens to hundreds of milliwatts)
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and a wavelength comensurate with che schemes under
discussion in this proposal.

Electron collisional excitation in nickel-like ions

The proposed system is based on the collisional excita-
tion scheme in low Z nickel-like ions in a dense laser-
produced plasma (although amplification in nickel-like
ions has been demonstrated at high Z,% there are no
reports of amplification at low Z due in part to difficul-
ties to be discussed shortly - the method which we are
proposing is in this sense novel). Nickel-like molybde-
num (see Figure 1), for example, has a monopole-excited
4d — 4p line which we estimate to be near 194 A. Al-
though the focus of our discussion will be on molybde-
num, we are interested in the isoelectronic ions of neigh-
boring Z.

350'{ Electron colisional monapole mm 3def
excitation scheme in Mo
3d 4f
300 ~
— Jdap
E 250 | AE=3i0eV
w
3d4s Nickel-like Mo
- 28 electrons
200 AE246eV Z=42
A\=50.4,
L L
| V\L
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Figure 1: Electron monopole collisional excitation scheme
in nickel-like molybdenum,

The nickel-like ions are attractive due to the rela-
tively large ratio between laser transition energy and
3 — 4 excitation energy. This means that the ions are
relatively easy to produce and excite at a given laser
wavelength, relative to other schemes at the same laser
wavlength. Nd-like ions have a ratio which is even more
favorable.

In nickel-like ions, electron collisional excitation of
the 3223p3d1° ground state can lead to substantial pro-
duction of population in the 3s?3p®34°4d 1S, state. This
requires that molybdenum be ionized thirteen times in
a moderately dense (2 — 4 x 10!® electrons/cm®) and
transient plasma, and that an electron temperature in
excess of 150 eV be present.

The monopole excited 1S, state serves as the upper
laser state for a 4d— 4p laser transition to the 30’p°ag4p
1P lower state. Fast radiative decay of the ! P, state in
the absence of radiation trapping ensures the production
of a population inversion. The nickel-like system is more
efficient than the neon-like system since the laser transi-
tion energy is a larger fraction of the excitation energy
in the nickel-like system by a factor of about 2.5.

The nickel-like system has proven to be attractive
both theoretically and experimentally at higher Z at
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LLNL during the last few years.!~® Gain has been ob-
served in europium (Z=63) and ytterbium (Z=70) at 66
A and at 50.2 A, respectively.4

Population kinetics and gain

We have constructed a detailed atomic physics model
of nickei-like molybdenum and surrounding sequences
using a relativistic Hartree Fock model (the relativistic
atomic physic code YODA 3 which has been used with
success in previous design work’3568:10) and we have
examined the ionization balance and small signal gain.
Although a number of lines in the vicinity of 250
A are calculated to have a small gain (0.1 cm™!) (see
Figures 2-4), the monopole-excited line at 194 A does
not show gain under steady state conditions. The rea-
son for this is that the plasma is over-ionized in steady
state at electron temperatures where significant excita-
tion occurs. Substantial gain is computed on the 194 A
line under transient (non-steady state) conditions, and
as a result we must arrange for such conditions in our
target design, which is considered in the next section.

0.30 T T

¢.00 1

Figure 2: Fractional population of nickel-like ions vs.
electron temperature at the optimum density (N, =
2.8 x 10'®/em®) in steady state. Since the 3d-4d ex-
citation energy is 300 eV, very little direct excitation
occurs since the significant nickel-like population occurs
under 100 eV.
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Figure 3: Gain on the 4d — 4p transitions as a func-
tion of electron temperature at the optimum density
(Ne = 2.8 x 10'®/em®) in steady state. High gain can be
achieved only under non-steady state conditions.

Figure 4: Gain on the 4d — 4p transitions as a function
of electron density 100 eV in steady state.

If the electron temperature rises rapidly (within 100
psec) to 200-300 eV at low density, then the plasma ion-
izes through the nickel-like sequence relatively slowly.
During this transient stage, both high electron tempera-
ture and nickel-like ions are present, and as a result very
substantial (3-5 ¢m™1) gain can be produced on the 194
A line.

The low-Z nickel-like ions tend to be sensitive to ra-
diation trapping on the 3d — 4p transition at 50.4 A (see
Figure 1). As a result, the optical depth of the molyb-
denum must be restricted in at least one transverse di-
mension. A characteristic length under the conditions
of interest is roughly 40 u. This requirement leads us
to consider “tamped® plasmas, where the laser medium
ions are restricted in space in at least one dimension.

Target design and plasma modeling
Our current target design for a molybdenum collisional

excitation laser is essentially a thick-film design in which
the molybdenum is laterally tamped (see Figure 5).
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Tamper (~ 600 — Amplif’fr CH Suppgrt
A Thick) {~500A Thick) {-20004
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Figure 5: Schematic of a simple tamped thick film laser
target.

A sequence of approximately 5 short (100 picosec-
ond) pulses of 1 p radiation is incident on the metal
surface. The molybdenum coating initially has dimen-
sion of 10 u by 1 cm, and is approximately 500 A thick.




The incident laser pulse is larger, imaging on the surface
at 50 u by 1 cm and centered on the molybdenum strip.

If the incident intensity peaks at 2 x 10" W /cm?,
then coronal plasma temperatures in the neighborhood
of 400 eV may be expected over part of the duration
of the laser pulse. This expectation is realized in 2-D
numerical simulations using the LASNEX laser fusion
code at LLNL.

For example, we consider some results from a 2-D
LASNEX simulation of a Mo/CH thin film target. This
calculation was done by Steve Maxon at LLNL. The
plasma expands dramatically away from the initial sur-
face of the foil, and a thin strip which is initially 10 u at
the surface expands to 40 u at 150 u above the surface
(the Lagrangian mesh is shown in Figure 6). (This result
is for an initial laser illumination width of 90 u instead
of 50 u, but we expect similar behavior for narrower
illumination).

ynton: .

Distance {cm) from initial film suyrface

Figure 8: Part of the Lagrangian mesh (initial 40 4 spot)
from 2-D (LASNEX) simulation cof a laser target. Snap-
shot is from the first “strong” pulse of a Gaussian train.

We show the temperature and density profiles in Fig-
ure 7 and 8. The electron density is roughly 1 ~ 2 x
10! ¢m~2 and the temperature is 200-300 eV in the re-
gion of interest to us. (Temperatures exceeding 500 eV
are observed later in this calculation).
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Figure 7: Temperature profile computed during the first
strong pulse for the problem of Figure 7.
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Figure 8: Electron density isocontours for the conditions
during the first strong pulse for the problem of Figure 7.

Gain contours from XRASER for the 194 A line are
shown in Figure 9 under the assumption of no radiation
trapping. Small signal gains of 5-10 em™! are computed
for this simulation. The trapped gains are lower and
dependent on the width of the initial molybdenum strip.
For the case of 10 u initial width, the trapped gain is
roughly half of the values shown.
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Figure 9: Small signal gain contours for the 194 A line
assuming no trapping. (If the initial molybdenum width
were 3-5 u instead of 10 u, then gains of this magnitude
should be obsverved over 12-20 u transverse distances).

The plasma expansion between pulses is significant.
Our calculations so far suggest that for pulses which lie
within & Gaussian envelope, the first 2-3 (weak) pulses
prepare the plasma. The first 2-3 strong pulses produce
plasma conditions for 100 psec around the peak of the
pulse which appear to be attractive for our requirements
(where 7 nsec between pulses is used). During the fol-
lowing pulses, serious plasma expansiorn occurs.




Although useful temperatures and densities are produced,
the operation of the amplifier will degrade.

A reduction in plasma degradation may be available
through using either a smaller spot sise or by arrang-
ing to have a thin high Z substrate to cool the plasma
between pulses and to slow down plasma expansion.

The laser energy required to illuminate two ampli-
fiers over 1 cm by 50u (each) is estimated to be

E = 2NIAAt

= 2x 5 x (2 x 10"3W /em?) x (5 x 10~%em?) x (10" %sec)
= 10J

The plasma is pumped by a pulse train, and gain is
realized in the modeling for a short time while a pulse
is incident. Since several nanoseconds elapse between
subsequent pulses, there is time for an amplified EUV
pulse to travel to a reflector!?:!% and back to provide
feedback.

Collisional excitation in Nd-like ions

The electron collisional excitation scheme in neon-like
and in nickel-like ions is based on the existence of very
strong monopole excitation cross sections from the ground
state. The neon-like ground state contains 10 electrons
in completely filled K and L shells. The nickel-like
ground state contains 28 electrons in completely filled
K, L and M shells. The occurance of a completely filled
low-lying ground state (with low degeneracy) enables a
substantial fraction of population to be concentrated in
that state, which aids in developing gain.

The neodynium-like ion is the analog of the nickel-
like ion for highly stripped systems. The ground state
contains 60 electrons which completely fills orbitals of
the K, L, M, and N shells. From a consideration of
the scaling of distorted wave collisional cross sections
in different sequences, it was noted that the neodynium-
like ions should possess a very large monopole excitation
cross section for the 4f — 5f 1S to 1S transition.®
Because of these points, there seemed to be significant
motivation to consider the design of short wavelength
lasers based on the collisional scheme in neodynium-like
ions.
Further motivation for considering neodynium-iike
ions comes from the favorable scaling of the ratio of laser
transition energy to excitation energy. For example, in
neon-like selenium, one must excite a 1550 eV transition
to obtain gain at 68 eV (the strongest J = 2 transi-
tions are pumped primarily through other mechanisms
in selenium), giving a ratio of about 1/23. In nickel-
like gadolinium, the 3d — 4d excitation occurs near 1340
eV, and the strongest 4d — 4p monopole-excited line is
near 181 eV, resulting in a ratio of 1/7.4. This favorable
scaling for the nickel-like ions has enabled gain to be ob-
served at rather short wavelengths (50.2 A in ytterbium)
at LLNL. The same ratio is yet more favorable in Nd-
like ions. In Nd-like uranium, the excitation energy for
the 4f — 5f strong monopole transition is near 600 eV,
and the expected 51 — 5d laser transition energy is near
175 eV, giving a ratio of 1/3.4.

We have focussed our attention so far on Nd-like ura-
nium, primarily because the atomic physics seems to fa-
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vor gain in higher Z systems in the Nd-like sequence.
Due to the relative radiative decay rates of the 5f — 5d
laser transition and 5d — 4f transition which empties
the lower laser state, the monopole excitation scheme in
lower Z ions may not work particularly well. The laser
scheme is illustrated in Figure 10.
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Figure 10: Electron monopole collisional excitation scheme
in neodynium-like uranium.

We have modified YODA to handle the neodynium-
like sequence, and we have created an atomic physics
data set, to describe the laser kinetics in Nd-like uranium.
The monopole collisional excitation collision strength,
which was estimated to be 0.22 in reference 8, is found
to be closer to 0.20 near threshold. We have plotted the
distorted wave excitation cross section near threshold in
Figure 11.
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Figure 11: Collision strength for the 4f — §f 1S, -1 S
transition in neodynium-like uranium.




We noted earlier that nickel-like molybdenum devel-
ope only small gain under steady-state conditions, since
the nickel-like ions are present only when the temper-
ature is relatively low in comparison to the monopole
excitation energy. We have found a similar result from
a calculation of the laser kinetics of neodynium-like ura-
nium - specifically, that there is essentially no gain on
any 5 — 5 transition under steady state conditions. Be-
cause of this we must consider a transient plasma and
time-dependent ionization effects in order to discuss gain
in Nd-like uranium.

Nd-like U gain in a transient plasma

We consider a target design and associated pumping by
a Nd:glass laser at 1 y similar to the nickel-like molybde-
num laser described earlier. The excitation energy in Ni-
like molybdenum is 300 eV, the excitation energy in Nd-
like uranium is 600 eV, hence the required temperature is
twice as high in uranium. Additionally, due to the larger
energy differences between states in the n = 5 manifold,
and due to the higher residual nuclear charge, the opti-
mum electron density (close to 103 electrons/cm3) for
transient gain in neodynium-like uranium is higher by a
factor of 5-10 than the corresponding electron density in
Ni-like molybdenum.

In order to model the kinetics of the transient laser
plasma, we shall adopt a temperature history similar
to that observed in the LASNEX calculation described
earlier (see Figure 12), and consider a range of densities
centered around 10% electrons/cmS. The temperature
is high for about 200 picoseconds in this model.
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Figure 12: Electron and ion temperature histories as-
sumed for the Nd-like uranium transient plasma simula-
tion.

We find that under these conditions, the plasma ion-
izes through the neodynium-like sequence while the tem-
perature is high, as shown in Figure 13. The ionisa-
tion balance was assumed initially to be centered five
sequences back.
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Figure 13: Total neodynium-like sequence fractional pop-
ulation for four different initial total ion densities.

The computation of ionisation balance for such com-
plicated ions is nontrivial. As a first cut at the problem,
we have connected a detailed model for the neodynium-
like sequence with hydrogenic models for neighboring se-
quences, adjusting the degeneracies of the hydrogenic
states to account for the nonhydrogenic splittings which
soccur. Such a model underestimates multistep collisional
processes which lead to ionization through highly split n-
manifolds. Additionally, the dielectronic recombination
rates for these ions are completely unknown. They are
expected to be large (several times 10~1° cm3 /sec) based
on what is known for nickel-like ions, yet there are differ-
ences due to large numbers of the doubly-excited states
being below the ionisation threshold.

As a result of these issues, we recognise that an accu-
rate computation of the ionisation balance in the vicinity
of Nd-like uranium is well beyond the current state of the
art. For the purposes of our estimates, no matter what
the precise forward and backward rates are, a plasma
transiently heated under the conditions considered here
will definitely strip well past the Nd-like sequence, and
do s0 in a time not so different from what we have mod-
eled (since for the 60- and 61-electron ions our models
do take into account most of the forward collisional pro-
cesses). Hence, our model, even though it is relatively
crude, should suffice to begin a study of transient gain
in Nd-like uranium.

One feature of the collisional scheme in closed-shell
ions is the ground state !S which tends to be well-
populated in neon-like and in nickel-like ions. In the
neodynium-like sequence, the total sequence population
is very highly fractionated due to the presence of low-
lying metastable 5¢ and 5p states. For example, in both
mid-Z neon-like and nickel-like ions, the large majority
of the total sequence population up to n = 10 resides in
the 1Sy ground state. In Nd-like uranium, less than 10
per cent of the total sequence population is in the ground
state as shown in Figure 14. The remaining population
is largely in the 50 and 5p metastables. Because of this,




Nd-like uranium is not as sensitive to radiation trapping
as the nickel-like molybdenum scheme is, and the asso-
ciated characteristic length is somewhat larger than 100
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Figure 14: Neodynium-like ground state 1S; fractional
population for four different initial total ion densities.

As aresult of this, the monopole-excited small-signal
gain is relatively low, as is shown in Figure 15. Peak
gains in the vicinity of 0.7 - 0.8 cm™! are calculated.
Such gains are sufficiently low that our initial excitement
and optimism are in retrospect unjustified. Nevertheless,
the gain is high enough such that a practical soft x-ray
laser could be developed based on the scheme, assuming
that resonant absorption or some other effect does not
prevent it from being realized experimentally.
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Figure 15: Small signal gain on the monopole-excited
5f — 5d laser transition at 71 A in neodynium-like ura-
nium.

Summary and conclusions

We have explored the design of an electron collisional
laser in nickel-like molybdenum (A = 194 A), in order to
scale the nickel-like laser scheme down to a more accessi-
ble level. We have found that low-Z nickel-like systems
do not develop high gain under steady-state conditions
(the neon-like and nickel-like lasers developed at LLNL
do achieve their observed gain under steady-state condi-
tions), and that the target design and pumping scheme
must develop gain under transient conditions.

A transient target design has been proposed and
modeled, and the resulting small signal gain at 194 A
is found to be very high. The system is sensitive to radi-
ation trapping with a 40 u scale length, which requires
a laterally tamped target design. (Neither the neon-like
nor the nickel-like systems developed at LLNL suffered
sufficiently from trapping to require a tamped target de-
sign.) The total energy requirement to pump the laser
(assuming a cavity made with lossy multilayer mirrors)
is about 10 Joules.

We have also examined transient gain in Nd-like ura-
nium at 71 A. The near threshold excitation collision
strength is found to be 0.20, which is ten percent less
than estimated in Reference 6. No gain is predicted un-
der steady state conditions, and under transient condi-
tions a peak gain of 0.75 cm™! is predicted at 71 A on the
monopole-excited line at an electron density near 10%°
electrons/cm3. The fractionation of the sequence popu-
lation between the ground state and low-lying metastable
levels is responsible for the relatively low gain. We have
concluded that the system deserves further attention in
spite of the fractionation problem.
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X-Ray Laser Related Experiments and Theory at Princeton
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Abstract

This paper describes a new system for
the development of an X-ray laser in
the wavelength region from 5 nm to 1
nm utilizing a Powerful Sub-Picosecond
Laser (PP-Laser) of expected peak power
up to 0.5 TW in a 300 fsec pulse. Soft
X-ray spectra generated by the interaction
of the PP-Laser beam with different
targets are presented and compared to
the spectra generated by a much less
intense laser beam (20-30 GW). A
theoretical model for the interaction
of atoms with such a strong laser EM
field is also briefly discussed. The
development of additional amplifiers
for the recombining soft X-ray laser
and the design of a cavity are presented
from the point of view of applications
for X-ray microscopy and microlithography.
The overview ends with the presentation
of recent results on the quenching of
spontaneous emission radiation and its
possible effect on the absolute intensity
calibration of soft X-ray spectrometers.

1. Introduction

There 1is rapid oprogress in a number
of laboratories in the direction of
the development of X-ray lasers in much
shorter wavelength regions than the
ones presently operating near 20 nm
as well as progress in the development
of lasers in VUV region near 100 nm
and below. However in this paper we
will not discuss those works, some of
which represent very important
achievements such as reaching very high
gain (much above saturation) in Cesium
near 90 nm by the Stanford Group (1]

using relatively low  pumping power,
generation of ver high power density
radiation (above 1018 W/cm?) by the Chicago
Group {2] for application for X-ray lasers
and the proposal to construct a 'table
top" VUV 1laser at 30-40 nm using Ni-like
or Nd-like ions by the MIT Group [3].

The intention of this paper 1is to
give a short overview and provide an
introduction to the experimental and
theoretical work at Princeton presented
in series of five papers [4-8] on (1)
the development of a powerful
sub-picosecond laser system and generated
soft X-ray spectra with such a laser
related to a new approach to X-ray laser
development; (ii) a theoretical model
for atoms 1in very strong EM fields;
(iii,iv), improvement of present 18.2
nm laser and 1its applications for X-ray
microscopy; as well as (v) some
difficulties with the calibration of
the soft X-ray spectrometers due to
quenching of Einstein A-coefficients.

2. Approach Toward a 1 nm X-ray Laser

The main difficulty in approaching shorter
and shorter wavelengths is the requirement
for very large pumping power. For example,
for X-ray lasers pumped primarily by
recombination or electron-excitation
processes, the pumping power P is
proportional approximately to A-4 for
constant gain g. This follows from a
simple relation between gain, wavelength
A, and population inversion A Nyn,. (see
e.g. (9]
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Therefore, in order to decrease the
lasing wavelength from 10 nm down to
1 nm, the pumping power would have to
be increased approximately by a factor
of 104. The presently operating laser
at 18.2 nm requires a pumping laser
of energy V300 J. Without changing
a pulse length 1its energy would have
to be in the order of tens of MJ for
lasing at 1 nm. Because the size and
cost of the 1laser increases rapidly
with energy (but not with power), such
a system woule be very large and very
expensive. Therefore a lot of attention
is devoted to the schemes for X-ray
lasers in whicu the metastable and
autoionizing levels can be used for
storage of pumping energy as was proposed
by S. Harris [10] or schemes based on
very short (picosecond and sub-picosecond)
pumping pulses [11]. This last approach
is particularly attractive because with
decreasing wavelength of the lasing
transition the 1lifetime of the ion in
the upper state T = 1/A, decreases as
A2 (A is the spontaneous transition
probability) and is of the order of
10° - 10°13 gsec for a tranmsition
wavelength of ¥ 1 nm.

Therefore pumping 1is required only
for a picosecond or sub-picosecond time
duration. After this time energy would
just be wasted in heating the target
material. Lasers with beam energy of
order of only 1 joule and pulse duration
of 1 psec can provide a very large power
P v1012 watts. Even more important,
such a laser operating in the UV (e.g.
KrF excimer laser with wavelength 0.25
u) can be focussed to a 2-3 micron size
providing tremendous power density on
the target. The power density can be
in excess of 1018 W/cm (with
corresponding electric field ~ 10ll
V/em = 1 kV/A). With this power density
it is possible to provide multiphoton
excitation and multiphoton ionization
of highly 1ionized 1ions and use such
processes for the creation of population
inversion and gain at wavelengths down
to 1 nm. However, it seems to be a
very difficult problem to both create
highly ionized ions and provide sgelective
multiphoton excitation of such ions

with a single laser. Therefore our
approach 1is based on using two lasers
[12]. The role of one laser with

relatively low power and high energy
(e.g. 0.5 kJ, 50 ns COp or 100 J, 3
ns, Nd/YLF laser) is to create a plasma
column of highly d{onized 1ions which
may be confined in a strong magnetic

2 EXCITED SYATE

1018 wiu? g,
248 Nu

LKy LAsES g
OR

ND.YLF LASER

100§ 2-3 N

| 1  GROUND STATE

PARTIAL

¢

— 1 Q  NEUTRAL STATE

Figure 1. Basic idea of "Two-Laser
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field. The role of the second, extremely
high power laser (1 J, 1 psec KrF laser) —
is to Ggenerate gain by multiphoton T
ionization (MPI) or by a very fast ‘

ionization (e.g. inner shell iomizationm)
or by selective multiphoton excitation.
This approach 1is illustrated in Fig.
1 and more details about our Powerful

1063 nm 100 ps $32nm 647 nm

Cavity

Mode-Locked Nd:YAG
Laser Dumper

Dusl Jet Dye
Laser

Picosecond (Sub-Picosecond) Laser

(PP-Laser) system are presented in L.

Meixler et.al. [&4] paper in  this oy

proceeding. In Fig. 2 1is shown the Ampliber ) NG 3 e
scheme of experimental arrangement. PICOSECOND 1% tnm .""""i;t
The same 0.5 kJ COy laser (or 100 J LASER ity
Nd/YLF laser) which is used for pumping SYSTEM (Eiw,

the 18.2 nm laser [13) is re-directed Koth e

by a system of mirrors and focussed BLOCK Theee S
onto a thin foil or fiber target by DIAGRAM i Aer
cylindrical lenses producing an up N—

to v~ 1-1.5 em long and 100-150 p wide 6470m
line focus. The target 1is placed in 10630m

a vacuum chamber inside a 20 cm long oo 100ps Doubler
solenoidal magnet, designed for a magnetic

fields of up to 150 kG. Axial radiatiom Fam
from the plasma column in the range ou i

0.5 nm-30 nm can be measured by the

grazing incidence Schwob-Fraenkel

spectrometer ''SOXMOS" [14]. The core Figure 3. Simplified block diagram of the
of the experiment is the PP-Laser which PP-Laser System.

is focussed on the plasma colum from
the opposite side to the COp or Nd/YLF
laser. The PP-Laser can be focussed
on the plasma in such a way that
travelling wave gain will be provided.
Synchronization of the 1lasers which
constitute the PP-Laser system (a
simplified block diagram of PP-Laser
is shown in Fig. 3), time control of
the PP-Laser system in relation to the
triggering of the CO; or Nd/YLF lasers,
magnet and diagnostics 1is provided by
several "Fast" and 'Master" (slow)
electronic timers. (These timers were
specially developed in our laboratory
for the experiment). The control system,
timers and data acquisition (computers)
are located 1inside a double shielded
Faraday Cage in order to 1isolate them
from strong EM noise coming mainly from
the €Oy laser, the large aperture KrF
amplifier and magnet. Most of the signals
to and from the Faraday Cage are
transmitted by optical fibers.

In Fig. 4 is shown a picture of the
PP-Laser system without the final KrF
amplifier. Located on the right hand
side of the picture are the mode-locked
YAG laser, dye laser, and three-stage
of dye amplifier pumped by a 3J Quantel
Nd/Glass laser. On the left hand side

are shown two Lamda-Physics KrF L

amplifiers. A large aperture (5 x 10

cm) KrF amplifier (3rd KrF amplifier) Figure 4. Photo of the PP-Laser System
was added to the system and is shown without the final KrF amplifier.




Figure 5. Photo of the large aperture KrF
amplifier (final amplifier KrF III, in
center of laboratory), magnet (far left),
and vacuum system.

in Fig. 5. This amplifier was developed
at Princeton University in cnoperation
with J. Goldhar (Univ. of Maryland)
during the last " 2.5 years and presently
is operating routinely as part of the
PP-Laser system. It is a 100 cm long,
fast discharge amplifier, which is
operated in a double pass mode. The
energy of seed pulse from the second
KrF amplifier is 10-15 mJ and pulse
duration (without compression) 1is v
1 psec. Using a f{iber-gratings system
for pulse compression (work done in
cooperation with J. Fujimoto, MIT) the
pulse duration is 250-300 fsec and output
energy from final amplifier " 150 mJ.
In Fig. 6 1is shown the result of
measurement of the pulse duration using
a two-photon excitation technique in
Xe (15]. More details about the large
aperture KrF amplifier and measurements
of the pulse duration for non-compressed
and compressed pulses are presented
in [4]. During the writing of this
paper, measurements of pulse duration
of the beam after final amplifier were
not yet available however, indirect
measurements indicate that final amplifier
does not 1increase the pulse duration
implying a PP-laser beam power of P V0.5
TW. The focal spot of such a beam using
a less than optimal f/10 lens is expected
to be * 7-8 p in diameter Yrovidin
a power density close to 1018 w/em
(with a new f/2 or £/3 focussing system
the power density should be several
times higher).

One of the first experiments with
such a high power density laser beam
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Figure 6. Autocorrelation trace of a com-
pressed pulse after the second KrF* ampli-
fier.

was the measurement of the soft X-ray
spectra of carbon and fluorine. The
laser beam was focussed on a rotating
cylindrical teflon target and a soft
X-ray grazing incidence Schwob-Fraenkel
spectrometer '"'SOXMOS" with multichannel
detector monitored the plasma radiation
from the target surface. In the lower
part of Fig. 7 is shown o, the spectrum
in vicinity of the CVI 33.74 A and cv
40.27 A lines (both from 2>1
transitions). Beside the enormous line
broadening one may see strongly pronounced
unusual structure in the lines. Both
broadening and structure are larger than
in the spectra obtained with the 20-30
GW, 1 psec PP-Laser beam (withou: final
KrF amplifier) shown in the upper part
of Fig. 7. It should also be noticed
that the number of shots needed for this
short wavelength spectra is not
proportional to the 1laser beam energy
but rather to its power (the energy of
the laser beam increased by factor of
5-7 while the number of shots decreased
by a factor of 20). In earlier spectra
obtained with the 20-30 GW PP-Laser (1016
W/em?), part of the large broadening
gnd asymmetry of FVII lines in the 120-140
A region was attributed to the Stark
effect and radiation of forbidden
components of the 1lines [16]. Very
recently K. Koshelov [17] interpreted
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asymmetric broadening of the FVII lines
as a result of satellite line radiation.
Spectral lines of CVI, CV and FVII (Figs.

7,8) excited by the very high power
beam seems to 1indicate a complicated
satellite type structure. 0f course,
the very strong electric field created

by such a laser beam may be responsible

for these effects. Spectroscopic data
for different targets as well as
experiments in which a highly 1ionized
plasma will be initially generated by
€Oy or Nd/YLF 1lasers and after that
excited by PP-Laser should enable wus
to develop a clearer picture of the

behavior of highly ionized ions in strong
laser fields.

In the meantime, theoretical work
is in progress with the aim of answering
basic questions related to the use of
the PP-Laser for the creation of
population 1inversion for X-ray lasing
in the region 5-4 nm down to 1 nm.
One such question is: how the ratio
between the rate of excitation of the
chosen level n and the rate of ionization

from this level is dependent on the
laser intensity (multiphoton processes)
and Z of 1ions? Another question for
consideration is: does the presence
of other bound states influence the

ionization from a given bound state?

The theoretical model is based on
a sequence of §-function confining
potentials as an approximation to a
continuous potential. Such a model
allows for relatively simple analytical
and numerical calculations of the

multiphoton ionization rate under strong
field conditions and some of the results
are presented in the paper by S. Susskind

et.al. [8] in this proceeding.

3. Progress in Recombining Soft X-Ray
Laser

(a) Development of an  Additional

Amplifier at 18.2 om

Presently the highest beam energy of
our X-ray laser [18] at 18.2 nm (CVI
3-2 transition) pumped by a Wy A300 J
COy laser in a 90 kG solenoidal magnetic
field is W, % 3 mJ with a 3 min repetition
rate. A higher repetition rate |is
predicted for a recently designed
commercial prototype soft X-ray laser
(SXL) with a superconducting coil.
This system would also be more compact

then our laboratory SXL at PPL. The
beam energy W, 1is one of the most
important parameters at present for
applications of the SXL. In order to

increase Wy we have developed an
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Figure 9. Scheme of arrangement of COj

laser pumped X-ray laser (SXL) with two
additional SXL amplifiers.

additional SXL amplifier (3 mm 1long),
at 18.2 nm pumped by a line focussed
Nd/YLF laser beam on a carbon target.
In Fig. 9 the arrangement of CO; laser
pumped SXL with two additional SXL
amplifiers inside the solenoidal magnet
is shown schematically. (The magnetic

field is crucial for the COj laser pumped
SXL but it is much 1less important for
SXL amplifiers pumped by the Nd/YLF laser).
Located on the 1left hand side of the
system is the COj laser beam which is
focussed on the center of carbon disc
target with four carbon blades. Along
the path of the soft X-ray laser beam
are located two cylindrical carbon targets

whose length can be changed from 1 mm
to 3 mm by rotation. Thin iron blades
in the front of the targets provide

additional radiation cooling of the plasma
column. We have demonstrated gain up
to g% 8 cm™! in one SXL amplifier with
25 J Nd/YLF laser beam energy (see D.
Kim et.al. paper [6] in this proceedings).
In Fig. 10 are shown axial spectra in
the vicinity of the lasing line CVI 18.2
nm (3-2 transition) and in the vicinity
of CVI 13.5 nm (4-2 transition) for 1,
2 and 3 mm long targets. One may see
a strong non-linear increase of intensity

of the 18.2 nm 1line (Fig. 11) in
comparison to near-linear increase of
the intensity of 13.5 nm line. (Note
that this 1line should be optically thin

due to the expected population inversion
between levels &4 and 2, also in axial
spectrometer there 1is no contribution
of the 4th order of the CVI 3.37 nm line
to the intensity of the 13.5 nm line).
A significant problem here is to match

the transverse size ("aperture") of SXL
amplifier to the original SXL. We were
able to create significant gain with

only 6 J pumping energy of Nd/YLF laser,
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however in this case the SXL amplifier
had too small an 'aperture'. We have
not yet been able to match temporally
and spatially the SXL laser with SXL
amplifier. This may be due to jitter
of the CO; laser and difficultly in
alignment of SXL amplifier along SXL
beam path in vacuum.

(b) Cavity

A laser cavity can increase the brightness

of the SXL beam by several orders of
magnitude by decreasing the divergence
to close to the diffraction 1limit. In

order to establish the proper cavity
modes, a number of passes through the
gain medium are needed and a relatively
long duration gain 18 necessary. The
Princeton SXL at 18.2 nm with a gain
duration of 10-30 nsec seems to be well
suited to cavity development.

In our early work wusing a newly
developed multilayer wmirror [19], we
demonstrated, for the first time, an

120% 1increase in 18.2 nm radiation due

to amplification of stimulated emission
by a mirror of reflectivity only 127
[14]. However, the mirror alignment
posed tremendous difficulties and made

it practically impossible to use a cavity
in the original SXL setup. We have
therefore designed an unstable resonator
type cavity [20] with a transversely
pumped carbon fiber as the lasing medium
(Fig. 12). A specially designed fiber
transport mechanism will enable the use
of 15 fibers without opening the vacuum

chamber. For the spherical multilayer
Output
4 bearn
—
target
/4
Smm dia.
400mm f.1.
10mm dia. mirror
800mm {.1.
mirror not to scale
Figure 12. Unstable resonantor type

cavity for the SXL.




cavity mirrors a small vacuum chamber
was built in which the position of the
mirror can be remotely adjusted with
high precision. The same cavity will
also be used for a 1 cm long SXL created
by a 1line focussed Nd/YLF laser beam
incident on the cylindrical carbon target
described in section (a).

In the cavity design, particularly
in choosing distances between lasing
medium and mirrors, we were concerned
with the possibilities of damaging the
multilayer mirrors by X-ray radiation.
Recently, however, Ceglio et.al. [21]
have demonstrated, in a very elegant
cavity experiment, that such  mirrors
are quite stable against soft X-ray
beam damage even at a distance of a

few centimeters from lasing medium.

(¢) Gain in Li-Like Ioms at 15.4 nm
and 12.9 om

Pioneering work for Li~like AlXI ions
particularly for the 5f-3d transition
at 10.5 nm was done by P. Jaegle and
his group (see e.g. [22]) using a Nd/Glass
laser (initial plasma electron density
Ne = 102! em™3) for the pumping lasing
medium. In our system with a COp pump
laser the critical electron density
is N, = 1019 cm™3. For such an electron
density, the largest gain in AlXI and
SiXII is expected for the 4£-3d transition
at 15.4 nm and 12.9 nm respectively.

The aluminum or silicon targets used
in the experiment were very similar
to the SXL carbon target with the
exception that the blades were a
combination of 1lasing element (Al or
Si) and fast radiator (Fe). The measured
one-pass gain was gl & 3-4 for 15.4
nm and gl ¥ 1-2 for 12.9 nm radiation.
Details about the experiment and
theoretical modeling are presented [5].

It is worthwhile noticing here that
Li-like 1ions provide a more efficient
lasing medium than H-like 1{ons. In
Fig. 13 1is shown the lasing wavelength
of H-like (3-2 transition) and Li-like
(4£-3d transition) ions versus the
ionization energy of these ions. Because
the required pumping energy increases
with ionization energy, lasing action
in Li-like 1ons can be generated at
shorter wavelength than in H-like 1ions,
with the same pumping energy particularly
if one considers 5f-3d transitions.

4. Applications of Soft X-Ray Laser
The 18.2 nm laser (SXL) has been used

for X-ray contact microscopy of biological
specimens. This work 18 alsc crlosely
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related to X-ray microlithography, which
we are very much interested in. The
ultimate goal of our X-ray laser microscopy
program 1is to obtain images of living
cells, preferably holographical images
with three dimensional reconstruction.
As a first step in this direction we
have built a simple contact microscope
with help from J. Kirz (Univ. of Stony
Brook) and D. Sayre (IBM). The details
of this work as well as our other X-ray
laser microscopy works are described
in the following paper by D. DiCicco
et.al. [6]. In such a microscope, a
thin (7% 0.1 p) silicon nitride window
0.2 mm x 0.2 mm square separates the
vacuum tube, in which X-rays travel,
from the ©biological cells 1located on
photoresist at atmospheric pressure (see
e.g. [6, 23])). An aluminum filter 1less
than 0.1 p thick with a highest
transmisivity near 18.2 nm prevents visible

and UV radiation from interacting with
the photoresist. The X-ray laser beam
was directed towards the microscope and
focussed to a 1 mm x 0.8 mm spot by an
elipsoidal grazing incidence mirror.
We have demonstrated in this experiment
that the SXL beam has sufficient energy

to expose photoresist
After the 1initial experiments in which
an image of 100 mesh was obtained on
PMMA photoresist, images of Diatom
fragments (silicified skeleton of
planktonic algae) were also recorded
on photoresists. In Fig. 14 is presented
such an image on photoresist viewed with
a scanning electron microscope (SEM).
The picture 1indicates the resolution
on the photoresist 1is better than 0.1 u.

in a single shot.




Figure 14. Image of Diatom fragments
(eilicified skeleton of planktonic algae)
on PMMA photoresist viewed with scanning
electron microscope (SEM).

One may also regard Diatom fragments
as a kind of lithographic mask and Fig.
14 as an {illustration of potential
application of the SXL to
microlithography.

In the next step, we built a Composite
Optical/X-Ray Laser Microscope (COXRALM)
shown schematically in Fig. 15 and
described in [6]. COXRALM allows a
biologist to select and observe biological
cells using an optical phase contrast
microscope [24]. The cells are located
directly on a optically transparent
photoresist. After selection and initial
observations, the 1images of the cell
is created on photoresist with the SXL
beam in order to obtain higher resolution
than with an optical microscope. In
this procedure the X-ray 1laser tube
with the 0.1 p silicon nitride window
on 1its tip 1is 1lowered until contact
with the cell is made. The photoresist
is exposed by triggering the SXL. In
Fig. 16, is shown a photograph of COXRALM
oriented horizontally (COXRALM can also
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Figure 15. Scheme of Composite Optical
X~Ray Laser Microscope (COXRALM).

be in the vertical position) on the SXL
system (the lasing medium of SXL is A 300
cm away, on the left).

In Fig. 17, as an example, is shown
SEM image of the replica of dehydrated
hela cells (Helen Lane cervical cancer
cell) obtained from the Biology Dept.
of Princeton University.

Pregently our work 1is concentrated
on the preparation of experiments with
live cells in a wet environment and on
the design of an Imaging X-Ray Laser
Microscope (IXRALM).

5. Bffect of Quenching of Spontaneous
Emission on XUV Spectrometer Calibration
Using Branching Ratio Technique

The intensity ratio of two spectral lines
from the same upper level in an optically
thin plasma is equal to the ratio of
the respective spontaneous emission,
A, coefficients (Einstein coefficients).
If the wavelength of one line is in the
visible spectral region and the wavelength
of the second line is in VUV or XUV region,
by measuring the ratio of signals of
these 1lines and knowing the absolute
intensity of the first line the absolute
intensity of the XUV line can be obtained
from the ratio of the A-coefficients.




Figure 16. Photo of horizontally oriented
COXRALM attached to the SXL.

Figure 17. SEM image of a replica of hela
cells (Helen Lane cervical cancer cells).

This technique is known as the branching

ratio technique for the calibration
of VUV and XUV spectrometers ([25] and
is based on assumption that the

A-coefficients are independent of plasma
conditions. Using this technique for
the calibration of XUV spectrometers
for the X-ray laser experiment we
discovered that the ratio of some of
A-coefficients, in sufficiently dense
plasmas, differed significantly from
the ratio 1in 1lower density plasmas.
Many series of very precise measurements
of the ratio of A-cqefficients for CIV

5801-12 A (3p-38)/312 A (3p-2s8) lines
confirmed that first observation [26].
Recently ~ similar measurements of NV

4603-20 A (3p-38)/209 A (3p-2s) and
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branching ratio for two CIII lines.
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showed the same phenomena. In Fig.
18 are shown the intensities and intensity
ratios for CIII. More extensive and
detailed information about these
measurements are presented by Y. Chung,
et.al. [17] 1in this proceedings. In
(17] there is also a discussion of
theoretical approaches to the problem.

However up to now we do not have a model
which provides a convincing explanation
of the experimentally observed quenching
of spontaneous radiation.
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Abstract

Observation of gain in Balmer-a (H a)
transitions in Na XI, Mg XII and Al XIII
is reported. Planer stripe targets were
irradiated with intense, line-focused 351
nm laser li)%ht. Time evolution of the
gain in Na XI Ha is also presented.

Introduction
Early in 1988, a i’{oint experiment was
done using the Gekko XII facility at ILE
between the Institute of Laser
Engineering (ILE), Osaka University
ang the Rutherford Appleton
Laboratory, U.K. on short wavelength
scaling of recombining plasma soft x-ray
laser. This experiment resulted in
observation of gain in Balmer (Hg)
transitions in Na XI and Mg XII and also
an indication of gain in H, of Al X111,
Extention of XUV lasers to shorter
wavelengths due to isoelectronic scaling
of recombination pumping of H-like ions
has been pursued using fiber targets at
the Rutherford Laboratory [1,2] and
using planer tarﬁets at ILE (3J,4].
AmpFification inCH,at 182 A and F Hq
at 81 A has been observed in both cases.
Promising extension of these works will
be to test amplification in H, transitions
in higher-Z ions such as Na XI, Mg XII
and Al XIII. _
The wavelength of the Hq transition
scales as A~Z-2, In order to obtain
sufficient ionization balance in the
initial production of the plasma, the
electron temperature has to be increased
at least as Te~Z2. This leads to increase
in laser intensity as I}, ~Z*A¢! where A¢
is the laser wavelength. The initial
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density of the plasma scales as ne~ZMA¢'!,
favouring target irradiation with short
wavelength lasers. Still the gain will
scale as g~Z57\¢!7, suggesting less
gain at shorter wavelengths [5,6). This
reduced gain at higher Z is mainly
because that the initial electron density
does not scale as Z7 as is required from
isoelectronic scaling for the recombining
Hgq laser. Careful diagnostic procedure
is required in order to observe
am%liﬁcation in higher Z ions.

igh intensity, short wavelength
laser irradiation on target became
possible with the use of the frequency-
tripled two beams of the Gekko XII glass
laser facility {7]. Determination of gain
(or loss) was made by comparing the
intensity ratios along and transverse to
the x-ray laser axis as will be described
later. Major emphasis of the experiment
was placed on demonstration of gain in
the H, transition of Na XI. After
obtaining major results on the Na H,,
the experiment was extended to the Mg
H, and Al H, to test amplification at
shorter wavelengths.

Experiment

Experimental arrangement is shown in
Fig. 1. A laser pulse of 130 ps duration
and 351 nm wavelength was focused to a
line of 7 mm length and 30 pm width.
The maximum laser energy was 150 J
corresiponding to the intensity of 5% 1014
W/cm? with one-beam irradiation.

Most of the data were taken with
stripe targets where a laser material of 1
pm thickness was coated on a 0.13 pm-
thick planer plastic substrate of 6 mm
width, The laser materials were NaF,




GEKKQO Xit 35 1nm,150J/b,130ps
Line focus 30umX7mm FOCUSING LENS
CYLINDRICAL LENS

X~RAY SLIT CAMERA KDP CRYSTALS

] N /,DICHROIC PLATE
¢ __} L } —

TRANSVERSE - ’ PLASMA CALORIMETER Figurel. A schematic drawin
SPECTROGRAPHC 3 ARRAY of the experimenta
- g arrangement.

/ ! FAXIAL SPECTROGRAPH
STREAK CAMERA i
| ' FSTREAK CAMERA
L-J
SURVEY
SPECTROGRAPH

M%\I}‘Z and Al for observing amplification
in Na, Mg and Al, respectively. A split-
field imaging microscope system [8) was
used to accurately align the target on a
horizontal reference position.

In the axial and transverse
spectrographs shown in Fig. 1, a

razing-incidence spherical mirror
ormed a 10:1 reduced astigmatic image
of the source onto the horizontally-
positioned entrance slit of each
spectrograph. Both slits were opened
wide in order to ensure that the source
images were completely contained
within the widths of the slits.

Both spectrographs were equipped
with varied-space gratings for flat-field
imaging of the spectra. Spectral
recordings were made either with
photographic films for time-integrated
measurements or with streak cameras
for time-resolved measurements.

Relative sensitivity of these
spectrographs was carefully determined
by recording spectra from a plasma of a
small size which produced identical
emissions to both spectrographs. Once
the cross-calibration is made carefully,
the gain length product g€ is obtained
from each data shot by Iy/I,=[exp(gf)-
1]/(g€) where 14/ is the axial-to-
transverse intensity ratio normalized by
the cross calibation data.

The spectral resolution of the axial
(1200 line/mm grating) and the
transverse(2400 line/mm grating)
spectrographs with the film recording
were 0.2 A and 0.1 A at around 50 A,
respectively. Figures 2-4 show time-
integrated spectra observed in the axial
direction for NaF, MgF, and Al target,
respectively. The spectra were assigned
using the Kelly’s Table [9]. In Fig.2, for
example, the Na H, line marked by an
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asterisk is blended with the 4p-2s line of
Li-like Na and the 5d-2p line of H-like F.
Also the Hg line itself is composed of 3
fine structure components without
including splittings due to Lamb shift.
These blended lines were deconvolved by
using a least-squared curve fitting
program in order to determine the
intensity of each component. The gain
was determined for the strongest
component of the Hg line, i.e. 3d 2D5/2-2p
2Pg/2 transition. The characteristic
response curve of the Kodak 101-07 film
used for time-intergrated measurement
was determined in an independent
experiment.

Experimental Results

Figure 5 shows the axial and the
transverse spectra, and the axial-to-
transverse intensity ratios for NaF,
Msz and Al, respectively. In all cases,
only the Hy lines have the intensity
ratios greater than 1 showing that the
have positive gains. On the other hand,
the resonance lines such as CV 2p-1s as
well as non-resonant lines of lower ionic
sgecies including blended lines show
absorption.

The gain coefficients for the H,
transitions in Na XI, Mg XII and Al XIII
thus determined are 1.7+0.6 em’!,
1.5+0.6 cm'! and 0.310.6 cm!,
respectively. These gain values were
obtained with the laser energies of 73 J,
143 J and 152 J, respectively. As is
evident from the small intensity ratio of
the 2p-1s transitions of H-like and He-
like ions for Al, the laser intensity was
insufficient to achieve good ionization
balance in the case of Al thus resulting
in the low gain value.

Also time-resolved measurements on
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Figure2. Time-integrated
sEectrurq for a NaF target
observed in an axial direction.

Figure3. Time-integrated
spectrum for a MgF, target
observed in an axial direction.

Figure4. Time-intergrated
sgectrum for an Al target
observed in an axial direction.




amplification of Na XI H, line were
made using the streak cameras attached
to the axial and the transverse
spectrographs. Details are presented in
another paper [10]. The gain of the Na
Hgq line starts at 80-100 psec after the
peak of the laser pulse, becomes
maximum at 150-200 psec reaching to 2-
4 cm’!, and decays %x{-adually to zero at
~600 psec when the H, emission ceases.

Analyses

Population inversion between n=3 and
n=2 states are created during
collisional-recombination cascade to
lower levels when an initially fully-
stripped ions is cooled. When the
electron temperature T, and the electron
density n, are expressed in reduced units
of Te/Z? and ne/Z” respectively, the gain
coefficient g scales as g~Z75[11], High
amplification is obtained in higher
density, lower temperature plasmas.
However initial temperature has to be
increased to obtain sufficient ionization
balance leading to lower density due to
plasma expansion during and after
plasma formation. Comparison of the
theoretical analyses with the
experimental results are given in an
accompanying paper [10].

Summary

Extention of recombining-plasma H,
laser to shorter wavelengths were

studied using Na, Mg and Al. By
irradiating stripe targets with short
wavelength laser at higher intensity,
gain was observed for Na Hq, at 54.1 A
and Mg Hq at 45.5 A. Also an indication
of gain was obtained for Al H, at 38.8 A,
These results will be useful in designing
soft x-ray lasers near and within the
“water window” wavelength region.

Based on the hydrodynamic analyses
on Al, it is expected that a higher gain
will be obtained by irradiating a target
at higher intensity with a laser pulse of
shorter duration.
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Abstract

Population inversion due to charge exchange
processes is investigated for helium-like
ions in tokamaks by using a collisional
radiative model. Dependence of charge
exchange cross secions on the quantum
numbers n, { is estimated from the observed

spectra.

1. Introduction

X-ray spectral lines associated with He-
like ions have been observed for many
tokamak plasmas and their emission
intensities have been discussed in terms of
the population mechanism of excited states.
In quantitative analysis of the spectra,
ifonization, excitation and recombination
processes have been taken into
consideration, but the charge exchange
process has generally been ignored.
Although the influence of the charge
exchange process to the spectra is
mentioned in the discussion of some
experiments, only a qualitative account is
presented. Charge exchange process is
important for He-like spectral lines in
relation with population inversion
following the electron capture into higher
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energy levels. We investigate this process
using a collisional radiative model which
Lo.

We apply this model to the spectra obtained

includes all the sublevels up ton =

from Alcator tokamak plasmas [1, 2] and
distribution of charge
exchange cross sections.

derive n - |

2. X-ray spectra from Alcator tokamak

This section summarizes the results of the
experiments on Alcator tokamak [1, 2]. Our
investigation described in the subsequent
sections is based on these observations.
Space-resolved X-ray spectra of ar16+
(He-1ike) were observed from Alcator
tokamak plasmas with Ar gas puffing. In
Fig.1, reproduced from ref.1, spectral
lines fromn = 2 to n = 1 transitions, w
(12 's - 1s2p 'p), x (152 's - 1s2p 3p,),
y (1s2 s - 1s2p 3P1) and z (1s2 s - 1s2s
3S), are shown for three different lines of
sight through the plasma; these are at the
center (a), and through the points of d =
8.3 (b) and 11.3 cm (c) off from the
center, where d is the shortest distance to
the chord of observation from the plasma
axis. One can see a drastic change in the
spectra from the central chord to the outer




ones. The relative intensities of the enhancements are attributed to electron
forbidden line I,, and the intercombination capture from hydrogen atoms in the excited
lines, I, and Iy, to the resonance line states with ny = 3 and 2, respectively
intensity I, increase remarkably towards [2,6].

the outer chord. This relative enhancement .

could be accounted for by an increasing @

contribution from radiative recombination lﬁOOL f{ d=—0.7cm

to the excited-level populations{3] towards ;% .
the outer region. The spectrum in l W )l( >|l C}rlT |I( T(J)
Fig.1(c), however, cannot be accounted for 1000( :} A
only by the radiative recombination . f‘
process. Specifically, the observed 500} ; . ﬂ '\
intensity ratios of I,/(I, + Iy) =09 “} s i .

0.2, is considerably smaller than the value Z

1.5 expected from radiative recombination.

A possible interpretation would be that a
charge exchange process between Ar'7T*(H- 100 d=8.3cm q
like) and deuteron atoms dominates the £ ﬁ ]
population of highly excited states, and .
that the relative enhancement of the

intercombination lines results through

Counts

cascade[1].

X-ray spectra of the transitions 182 -

1snp with 3 S n = « were also
obtained[2]. Fig.2 shows the observed
spectra with 7 = n = 13 through the three 80t
chords d = 3.9 cm (a), 8.0 cm (b) and 13.5

cm (c). As seen in Fig.2, the transitions 60

a2
—

A

00 am— . .
P
e

fromn = 9 and n = 10 are enhanced
relatively to those from n = 7 and 8 a0t . ]

towards the outer chord. This is regarded J . .
as clear evidence of charge exchange :
recombination between arl7+ and neutral

N
(=4
g
(8

hydrogen in the ground state into the

levels of n = 9 and 10 [2, 5]. Other = = ?‘5‘6 e 4"_00
observed spectra corresponding to highly o
excited states n = 10 are shown in Fig.3 Wavelength(A)
which was obtained for d = 8.3 - 13.2 cm.
The spectrum in Fig.3 shows a broad feature Fig.1 Observed spectra.of 182 - 1s2

from 3.01 to 3.02 A. A peak at around transitions in Ar16+ from Alcator tokamak
3.013A corresponds to the transitions from for three diffent chords{1]. w: 152 1s -
n =~ 27 and the shoulder near 3.018A to the 1s2p 1P, x: 1s2 - 1s2p 3P2, y: 152 1s -

transition from n ~ 18, These 182p 3P1, z: 1 - 1s2s 3S.
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Fig.2 Observed spectra of 1s2 - 1snl
transition with 7 = n = 13 in Ar16+ from
Alcator tokamak for three differnt
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Fig.3 Observed spectra of 152 - 1snl
transitions with n 2 10 in Ar'®* from
Alcator tokamak[2].
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3. Analysis and Discussion

We have constructed a collisional radiative
model for He-like ions where the levels of
n = 40 are resolved with different angular
momentum [. The total number of levels
considered is 1641. In the present study,
we include the charge exchange process,
ar'T*(18)+ H(ny) - Ar'®*(n 1) « B+ (1)
as an additional population mechnism of
excited levels. By adjusting the magnitude
of the charge exchange cross sections, we
try to fit our calculation to the
experiment described in the preceding

section.

i) Spectra for the transitions with
7T=ns 12
The intensity I, o in Fig.3 is much stronger
than those of 113 and I4y, where I, means
the line intensity of the 1s2 - 1snp
transition. Emission lines of highly
ionized ions (e.g., Ar'7*) are observed
from the outer region as well as the inner
This

indicates a considerable fraction of those

hot region of the tokamak plasma.

highly ionized ions is present even in the
outer region with temperatures as low as ~
300 eV, likely due to convective transport
in the plasma[3]. Ar16+ spectra under such
a plasma condition exhibit a typical
example of recombining plasmaf{l]. In fact
as seen in Fig.3 the recombination
continuum is detected at wavelengths
shorter than 3.0088A which is the

2 state.

ionization limit of the 1s
Assuming that I,3 is produced by radiative
recombination only, we derive the electron
temperature T, to be about 500 eV from the
intensity ratio of I43/Ioony = 2.8 x 10'“A,
where I, .+ represents the intensity of

continuum in units of photons /A. The




value 500 eV is reasonable as a temperature
around d = 8.5 cm. From the intensity I,j,
the contribution from radiative
recombination is estimated to the line

The

resulting intensities are much lower than

intensities, I;9 - Iyp, and I, =15.

the observation.
Thus, the intensity I,g is understood to
be dominated by direct charge exchange

recombination with neutral hydrogen. From
the intensity ratio of I419/1,opnt, the
following relation is derived.
0,5 (10p Tp)v ny(1)/ng
= 5.0 x 10-™ cn3s, (2)

where o,,(10p 'p) is the charge exchange
cross section to 10p ‘p state, v the
velocity of Ar'7T* relative to hydrogen
atom, and ng and ny (1) the densities of
the electron and the neutral hydrogen in

the ground state, respectively. For the
values of ng = 5 % 1013 cm'3, ny (1) = 109
em™3 and v = 2.5 x 107 cm/s (Ti =Ty = 350

eV) given in Ref.[1, 2], the cross section
a(10p 'P) is estimated to be 1.0 x 10~ 16

(':l'l'l2 .

Assuming the statistical distribution
for singlet and triplet states, we obtain
o(10p) = 4.0 x 10-16 cm2.

We now turn to the lines from n =
in Fig.2(ec).

we assume that this enhancement is also

7-9
These are also enhanced, and

attributed to charge exchange
recombination. However in this case, it is
unlikely that all the population of these
upper levels are produced directly by this
Rather, the fact that the

intensity I, is higher than Ig strongly
7 g 8

mechanism.

suggests some contribution from cascade
10 and 9.
cases; (a) I7 and Ig are produced only by
9 and 10 levels, and (b)

from n = We consider two extreme

cascades from n =
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I7 and Ig are produced mainly by direct
capture to the p state.

Case (a); Most of the electrons captured
to 9l or 10/ state flow to lower states (n =
1, 2, 3 etc ) through direct radiative
transitions and a few percent of electrons
The

electron capture to s states enhances 17

flows to the 7p state to produce I,.

and Ig through cascade most effectively.
However, this results in too strong I, to
account for the observed ratios to I,, I

y
The electron capture to the levels

and I,.
of larger ! values such as 9f and 9g is not
efficient to produce the resonance series
The best candidate is the
to 9d and 10d states, and

intensities of I7 and Ig to

lines I7 and Ig.
charge exchange
we fit the line
the experiment. The resulting cross
section for 10d state is larger by one
order of magnitude than that for 10p state.
A part of 19 is ascribed to the direct
capture to 9p state through charge
exchange. The cross sections thus derived
are summarized as case (a) in Table I, (the
cross sections for the g states are
discussed later.) and the calculated
spectra for I through I43 are compared
with the measurement in Fig.4, where the
density ratio of n(ar!'7*)/n(ar'6+) = 0.01
is assumed. The hatched region in Fig.4
indicates the contribution from radiative
recombination.

Case (b); The intensities I; - Iy are
dominated by direct capture to np states.
The intensity difference between I, and Ig,
however, is to be explained by cascade from
n = 9 and 10.

under this assumption are listed in Table I

The cross sections deduced
as case (b). The values estimated in
Ref.[2] are also given in bracket in Table
I for comparison. Calculated spectrum for
(b) is not shown in Fig.4 since it is

nearly the same as for (a).




0.0

3.4 305  3.06
Wave Length(A)

Fig.U4 Calculated spectra (solid curve) and
observed one (points) of 1s2 - 1snl
transitions with 7 = n s 13. The hatched
regions show the contribution by radiative
recombination. T, = 350 eV, n, = 5 x 1013
3, ny = 109 cw=3 and n(ar'7*)/n(ar16+) -
0.01 are taken for calculations.
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Fig.5 Intensity ratios of I, /I,, I,/1, and
Iy/Iz calculated by (O) radiative
recombination only, (A) charge exchange
recombination to n = 10 levels with
distribution by eq. (3) [7], (O) charge
10 levels
with statistical distribution, (@) charge
exchange recombination to 10s (! = 0), (A)
to 10f (1 = 3), (V) to 10g ({ = 4) and (M)
ton = 10 and /= 9 state only. (+)
observed values.

exchange recombination to n =
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Fi1g.6 Calculated spectra (solid curve) and
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contribution by radiative recombination.
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Fig.7 Calculates spectra (solid curve) and
observed one (points) of 182 - 1snl
transition with n & 10. The hatched
regions show the contribution by radiative
recombination.

Abramov et al.[7] obtained [distribution
W, for the charge exchange process at low
energies as [5],

W, = (2D UN=-1112/[(neD 1 (n=1-D1].  (3)
Our derived ! distribution is quite
different from eq.(3). The observed
intensities I; and lg cannot be reproduced




Table 1
Charge exchange cross sections for ac'T* 4H(1) —=ar®* (0 ) + H*

n = 7 8 9 10 11

p [Ref.2) [1.5(-15)}] [7.5(-16)]

p (a) - - 4.0(-16) 4.0(-16) 1.3(-16)
(b) 1.2(-16) 1.4(-16) 4.6(~16) 4.0(-16) 9.4(-17)

d (a) - - 8.4(-15) 8.4(-15) -
{b) 1.1(-15) 1.3(-15) 4.6(~15) 4.0(-15) 9.4(-16)

g (a) - - 1.6(-14) 1.6(-14) -
(b) 2.4(-15) 2.8(-15) 9.2(-15) 8.0(-15) 1.9(-15)

Total (a) 5.0(-14) em?
(b) 3.7(-14) cm?

Table 1I
Charge exchange cross sections for arl7+ +H(1) —ar 16+ (n i) + H*
(i1 22andn= 15)

1=2 i=3 i=4

15p  1.4(-14) 2p  9.2(-14) 32p  9.2(-14)

16p  1.9(-14) 25p  1.0(-13) 33p  1.0(-13)

1Tp  2.2(-14) 26p 1.1(-13) 34p 1.1(-13)

18p 2.3(-14) 27p  1.2(-13) 3%p 1.2(-13)

19p  2.3(-14) 28p  1.1(-13) 36p  1.2(-13)

20p 2.3(-14) 29p  1.0(-13) 37p  1.2(-13)

21p  2.2(-4) 30p 9.2(-14) 38p  1.1(-13)

22p 1.9(-14) 31p  T7.6(-14) 39p 1.0(-13)

23p  1.4(-14) hop 9.2(-14)
Total 1.8(-13) cm? 8.0(-13) cm? 9.7(-13) cm?
{Ref.2] [1.0(~13)] {2.5(-13)]
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by the distribution given by eq.(3) because
the cascade contribution to 17 is too
small.

ii) Spectra for the transitions of
n=2tonz1
The cascade contribution from large values
of [ such as d, f, g states enhances the
intensy ratio (I, + Iy)/Iz, whereas the
cascade from small | values such as s state
reduces this ratio. With increasing !
values, the intensity ratio (Ix + Iy)/Iu
In Fig.5 calculated

intensities of I, I, and I

becomes smaller.
y normalized to
1, are shown for the following cases; (1)
only by radiative recombination, and by
charge exchange to n = 10 state (ii) with
distribution according to eq.(3), (iii)
with statistical distribution, and (iv),
(v), (vi), (vii) with only one of the
levels of { = 0, 3, 4, and 9.
values are also shown by the dashed line.

The observed

When we note that the observed intensities
consist of the two components due to
radiative recombination and charge exchange
recombination, we conclude that the capture
to the levels ! 2 4 are necessary to
explain the observed intensity ratios of
(I + Iy)/Iz. But the intensity ratio
1,/1, would be too large for the values [ >
4. Thus charge exchange to g states (I =
4) of n = 9 and 10 is the best selection to
explain the observed relative intensities
of 1,, Iy, Iy The calculated
spectrum for the transi.ions of n = 2 ton

and Iz.

= 1 is compared with the measurement in
Fig.6 and the deduced cross sections for
the g states are listed in Table I.

ii1) Spectra for the transitions with
nz15

We consider that the broad feature for n &

15 in Fig.3 is due to charge exchange
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between hydrogen atoms in excited states

and ar!7+,

The electrons are captured to
the levels near n = 18, 27 and 36 by charge
exchange with hydrogen in the n; = 2, 3 and
The ratios of the

hydrogen density in these excited states to

4, respectively[2, 6].

that in the ground state are calculated to
be ny(n;)/ny(1) = 0.004, 0.001 and 0.0004
2, 3and 4 [8]. Since the
observed intensities 113 and Iy are

for ng =

considered to be produced by radiative
recombination as discussed in Sec.3(i),
the contribution of the cascade from higher
Then for
15 we assume that

levels are small for these lines.
the levels with n 2
almost of electrons are captured to [ = 1
state. Comparison of the calculated

spectrum with the observed one is shown in
Fig.7.
15 are listed in Table II.

sections are roughly expressed in a form of

The cross sections derived for n 2
These cross
Gaussian distribution as o(np) = oy exp(-
((n-no)/An)z), where the values of o, are
2.3x 10°™ 1.2 x 10713 and 1.2 x 10°13
and values of An are 5, 6 and 8 for ng =
The
populations for the levels of n > 27 are
This effect

is taken into account in our calculations.

19, 27 and 36, respectively.
re-distributed due to ! mixing.

The spectral lines in Fig.7 are assumed to
be emitted mainly at the plasma periphery
near d = 13 cm where T, ~ 350 eV, while
conitnuum emission comes from inner region
around at d = 8.5 cm where T, =~ 500eV.

4, Summary

We have derived charge exchange cross
sections to n - ! states for the process (1)
from the observed spectra obtained from the
peripheral region of tokamak plasmas. We
considered the two extreme cases (a) and
(b), and both fitted well to the

experiment. We may assume that the actual




distribution of the cross sections would be
somewhere between case (a) and (b). The

11s 5 x 10-M
cm? in case (a) and 3.7 x 10'1u cm? in case
(b).
theoretical ones given in ref[5].

total cross section for nj =

These values are about two times the
The
total cross sections for n; = 2, 3 and 4
are 1.8 x 10'13, 8.0 x 10-13 and 9.7 x
10'13 cmz, respectively. This result
indicates a weaker n; dependence than that
proportional to niu[2, 6]. The absolute
values obtained in the present paper may be
uncertain with an error of factor of two or
three depending on the uncertainties in v
ny(1)/ng in eq.(2).

There are few theoretical and
experimental studies on n - ! distribution
for highly ionized ions, particularly at
low energies. The distribution according
to eq.(3) cannot reproduce the observed
intensities from 17 to Iy as mentioned in
Sec.3(1). The statistical distribution
also has a difficulty that I,/I, is too
The
distribution derived from the observed

large as discussed in Sec.3(ii).

spectra appears to take a maximum around
9 and 10.
sections for the g state is larger than

the g state for n = The cross
those for p state by more than one order of
magnitude.
1 13 consistent with the ! distribution
having a maximum at the p state.

The observed spectrum for n =

Population inversion for n = 9, 10 and
= 15 states found from tokamak plasmas has
been analysed in terms of the charge
exchange processes. Our present
investigation could be useful in
exploration of the possibilities of the VUV
coherent radiation through charge exchange

recombination.

59

Acknowledgement

We would like to thank Dr.J.E. Rice and his
colleagues for giving us a permission of
using figures in their articles.

References

1. E. Kallne et al., Phys. Rev. Lett.
52, 2245 (1984)

2. J.E. Rice et al., Phys. Rev. Lett.
56, 50 (1986)

3. J.E. Rice, E.S. Marmar, E. Kallne

and J. Kallne, Phys. Rev. A 35,

3033 (1987)

T. Fujimoto and T. Kato,

Astrophysical J. 246, 994 (1961)

R.K. Janev, D.S. Belic and B.H.

Bransden, Phys. Rev. A&, 28, 1293

R.E. Olson, J. Phys. B, 13, 483

(1980)

A. Abramov, F.F. Baryshnikov and

V.S. Lisitsa, JETP Lett. 27, 464

(1978)

8. T. Fujimoto, I. Sugiyama and K.
Fukuda, Memories of Faculty of
Engineering, Kyoto University,
Vol. XXXIV, Part 2, 249 (1972)

-~ o U, &




Prepulsing to Increase the Efficiency
of Laser-Produced-Plasma Pumped Lasers

M. H. Sher and S. J. Benerofe

Edward L. Ginzton Laboratory, Stanford University
Stanford, Califomia 94305

Abstract

We have demonstrated the use of a low energy prepulse
to enhance the soft-x-ray emission of laser produced
plasmas in a parameter range which has been used to
pump photoionization lasers. We present data on
conversion efficiency and output pulse duration as a
function of input intensity, pulselength, and prepulse
conditions. Qur goal in these studies is to allow the
design of more efficient short-wavelength
photoionization lasers, and to achieve high repetition
rate operation of these lasers in the near future.

Several recently reported short wavelength lasers [1, 2]
have utilized a laser-produced plasma "soft-x-ray
flashlamp" as the pump source. We have characterized
the soft-x-ray conversion efficiency in the parameter
range of importance to these lasers and have
demonstrated that the yield can be improved dramatically
by the presence of a low energy prepulse [3 - 5]. For
plasmas formed by 1064 nm radiation incident onto
gold targets at intensities from 4x1010 0 3x1012 W
cm-2 and pulselengths of 170, 70, and 20 psec, we have
measured the conversion efficiency and duration of the
plasma emission into the photon energy range from 120
10285 eV.

The experimental arrangement is shown in Fig. 1.
1064 nm pulses from a Nd:YAG laser system are
focused into an evacuated chamber and onto a gold target
at normal incidence. Soft-x-rays emitted by the plasma
formed on the gold surface are detected at 30 deg off the
target normal by a soft-x-ray streak camera and by a
vacuum photodiode. The 70 and 170 psec pulses are
gencrated directly by a q-switched, mode-locked Nd:YAG
oscillator and are amplified in four succeeding Nd:YAG

heads. The 20 psec pulses are generated by passing a
150 psec pulse from the same oscillator through a
single mode silica fiber (to produce a self phase
modulation induced frequency chirp) and then using the
gain narrowed spectral band pass of the Nd:YAG
amplifiers to shorten the pulse [6). The focal spots on
target are 100 and 140 um in diameter for the main and
prepulse beams respectively. The target surface is an
approximately 1 um thick layer of gold elcciroplated
with a matte finish onto an unpolished stainless steel
disk. The disk is rotated to expose a fresh gold surface
on each shot. The spectral sensitivity of the detectors

vacuum
filters photodiode

prepulse
f beam
v

$ main beam

Figure 1. Experimental arrangement




(shown in Fig. 2) was defined by a filter set of 1.0 um
Paralene-N and 0.15 um Ag [7] positioned in front of
both the vacuum photodiode (Al,05 photocathode [8])
and the streak camera (0.01 pim Csl on 0.1 um Formvar
photocathode [9)).
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Figure 2. Calculated spectral sensitivity of a) vacuum
photodiode and b) streak camera.

All of the measurements were made on a single
shot basis, and readings for both the photodiode and the
streak camera were recorded on each shot. Each of the
points displayed in the following graphs represents the
average of several shots, where shot to shot fluctuations
were usually within 25 %.

Initial measurements determined the effect of the
prepulse as a function of its intensity and temporal
spacing from the main pulse. In Fig. 3 we show how
the soft-x-ray yield of the main pulse varies as the
temporal spacing between the pre- and main pulses is
increased. The pulse length was 26 psec, the intensity
in the main beam was 1.8x10'2 W cm2, and separate
data sets were taken for prepulse intensities of 1.6x1011
W cm-2 and 3.3x1010 W cm-2, The higher intensity
prepulse curve indicates that the yield increases as the
time delay is increased up to approximately 1 nsec, after
which it remains roughly constant out to our 2.3 nsec
measurement limit. Although the lower intensity
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prepulse produces less enhancement of the main pulse
output, it too seems to be leveling off at
approximately 1.5 nsec. In Fig. 4, we set the
pulselength at 20 psec, the pulse spacing at 1.5 nsec,

4

prepulse intensity
= 1.6x101T wem2 *

prepulse intensity
= 3.3x10'0 wem-2

1

main beam intensity = 1.8 x 10’2 W cm2
pulse length = 26 psec

0 0.5 1.0 1.5 2.0 25
TIME DELAY (nsec)

SOFT-X-RAY YIELD (relative units)
N
-2

Figure 3. Soft-x-ray yield enhancement vs. time delay
between prepulse and main pulse.

the main pulse intensity at 1.3x1012 W cm-2, and we
vary the prepulse intensity. The effect of the prepulse
scems to asymptote at an intensity of about 8x1010 W
cm2,

12

— | main beam intensity = 1.3x10'2 W em2

0

= pulse length = 20 psec o0 p
5 10 time delay = 1.5 nsec
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Figure 4. Soft-x-ray yield enhancement vs. prepulse
intensity.

In Fig. 5 we show the conversion efficiency into
the 120 to 285 eV bandwidth as a function of main
beam intensity, with and without a prepulse, for 1064
nm pulselengths of 20 psec. In this case the pulse
spacing was 1.5 nsec and the prepulse intensity was
maintained at a value high enough to insure the




maximum enhancement. The data shows that the
conversion efficiency is improved significantly and falls
off more slowly with decreasing intensity in the
presence of a 8repulse. The slopes of the curves
indicate an I(2-10) dependence of conversion efficiency
on main beam intensity for the main beam only and an
1(1-25) dependence for the prepulsed plasma. Figures 6
and 7 are analogous to Fig. 5 but are done at
pulselengths of 70 and 170 psec. At 1012 W cm-2 the
conversion efficiency (into the 120 - 285 eV bandwidth)
of the un-prepulsed plasma is 0.9 %, 0.2 %, and 0.06 %
for the 170, 70, and 20 psec pulses respectively. The
prepulse increases these figures to 1.5 %, 0.6 %, and
0.3 %.
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b
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- ~12.
pulselength = 20 psec
time delay = 1.5 nsec
0.001 .
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MAIN PULSE INTENSITY (W cm?)
Figure 5. With pulselength = 20 psec, conversion

efficiency (into 120 - 285 eV bandwidth) vs. main pulse
intensity.
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Figure 6. With pulselength = 70 psec, conversion
efficiency (into 120 - 285 eV bandwidth) vs. main pulse
intensity.

Calibration of the conversion efficiency in Figs.
5-7 is based on several assumptions: an isotropic
angular distribution of the x-rays, the calculated spectral

-———
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sensitivity curve shown in Fig. 2a, and a 22 eV black
body spectral distribution of the emission in the detector
bandwidth. This black body temperature was chosen to
match the vacuum photodiode signal for a single
reference condition (pulse length = 70 psec and I i, =
1x1012 W cm-2), and all other conversion efficiencies
were scaled linearly with no change in the assumed
spectral shape. We estimate that these conversion
efficiencies are accurate to within a factor of three.
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0.01 s at
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MAIN PULSE INTENSITY (W cm-2)

Figure 7. With pulselength = 170 psec, conversion
efficiency (into 120 - 285 eV bandwidth) vs. main pulse
intensity.

Unfortunately, the increases in time-integrated yield
due to the prepulse are not obtained without some
increase in the soft-x-ray pulselength. For the 20 psec,
1064 nm pulses the soft-x-ray emission lasted about 45

130 psec
with prepulse

INTENSITY

105 psec
without prepulse

TIME

Figure 8. Streak camera traces of soft-x-ray emission
from 70 psec pulse.

psec (FWHM) for the main pulse only and 70 psec for
the prepulsed plasma. (Here we have deconvolved an




assumed streak camera resolution of 20 psec.) We note
that the increase in FWHM caused by the prepulse
comes predominantly from the falling edge of the pulse,
while the rise time does not change significantly.
Figure 8 shows streak camera traces for a 70 psec pulse
at l,aai,, = 4.4x101! W cm2 and I, = 1.7x1010 W
cm-4. Under these conditions the main pulse only
emission has a FWHM of 105 psec which is increased
10 130 psec by the prepulse. The emission time of the
170 psec pulse was approximately 250 psec and was not
increased significantly by the prepulse.

In a situation where the total energy available for
plasma production is limited, it may be necessary to
divide a single beam into two parts in order to produce
the largest x-ray yield. Figure 9 shows the x-ray
enhancement available for a 22.5 psec, 1064 nm pulse
with an intensity of 1.6x1012 W cm-2 as a function of
the fraction of that total energy which is diverted to the
prepulse beam.
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Figure 9. Soft-x-ray yield enhancement vs. fraction of
main pulse energy diverted to prepulse.

While the presence of the prepulse alters the
behavior of the main pulse plasma in many ways, we
believe the mechanism which is primarily responsible
for the enhanced soft-x-ray yield is an increase in the
collisional absorption of the incident laser light. The
pre-formed plasma (with its larger density scale length)
is able to absorb a larger fraction of incident light than
is the initially cold metal surface (10, 11]. Figure 10 is
a graph similar to that in Fig. 3 where, in addition to
the increase in soft-x-ray yield, we have plotted the
decrease in 1064 nm light scattered from a 70 psec main
pulse as the time delay between the pre- and main
pulses is increased. Two photodiodes were positioned
to detect light scattered to 30 and 90 deg off the target
normal, and a third was placed above and behind the
target to collect light bouncing off the front wall of the
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chamber. All three photodiodes behaved in a similar
manner as the time delay was changed, and the data
shown is the average of the three diode signals. Our
target chamber was not suitable to calibrate the
photodiodes to measure absolute reflected fractions, but
the correlation between the reflected 1064 nm light and
the soft-x-ray output is clear.

3
) soft-x-rays
5 2}
(]
2
lg pulse langth = 70 psec
= main pulse intensity = 2.0x1012 W cm2
- ! [ prepulse intensity = 1.6x1011 W cm2
L]
7 \ _scattered 1064 nm
0 . R . —
0 05 1.0 1.5 2.0 25

TIME DELAY (nsec)

Figure 10. Scattered 1064 nm light and soft-x-ray yield
vs. time delay between prepulse and main pulse.

While increasing the soft-x-ray yield is important
to making photoionization lasers, there are other effects
which must be considered when using a prepulsed
plasma to pump these lasers. Soft-x-rays or blowoff
material produced by the prepuise itself may degrade the
ambient gain medium and, hence, reduce the
effectiveness of the main pulse pumping. One way to
reduce the x-ray yield of the prepulse is to form the
prepulse plasma with shorter wavelength light. Because
the shorter wavelength should have better mass ablation
efficiency [12] while producing a colder plasma [10,
13], it should (in this sense) make a better prepulse. In
preliminary experiments with 70 psec pulses at a main
beam intensity of 5x101! W cm-2, we measured the
same 3 times enhancement of the main beam emission,
with a 7.5x1010 W cm-2, 1064 nm prepulse and a
4.3x1010 W c¢m-2, 532 nm prepulse. The 532 nm
prepulse, however, emitted 8 times less broadband (as
detected by an unfiltered vacuum photodiode)
soft-x-rays.

In this work, we have studied the soft-x-ray
conversion efficiency of laser-produced plasmas in a
parameter range which has been used to pump
photoionization lasers. We find that the conversion
efficiency decreases rapidly with pulselength, but the
decrease can be slowed by the presence of a low energy
prepulse. We have characterized the effects of the
prepulse and addressed some of the practical
considerations which will be important in pumping
photoionization lasers. This information will aid in the
design of more efficient photoionization lasers and in




the production of new short-wavelength lasers.

The authors acknowledge the assistance of J. J.

Macklin, C. P. J. Barty, and G.-Y. Yin and the support
of J. F. Young and S. E. Harris. M. H. Sher gratefuily
acknowledges an AT&T Bell Labs Ph.D. Scholarship.
This work was supported by the Office of Naval
Research and the Strategic Defense Initiative
Organization.

10.
11.

12,

References

M. H. Sher, J. J. Macklin, J. F. Young, and S. E.
Harris, "Saturation of the Xe III 109-nm laser using
traveling-wave laser-produced-plasma excitation,"
Opt. Lett. 12, 891 (1987), and references therein.
C. P. J. Barty, D. A. King, G.-Y. Yin, K. H.
Hahn, J. E. Field, J. F. Young, and S. E. Harris,
"A 12.8 eV laser in neutral Cesium,” submitted to
Phys. Rev. Lett. and this Proceedings, and
references therein.

R. Kodama, T. Mochizuki, K. A. Tanaka, and C.
Yamanaka, "Enhancement of keV x-ray emission in
laser-produced plasmas by a weak prepulse laser,"
Appl. Phys. Lett. 50, 720 (1987).

D. Kuhlke, U. Herpers, and D. von der Linde, "Soft
x-ray emission from subpicosecond laser-produced
plasmas,” Appl. Phys. Lett. 50, 1785 (1987).

D. G. Stearns, O. L. Landen, E. M. Campbell, and
J. Scofield, "The Generation of Ultrashort X-ray
Pulses,” Phys. Rev. A 37 1684 (1988).

D. F. Voss and L. S. Goldberg, "Simultaneous
amplification and compression of continuous-wave
mode-locked Nd:YAG laser pulses,” Opt. Lett. 11,
210 (1986).

B. L. Henke, P. Lee, T. J. Tanaka, R. L.
Shimabukuro, and B. K. Fujikawa, "Low-Energy
X-Ray Interaction Coefficients: Photoabsorption,
Scattering, and Reflection,” At. Data Nucl. Data
Tables 27, 1 (1982).

L. R. Canfield and N. Swanson, "Far Ultraviolet
Detector Standards,” Journal of Research of the
National Bureau of Standards, 92, 97 (1987).

J. A. R. Samson, Techniques of Vacuum
Ultraviolet Spectroscopy (Pied Publications,
Lincoln, Nebraska, 1967).

T. P. Hughes, Plasmas and Laser Light (Wiley,
New York, 1975), p. 285.

W. L. Kruer, The Physics of Laser Plasma
Interactions (Addison-Wesley, New York, 1988).

R. Fabbro, E. Fabre, F. Amiranoff, C.
Garban-Labaune, J. Virmont, M. Weinfeld, and C.
E. Max, "Laser-wavelength dependence of
mass-ablation rate and heat-flux inhibition in
laser-produced plasmas,” Phys. Rev. A 26, 2289

(1982).

13. C. E. Max, "Physics of the Coronal Plasma in

Laser Fusion Targets," in Laser Plasma
Interactions, R. Balian and J. C. Adams, eds.
(North Holland, Amsterdam, 1982).




Amplification and Gain Measurement of Extreme Ultraviolet

Radiation (42.4A, 45A and 46A) in He~like Al Laser Plasma

K. Muroco, Y. Tanaka and H. Kuroda

The Institute for Solid State Physics
The University of Tokvo
Roppongi 7-22-1, Minato-ku., Tokyo 106 Japan

Phone: 03-478-6811

Concerning the extreme ultraviolet lasing in the Jlaser-
produced plasma, He-like Al scheme is atractive because the
wavewlength of He-{ike 3-2 transitions are shorter than any

other transition ever done, and very <close to the water
window. This scheme is expected to give a large vpopulation
inversion caused by the rapid decaying of the n=2 level!l., and
the great feed to the n=3 levels by the cascade radiative
transitions and two electron transitions through the
autoionized states.

A 100ps glass-laser pulse was l|line-focused on the solid
Al target, and intensities of He-like 3-2 transitions were
measured at various plasma length, keeping the laser input
energy density as constant. Intensities of 3d-2p(45A), 3s-
2p (46A) and 3p1P0—2318(42.4A) grew exponentially and
saturated, as the plasma Jlength was increased. This

exponential growth is due to the stimulated emission process.
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and saturation is due to the escape of the XUV light from the
line-shape-plasma axis caused by bending of XUV light in a
density-graded plasma. Gain coefficients are estimated as

9.8¢m™ ', Tom™! and 4.4cm”! for He-1:ke Al 3d-2p, 3s-2p and

3p1P0-2s1S transitions respectiveliy.




Population JInversions between n=5, 4, 3 and 2 levels
of He-like Al Plasma Observed by Spatially

Resolved X-ray Spectroscopy

H. Kuroda, M. Katsuragawa, K. Murco and Y. Tanaka

The Institute for Solid State Physics
The University of Tokvo
Roppongi 7-22-1, Minato-ku., Tokyo 106 Japan

Phone: 03-478-6811

Population inversions between N=5, 4 and 3 levels are
observed in a 100ps Laser-produced plasma. As a results, XUV
of 42A~46A, 130A and 305A corresponding to 3-2, 4-3 and 5-4
transitions are observed experimentally. Relative population
densities are determined by measuring the intensities of
spatially resolved X-ray line spectra of 6.635A, 6.314A and
6.18A <corresponding to the 3-1, 4-1 and 5- 1 transitions.,
which are normalized by their oscillation strengths. Careful
absorption was paid to rule out the effect of reabsorption.
Populations were inverted at the region located 50~100um from
the target surface. Laser light was focused into 50 um
diameter and amount of inversion was clearly increased when
laser intensities was increased. As to the 5-4 and 4-3
inversion, similar result was observed in silicon target,

however inversion between n=3 and 2 was not confirmed at these
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laser intensities. XUV gains are very promising especially as

to 5-4 and 4-3 transitions in both target.




Probability of Soft X-Ray Radiation for 3p-3s Transition in Neon-Like Iron

Huimin Peng, Guoping Zhang, Jiatian Sheng, and Yunfeng Shao

Institute of Applied Physics and Computational Mathematics
P.O. Box 8009, Beijing, China

ABSTRACT

Using 1-D non-LTE radiative hydrodynamic co-
de JB-19 we simulated the interactions of
basic and double frequency neodymiur-glass
laser beam which is focussed into a line on-
to target, with thin Formvar-iron foils. The
values of population inversions and gains
are calculated using steady rate equations.
The profiles of laser-produced plasma condi-
tions and the probabilities for 3p-3s tran-
sition in neon-like iron at peak intensities
STW per square centimeter to 20TW per square
centimeter and FWHM 800-1000ps are shown.

INTRODUCTION

In recent years considerable insterest has
centered on the 3p-3s trasitions in neon-1li-
ke ions in the development of soft x-ray la-
sers, and incontravertible success has been
achieved in LILNL[1-2]. Other laboratories
have got great progress to~[3-4]. The compu-
tational simulation of soft x-ray lasers has
been done for several years at Institute of
Applied Physics and Computational Mathema-
tics in orwer to get some interest results,
construct, examine and improve computing co-
des and design useful experiments. Taking
account. of the capability of Nd-glass laser
Shongguang which sets up at shanghai High
Power Laser Physics Labaratory, we chose
thin iron foil which deposits on thin plas-
tic substrate(Formvar-C11H1805) as the la-
sing medium in the calculation.
Laserproduced plasma condition is calcu-
lated using one dimensional non-local ther-
modynamic equilibrium radiative hydrodynamic
code JB-19. In this code, the bremsstralung
effect, radiative ionizations and recombina-
tions, collisional ionizations by electrons
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and threebody recombinations, c¢ollisional
excitations and de-excitations by electrons,
radiative line trasitions and Compton scat-
tering are considered. The multigroup flux-
limited diffusion approximation is used in
the radiative transport equations. Laser li-
ght via inverse bremsstrahlung absorption is
considered to be the most important in our
computational simulations. We used steady
rate equations to cai-ulate the populations
in the some lewvels of the iron ions at dif-
frent electron temperaturies, densities and
certain abundance of neon-like iron.

We simulated the interactions of basic
and double frequency Nd-glass laser light
which is focussed into a line onto target,
with thin Formvar-iron foils. At first, we
made the camputational results of neon-like
ion of selenium to be in agreement with the
experimental results of LLNL, then we calcu-
lated the plasma conditions of thin plastic-
iron targets.

In this paper we show the computational
results of laser-produced plasma conditions
and the probabilities of 3p-3s transitions
in neon-like ion of iron. The thin foil tar-
gets consist of 300-750 angstrom coating of
iron on 750-1000 angstrom Formvar(C11H1805).
A segnent of the foil is illuminated with
one gaussian laser beam on the surface of
the iron or two opposing laser beams. The
peak intensity of the incident laser pulse
varies from 5TW per square centimeter to 10
T™W per square centimeter for each of two op-
posing laser beams, and varies fram 10TW-20
™ per square centimeter for one incident
laser beam. The FWHM of incident pulse va-
ries from 800ps to 1000ps, and the wave-
lengths of the incident laser light are 1.06
ym and 0.53um.

BASIC EQUATIONS




1. The 1-D equations of radiative hydrodyna-
mics
3R
—=u , (1)
Jt
dR r o
—= &(-—) ‘ (2)
ar f R
au 1o
— = - =P , (3)
ot far
P = Pion+Pe+Pr+q , (4)

where® =0,1,2 means planar, cylindrical and
spherical geometry respectively, Pion, Pe
and Pr denote the pressure of the ions, ele-
ctrons and radiation, q is the viscosity
pressure.

There are two kinds of equations of elec-
tron energy for real and ideal gas respecti-
vely

3 19 o

—FEe = - —5—(R Fe)-Pe—(—)

ot PR dR P
~WrWie+W| , (5)

-()-(CveTe+V) = - —'—-—i(R Fe)-Pei(-‘-)

ot pr'aR a P
-WrWiewm (6)

where Ee is the electron energy, Wr is the
transfer rate of the energy from electrons
into radiation, Wy is the rate of laser
light energy deposition, Wie is the exchange
rate of the energies between electrons and
ions, Cwve is the specific heat capacity at
constant volure for electron, Te is the ele-
ctron temperature, V is the electron poten-
tial energy and Fe is the limited flux of
electron conduction.
The equation for ion energy is

o

2 (cviti) = -(Pisg) L ()- L2 (R Ry

ot a P PRR
- Wie ,

(7
2. Averageatam population rate equations
ari

- = Al -~ BiPi ,
at

(8)

where
Ai = Air+Aie+Aile+Ailr
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2
= Ne fir+Ne fie
(g, (gj/gi)ﬁjmy%(gj/gi)ogipjl
7 j<i

+Z (gj/gi)WJ'inJ bji(¥)fpdy ,
J<i 0

(9)

Bi = Ai+Bir+Bie+Bile+Bilr

Ai+ ir+Ne® ie

[}

el 3, (1-25) i3+ T, (1-85) Pz
J?n )<1

+ 2, (g3/9iW3i(1- PJ)J bji(y)(1+£y)ay
J< 0
(10)

where ir, ie, iie and ilr denote the radi-
ation ionization and recambination, colli-
sional ionization by electrons and three-bo-
dy recombination, collisional excitation and
de-excitation by electrons and radiative
line transition for i level respectively, Pi
is the population probability for i level,
fy is the number per mode(quantum state) for
y photon and bji(V) is the profile of thr

radiative line transition from j to i, gi
and gj are the statistical weights of i and
j levels, and Wji=(gi/gj)Aij, in which Aij
is sponteneous radiative decay rate from le-
vel i to j.

3. Multigroup fluxlimited diffusion equa-

tions for radative transport

1of, 14 o yotya |
= - —5—(R Fr)+ (—
Pat PRIR 39 P
)
+=—{(Dy~Cyfy)
p
1, ofy
f))z {dv[ (1+f))f,,+’l‘e;—] . (11)

where Fr is the limited flux of radiation,
oly is the radiative parameter for Compton
scattering[5], Cy and Dy are parameters for
photoelectric effect, bremsstrahlung effect
and radiative line transition.

For simplicity, we assumed that laser
light irradiates target with normal inci-
dance. The absorption of laser light in pla-
sma is considered via inverse bremsstrah-
lung. When incident laser light reaches cri-
tical surface, it is refelected, the refle-
cted laser 1light is absorbed by plasma, in
which the density approaches or is less than
critical density, till it passes out through
the system.




LASERPRODUCED PLASMA CONDITIONS

In order to get population inversions and
gains of 3p-3s trasition in neon-like ions
of iron, the laser-produced plasma condition
must be suitable for lasing. We expect to
design exploding foil to ensure that during
incident laser pulse the target can be bur-
ned through and a roughly cylindrical plasma
that contain neon-like ions can be produ-
ced. If such plasma condition can last
enough time in enough wide region, the amp-
lication of soft x-ray radiation can be ob-
tained.

According to the theoretical and experi-
mental results of LLNL for selenium and
using scaling law[6], we estimated that the
parameters of laser-produced plasma condi-

6
tion for thin iron foil ought to be Te 4x10

K and Ne 2x1020 /cm3 . We suggest that thin
Formvar-iron foil to be illuminated with one
laser light beam on iron side or two oppo-
sing laser light beams. The incident gaus-
sian laser light beams can be in wavelengths
1.06pm and 0.53um, FWHM 800ps-1000ps, peak
intensities 5TW-20TW per square centimeters.

In the calculation we let the time at
I/10=0.01 as the starting and ending time of
gaussian laser pulse, where Io is the peak
intensity of incident laser pulse. So the
intensity of incident pulse at t=T=1.289T
reaches maximum Io, where T is the FWHM of
incident laser pulse. The calculated results
are given as following.

In Fig.1l we showed the profiles of elec-
tron temperature of laser-produced plasma
for thin Formvar-iron foil in which 300 ang-
strom thickness of iron deposites on a thi-
ckness 750 angstrom Formvar substrate. Two
opposing incident gaussian laser beams with
wavelength 1.06m , FWHM 800ps and peak in-
tensity 50TW per scuare centimeter were su-
pposed to be focussad into lines onto tar-
get. From it we can see that at t=1066ps ,
that is nearly at the peak intensity of in-
cident laser pulse (peak time t=T=1031ps),
the foil was burned through by the thermal -
conduction wave, and after 100-200ps, the
smooth electron density and temperature pro-
files occured, in which the smooth region
wides about 100um and electron temperature

6
is about 4x10 K and electron density reaches

20 3
2-3x10 /am .

In Fig.2 we showed the profiles of elec-
tron density and temperature for the same
thickness foil. The wavelength 1.06m ,FWHM
800ps and Io equals 10TW per square centime-
ter one gaussian laser light pulse was focu-
ssed into a line onto the surface of iron.
After the peak of incident laser pulse, the

n
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Fig.1l The electron density Ne and tempera-
ture Te of laser-produced plasma of iron vs
space R at different time for 750AFormvar +
300AFe foil. The dot-and-dash Llines denote
the profiles at burned time of iron foil.
The peak of incident pulse is t=T=103lps.

foil was burmed through, then uniform pro-

files of electron density and temperature
é

proceduced, in which Te is about 4x10 K and

Ne ~ 1-2x1020 /an’ .

In Fig.3 the electron temperature in the
middle of iron region varies with time t for
above two geometries was shown.

| T L] L] T L] T T LE L] T IR | T L4
Ne £10%° /en’ 105 3 Te
5.0 Te tdddps . ds.0
3.0 “43.0
2.0 +4 2.0
1.0 — 1.0
0.5 J0.5
-
0.3 ~
40.2
0,11 Y FEra BTN PR S 0.1
.50 0 50 100 150 200
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Fig.2 The electron density Ne and tempera-
ture Te vs space R at different time in the
plasma of iron. The dot-and- dash 1lines de-
note the profiles at burned through time of
the foil. The peak of incident pulse occurs
at t=T=1031ps and the burned through time is
t=1444ps.




Fram Figs.1-3 we can see that using wave-
length 1.06pm, FWHM 800ps, Io equals 50TW
per square centimeter two opposing gaussian
laser beams or Io equals 10TW per square
centimeter one beam laser light to irradi-~
ate thickness 300 angstroms iron which depo-
sites on 750 angstroms Formvar substrate,
the smooth profiles of electron density and
temperature can be obtained afer the foil
was burned through by the thermal-conduction
wave. If the thickness of iron medium and
the FWHM of incident laser light to be inc-
reased suitably , good electron density and
temperature frofile can be obtained too. In
Fig.4 we showed the computational results
for thickness 500 angstroms iron which depo-
sites on one side of thickness 750 angstroms
Formvar. The foil was irradiated with wave-
length 1.06pm, FWHM 1000ps and Io equals 5TW
per square centimeter two opposing gaussian
laser beams. The foil was burned through by
thermal-conduction wave at t=1497ps(the peak
of incident pulse is at t=1289ps),after 100-
200ps a uniform plasma of iron can be produ-

6
ced,in which Te is about 3-4x10 K and Ne is

0
about 2-3x102 /cms . The more thickness of
ironfoil is increased the later of burned
through time is reached, at last the foil of
iron can't be burned through.

T T T T Y

Te 1061
5.0} Iy -

A =1,06um
4.0 T =800ps ™
5.0 -
2.0 o
1.0 -
0.0 . N 1
0 S00 1000 1500 2000
t ps

Fig.3 The electron temperature Te in the mi-
ddle of iron region vs time t for 750AForm-
var+300AFe foil. Tel denotes the foil was
irradiated with a incident laser beam, Io
equals 10TW per square centimeter on the si-
de of iron, and Te2 denotes two oppsing la-
ser beams illuminated foil, each of them Io
equals 5TW per square centimeter.

In figs.5-8, we showed the laser-produced
plasma conditions for 1000AFormvar+750AFe
foil target which was irradiated with wave-
length 0.53pm, FWHM 800ps and peak intensity
equals 10TW per square centimeter two oppo-
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sing gaussian laser beams or peak intensity
20TW per square centimeter one laser beam
on iron side. Because all laser light absor-
ption and reflection processes occur at ele-
ctron density less than critical density
Nec,and Nec is inversely as the square of
wavelength of laser light, so double fre-

quency Nd-glass laser light can penetrate
iorn medium deeply.
F T 11 T i T
- /\ 497ps 3
5.0fF ( 1600ps 1061 Te
3.0}
2.0
NN
\81.0 — 10
8 E "~
20.5 - 1600ps Te 1s
® [ ST, ol e =
®0.3} i -7 okl 13
. “\1497ps  \1800ps {2
i | ! |
0.1 0 %0 100 150 200

X pm
Fig.4 The profiles of electron density Ne
and temperature Te for 750AFormvar +500AFe
foil, which was irradiated withA =1.06um, T =
12 2
1000ps and Io=5x10 w/an two opposing gaus-
sian laser pulse. The peak of incident pulse
is t=1289ps and the burned through time of
the foil is t=1497ps.
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Fig.5 The profilipgf electron density for
1000RFormvar+750AFe foil which was irradi-

13
ated withA=0.53m, T=800ps and Io=1x10 w
2
/an  two opposing gaussian laser beams. The

burned through time of the foil t=889ps is
before the peak time of the incident pulse.
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Fig.6 THe profile of electron temperature Te
for 1000&Formvar+750AFe foil. The parameters
of incident laser light are as same as men-
tioned in Fig.S.
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Fig.7 The profiles of electrgn density Ne

and temperature Te for 1000AFormvar+750AFe
foil which was illuminated with X =0.53im, T =

800ps and Io=2x10”w/cmz incident gaussian
laser beam. The burned through time is t=
1023ps and the peak of incident pulse is t=T
=1031ps.

From calculated results we can see that
for two opposing laser beams the foil can be
burned through before the peak of incident
laser pulse, and for one incident laser beam
on the side of ir n, the foil can be burned
through nearly at the peak of laser pulse.
Later is better for getting a uniform pro-
file of plasma.

CALCULATION OF GAINS
1. Steady rate equations

According to works[7-8], we use steady rate
equations to calculate populations of diffe-

106”'1'1

1 1
1000 1500 2000 2500
t ps

0
0 500

Fig.8 The electron temperature Te and ion
temperature Ti in the migdle of iron vs time
t for 1000AFormvar+750AFe foil. Number 1
means the foil was illuminated with one beam
{3 2
laser pulse Io=2x10 w/an and number 2
means the foil was illuminated with two gP-
posing laser beans each of them TIo=1x10" w

2
/an , X=0.53)m and T=800ps.

rent levels of neon-like ions

s

d e
Ni'[S, Adi + Ne( T, Cii + 2, Cii)]

i< i<j i?)
e d
= NefZ, Ni'Cij + X Ni‘Cij] + T, Ni'Aij
i<] i) i7j

(12)

where Nj'=Nj/Np is the ratio of the ion num-
ber density in the j level to the total num-
ber for all of the levels of the neon-like
e d

ion, Cij and Cij are the electron excitation
and de-excitation rate coefficients. Atomic
data are taken from [8] , and only 27 confi-
gurations for 3s,3p and 34 levels are consi-
dered in our calculation. The cascading from
more highly excited configurations is negle-
cted.

The gain coefficient from i to j lewvel is

X M
& = ~X_Aij(-mmms)  gi(Ni/gi -Nj/g])
8 20KTi

(13)

where X\ is the wavelength of the trasition
between i and j levels, Ti is the ion tempe-
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rature, M is the atomic mass of the ion, k
is Boltzmann constant. In the calculation
only Doppler browdening was considered.

2.Calculated results
Supposing the abundence of neon-like ion of
iron ish =1/4 in the plasma, we calculated
the gain coefficients for 3p-3s transitions
at different densities and temperaturies.
The calculated results are shown in Table
1-3.

In fig.9 we showed the gain coefficient
vs electron density on conditions thatrl =1/4

and 'I‘i.=s=4x106 K.

Lt ¢ 1ami 1
0.5 1.0 2.0
20, 3

L 1

‘cm

Fig.9 The gain coefficient of 3p-3s transi-
tion vs electron density Ne on conditions

é
that 7 =1/4 and Te=4x10 K.

Table 1. The gain coefficient vs Te and Ne
2 5 2 5 3 .
for 23 2p 3p so -2s 2p 3s P' transition on

condition that 7 =1/4.

oL \Ne 0.1 0.2 0.3 0.5 0.7 1.0 2.0
Te

3.0 |.177 .383 .584 .963 1.32 1.80 3.11
3.5 |[.246 .535 .818 1.35 1.85 2.54 4.11
4.0 |.309 .678 1.04 1.72 2.35 3.23 5.63
5.0 [.417 .919 1.41 2.34 3.20 4.40 7.68
6.0 |.494 1.10 1.68 2.80 3.84 5.27 9.19

Table 2. The gain coefficient vs Te and Ne

2 / 2_5
for 2s 2p5 3p D,-28 2p 35’?, transition on
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condition that j =1/4.

o \Ne

0.1 0.2 0.3 0.5 0.7 1.0 2.0
Te
3.0 |.116 .239 .348 .525 .651 .751 .482
3.5 |.165 .344 .507 .784 .999 1.22 1.22
4.0 |.212 .445 .662 1.04 1.35 1.69 2.03
5.0 |.292 .622 .933 1.49 1.97 2.55 3.58
6.0 |.353 .756 1.14 1.85 2.46 3.24 4.97

Table 3. The gain coefficients vs Te and Ne
5

2 3 2_5 1
for 2s 2p 2p D,-2s 2p 3s P, on =1/4.
o \Ne
0.1 0.2 0.3 0.5 0.7 1.0 2.0
Te
3.0 |.152 .312 .464 .742 .983 1.28 1.87
3.5 |.213 .438 .656 1.06 1.41 1.87 2.88
4.0 ].271 .559 .837 1.36 1.82 2.44 3.87
5.0 ].369 .763 1.15 1,87 2.53 3.41 5.62
|6.0 .443 .918 1.38 2.26 3.07 4.15 6.96

W

6 20
In Table 1-3 TE in 10 K, Ne in 10 /com
o in 1/cm.

, and

DISCUSSION AND CONCLUSION

Our computational simulations showed that
under following conditions: using 1. wave-
length 0.53jm, FWHM 800ps and peak mtenslty
20TW per square centimeter one gaussian la-
ser beam to irradiate 1000AFormvar+750AFe
foil; or 2. wavelength 1. 06ym, FWHM 800-
1000ps, peak mtensxty 5TW per square cen-
timeter two opposing ing gausgian laser beams
to irradiate 300-500AFe+750AFormvar foil; or
3. wavelength 1.06pm, FWHM 800ps peak inten-
sn:y 10TW per square centimeter one gaus;
sian laser beam to irradiate 3001\Fe+750A
Formvar foil; an electron density Ne 2-

20 3
3x10 /an and electron temperature Te =

6
4x10 K nearly uniform plasma can be ob-
tained.

On conditions that the abundance of neon-

b
like ion of iron 7 =1/4, Te=4x10 K and NE=

0
2x102 /anj, the gain coefficient of 3p-3s
transition can reach more than 2/cm.

There are same problems in our calcula-
that have to resolve. The first is how many
abundan ce of necn-like ion of iron actually
occurs in the laser-produced plasma? It de-
pends on atomic data and plasma conditions.
Besides this, the trapping effect hasn't
been considered in our calculation. It will
reduce gain coefficient.

We hope that the experiments will provide




—

enough informations such as the profiles of
electron density and temperature, the abun-
dance of neon-like ion in laser-produced
plasma, using them we can test, examine and
improve our codes and design useful experi-
ments for getting soft x-ray amplification.
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HARMONIC GENERATION IN LASER-FREE ELECTRON SCATTERING
RECONSIDERED
Anna K. Puntajer and C. Leubner
Inst. Theoret. Phys., University of Innsbruck, A—6020 Innsbruck, Austria

For zero electron drift velocity, the corrected version! of Vachaspati's classical cross sec-
tions!-2 deviates strongly from a semi—classical one by Ehlotzky3 and from an unpublished
quantum electrodynamical cross section by Jafarpour.4 Therefore, the cross section is recal-
culated within classical electrodynamics, which suffices for the experimental configurations
in question.5 This classical cross section, derivable more simply and with fewer approxima-
tions than the semi—classical one, nevertheless agrees perfectly with Elotzky's result3 for all
harmonics, but only to some extent with Vachaspati's earlier version? of the classical
second harmonic cross section, and not at all with his corrected one,! nor with Jafarpour's
quantum electrodynamical one.4 Moreover, it also incorporates relativistic Thomson
scattering as envisaged by McDonald.6

For second harmonic scattering, Fig. 1 shows perfect agreement between the semi—
classical3 cross section and the present classical one. Vachaspati's earlier version? agrees to
some extent, whereas his corrected one! and Jafarpour's unpublished QED cross section4
deviate strongly.

Even for zero electron drift velocity as in Fig. 1, the cross section exhibits a marked
forward—backward asymmetry, briefly mentioned by Sarachik and Schappert.? It can be ex-
plained as an interference between the fields produced by the linear and nonlinear compo-
nents of the electron motion, and it renders Englert and Rinehart's4 direction of observa-
tion most unfavorable for observing second harmonic photons.

.~ _ -7 present croes section and Ref. 3

Figure 1
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Gain Guided X-Ray Beams

Ernst E. Fill

Max-Planck-Institut fiir Quantenoptik
D-8046 Garching, Federal Republic of Germany

Abstract

It is shown that with gain and index profiles of
typical x-ray laser experiments the x-ray beam is
guided by the gain profile rather than defocussed
by the refractive index distribution. An arbitrary
beam generated within the medium or injected
into the medium is quickly transformed into a
'matching’ beam, propagating without change. The
effective gain of the matching beam is somewhat,
lower than the gain at the maximum of the gain
distribution.

If the gain distribution exhibits a small curva-
ture in direction of beam propagation the effective
gain is dramatically reduced.

Introduction

In laser plasma x-ray laser media strong electron
density gradients transverse to the direction of x-
ray beam propagation exist. These index gradients
result from the free-electron contribution to the re-
fractive index of a plasma, which - for frequencies
far above the plasma frequency - can be approxi-

mated by

n=1- Ng/ch- (1)
In Eq.(1) N, is the electron density and N, is the
critical electron density for the x-ray beam given

by
N. =11x101%272 (2)

with N, in em™3 and X in em.

There is concern [1,2] that the refractive index
gradient may deflect the x-ray laser beam out of
the high gain region, thus limiting the maximum
achievable effective gain length.
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In x-ray laser media, however, there is not only
a refractive index gradient but also a strong gain
distribution transverse to the beam propagation
direction. Ray tracing studies (3] indicated that
the gain gradient should have an influence on the
beam propagation.

In this paper we show that under typical con-
ditions of x-ray laser experiments beam spreading
due to the refractive index gradient does not oc-
cur [4). Approximating gain and index distribu-
tions with quadratic functions, formulae for Gaus-
sian beams propagating in such media are derived.
The analysis is done for the general case of non-
coincident symmetry axes of the gain and index
profiles and is extended to media with a slight cur-
vature in direction of beam propagation.

Beam Propagation in Square Law Media

We give a short review of the theory for the prop-
agation of a Gaussian beam in a medium the com-
plex propagation constant of which varies quadrat-
ically transverse to the propagation direction [5,6).

The propagation constant k is decomposed into
its real and imaginary parts according to

k=p+ja, (3)
where  is related to the refractive index n by
A
n=o (4)

and « is the electric field gain coefficient related to
the intensity gain coefficient by

=2a.

(5)




Allowing for displaced gain and index distribu-
tions we may write for a and 8

a=ap—1/2a1z — 1/2az% — 1/2 apy?

B = Bo — 1/2B22% — 1/2 B2y?,

(6a)

(66)

where £ and y are coordinates perpendicular to the
direction of beam propagation.

The particular form of Egs. (6) puts the origin
at the center of the index distribution whereas the
gain parabola is displaced in z-direction by

zo = —a1/(2 a3) ()
and the value of a at zg is given by
1
Omaz = 0Q + 3 023(2)- (8)

The gain- and index distributions given by Egs.
(6) are cylindrically symmetric. It may be noted
that the analysis can be performed as well for a bi-
axial distribution (in which the contours of equal
gain or refractive index are ellipses). For simplic-
ity, however, in this paper only the cylindrically
symmetric case is treated.

It is convenient to decompose k acording to

1
k=ko— (k12 + k1, v+ ke, 2% + kg, 4%).  (9)

From Egs. (6) one has

ko =Bo+ jao (10a)
ki, =jen; ki, =0 (100)
ks = B2+ jag, "~ (10¢)

where the second index of k; was dropped since
k2, = kg, .

Consider a Gaussian beam propagating in z-
direction. The medium is assumed homogeneous
along 2. To obtain a solution of Maxwells equa-
tions a transverse field component is written as

(11)

Neglecting the second derivative of ¢ with respect
to z the wave equation becomes

oy oy . 3
3z2 T ay2 0%,
—ko(ky,~ + ka2 + ko) = 0

E = ¢(z,y,2) exp [j(wt — ko 2)}.

+

(12)
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the solution of which can be written as [6)

¥(2,0,2) = exp{~1l5Q@ (2 +17)+ S+ P)), (13)

where Q(2),S(z) and P(z) are complex parame-
ters.

This equation represents a cylindrically sym-
metric Gaussian beam displaced in z-direction from
the (z = 0,y = 0)-axis. The parameter Q is re-
lated to the well known complex beam parameter
g by

Q = 27 /()\g).

The radius of curvature R of the wavefront and
the beam width w are given by

(14)

R=27/(0QR); w=(-2/Q))"%  (13)
where the subscripts R and I symbolize the real
and imaginary parts of a quantity. The beam may
be displaced from the axis with different displace-
ments for amplitude and phase. The amplitude
maximum and the center of curvature of the wave-
front are displaced by
za = —S1/Qr;

zp = —-Sp/Qr.  (16)

By inserting (13) into the wave equation and
comparing equal powers of z and y one obtains the
following differential equations for the parameters
@Q,Sand P

ko%% +Q%+koky=0 (17)
ds 1
ko$+QS+§kok1’=0 (18)
aP |
kodz+JQ+23 =0, (19)

which have the solutions

Q(0) + @m + (Q(0) — @m) exp(2572)

) = OmQ0) + @ — (Q(0) = Q) xb(2772)”
(20)

where Qp, is the *matching’ beam parameter, given

by
Qm = —j\/ kokz (21)
and
v = \ka/ko. (22)
5(2) = 5(2) + Q(2)k1,/(2k2), (23)




25(0)Qm exp(jv2)
Q(0) + @m — (Q(0) — @m) exp(ZJ"vzeu)

5(0)
= P(z2) -

= §(0) — Q(0)ky,/(2k2). (25)
Q(2)k3_/(8Kk3) + S(2)k1, /(2k3)
+k}_z/(8k,)

P(z)

(26)
where
P = P(O)
Q(O) + Qm + (Q(0) ~ Qm) exp(2j72)
2Qm exp(37z)
; 5'(0)2 1 — exp(257z)
2 Q(0) +Qm—(Q0) — Qm) exp(%'*z;;)

and

P(0) = Q(0)k1/(8K3) -

with P(0)

The field ampiiiude on the z = 0,y = 0O-axis is
given by exp(agz 4 P(2)]). The local amplitude
gain coefficient on axis is ag + Tl More interest-
ing, however, are ampi‘tude and' gain at the cen-

ter of the field distribution. Transforming into the
'beam center’ at z = z, one obtains

S(0)k1/(2k2),

= 0, to normalize the input field.

(28)

& 1
Py=Pr-20Q z3 (29)
and, after differentiation, using Eqs. (16)-(19) and
ko = Bo

dP 1

=l =-Qp/fo- ;(a1za+agzl).  (30)
dz 2

The effective amplitude gain coefficient at beam
center is given by

dz

The intensity gain coefficient at beam center is
given by 2a,;s. One may define a power gain
coefficient

a.ff=ag+ (31)

(32)

where W, = xw?l, is the beam power and I is
the intensity at beam center. The power gain co-
efficient is given by

1dl  2dw

I dz+ —z— (33)

9 =
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Using Eqgs. (15) and (17) one derives

1 (@Q?
9 =2a=ff+5-[(—ﬂo)l+a2}- (34)

Stationary Solution

The parameters Q(z), S(z) and P(z) completely
specify a beam as it propagates through a medium.
If vy > 0 the beam parameters become indepen-
dent of the initial conditions in the limit of z — oo
and settle to those of the stationary 'matching’
beam. The propagation distance, at which this
happens, is approximately given by 1/4;. From
Egs. (19) and (10c) it is seen that vy > O requires
(35)
implying a downward bent gain parabola. If a3 =
G (no gain profile) and 8 > 0, the beam pa-
rameters oscillate without limit about those of the

matching beam. (With no gain profile and ; <0
a matching beam doesn’t exist).

From Egs. (17),(20),(21),(23) and (24) one de-
rives for the parameters of the stationary beam

a >0

Q@ =0Qm (36)

Sm=Qm kl,/(2k2) (37)
Kk

P, = (—1 + a;) z+ P, (38)

where P, is a constant given by

1p 20 +@m
2Qm

- (8(0) -

P = + (Q(O) Qm)skz

ky
—F
(39)

As a condition for a real beam width one ob-
tains from Egs. (15) and (18)

Re(\/kokz) >0 (40)
which leads to
agfo + agfy > 0. (41)

Under the condition of Eq. (41) the param-
eters of the matching beam can be expressed by
ag, 8o, a1, az and B3. One obtains

Rm = B0 V2(\/(BoB2 — apaz)? + (azfo + aofz)?
— BoB2 + apaz]” 1/2

(42)

-




P

wm = 2%/4\/(BoB2 — aoa2)? + (280 + apB2)?
+ BoB; - apan] M4

(43)
Tam = 201~ Bo/ (B3 + )3, (49)
Zpn = 2|1 + B2/ (B} + a})M/?.  (45)

The effective gain coefficient of the matching
beam becomes

1
%effm = @0~ 1/Rm + 503 2§ 83/(6F + o), (46)
which can be written as

@ fm = Omaz = 1/ B — 0223 83/(6 + ).
(47)

Since the beam diameter is constant, both, the
intensity- and power gain coefficients are given by

2a.44,.-

The distance, at which an arbitrary beam in-
jected into the medium approaches the stationary
beam, is given approximately by (ko =~ fp)

2m = 1/7p = /260 [\/BE + ok - B2) V% (48)

Application to X-Ray Laser Experiments

The previous formalism can be easily applied to
the conditions of laser plasma x-ray lasers. Assume
an exploding foil target with a Gaussian electron
density distribution, approximated, near the max-
imum, by a parabola. Since the electron density
decreases away from the axis, the refractive index
increases (see Eq. (1)) and the parameter f2 be-
comes negative.

We note, that the condition for a real station-
ary beam width (Eq. (41)) is easily satisfied in
x-ray laser experiments. Furthermore, one usu-

ally has |Bof;| >> agaz, |BoBz| >> azfo + aoba,
Boaz >> |opfB;| and B3] >> a3. In this case
the above equations can be considerably simpli-
fied. One obtains (42 < 0)

R~ \/Bo/1B2l; wem = 2[|831/(Bocd)] /4, (49)
Zo, = 0; zp, > 22 (50)

a,,,zam—l/h—azzg/l (51)

£m = \/Bo/|Ba]. (52)

We evaluate an example with the following pa-
rameters, typical for laser plasmas with gain in the
soft x-ray region: A = 10nm; N, = § x 10%00em—3;
gmaz = 3em~ ). Assume that the index of refrac-
tion reaches its free space value of 1 at a distance
of 100 um from the axis of symmetry and that the
gain becomes zero at 50 um from its maximum.

If the symmetry axes of the gain and index dis-
tributions coincide, one has from Egs. (1)-(8) fp =
6.28 x 108cm™1; oy = 1.5em™!; a; = 0; By =
—2.86 x 10%cm=3; ap = 1.2 x 10%em 3. Insert-
ing these values into Eqs. (42)-(47) one obtains
for the parameters of the matching beam R,, =
1.48cm; wy, = 4.74 x 10~ 3¢m and for the effec-
tive gain coefficient g7 = 1.66 cm™1.The beam
therefore propagates with a gain coefficient which
is about half the gain coefficient at the center of the
gain distribution. The parameters of the matching
beam are approached at a propagation distance
zy = 1.48¢em.

The situation changes if the gain maximum is
displaced by, say, zg = 20um from the refrac-
tive index minimum. Now ap = 1.26em™! and
a; = —4.8 x 102¢cm ™2, while all the other param-
.eters remain the same. Evaluation of the beam
parameters reveals that the beam amplitude distri-
bution and its phase front travel along parallel axes
with 74, ~ 0 and z,,, ~ 40 um, while the values
of Ry, wy, and z,, are virtually unaltered. The
effective gain coefficient g,7; of the beam, how-
ever, i8 smaller than previously, assuming a value
of 1.17em ™1,

The evolution of a beam towards the matching
beam is illustrated in Figs. 1-3. The medium is
assumed to have the previous parameters with co-
incident symmetry axes for the gain and index dis-
tributions (zg = 0; aj = 0). Beam propagation is
demonstrated by plotting the 1/e-boundary of the
field amplitude distribution and the local power
gain coefficient, normalized to the gain coeflicient
on axis.

The figures relate to different input beams: In
Fig. 1 the diameter of the input beam is assumed a
factor of 3 larger than the diameter of the matching
beam with the beam entering on axis. Note that
the power gain coefficient is initially negative, since
the beam extends into the region of negative a.
After about 1.5 cm, however, the beam diameter
and the gain coefficient acquire the values of the




matching beam.
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Fig. 1. Gaussian beam in a square law medium
showing beam width w and normalized local power
gain coefficient gp/go versus propagation distance
z. For medium parameters see text. Input beam
width wg = 3wn,. Input radius of curvature of the
wavefront Ry = 100 em.
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Fig. 2. Off-axis and oblique input beams. The
parameters wy and Ry are those of the matching
beam. The dashed lines show position and gain
coefficient of the matching beam.

In Fig. 2 the input beam has the parameters
of the matching beam, but it starts displaced by
20 um from the axis and at an angle of 5 mRad
away from the axis. It is seen, how the gain de-
creases as the beam is shifting away from the axis.
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Only after about 3 cm approach the gain and the
beam position the values of the stationary beam.

A situation as in Figs. 1 and 2 might occur if
an x-ray laser beam is injected into a second laser
medium acting as an amplifier.
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Fig. 3. Propagation of beam with input diame-
ter 1/50 of the matching beam diameter. Rp
100 em. Input beam on axis.
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Fig. 4. Same as Fig. 3 but input beam 20 um
off axis and at an angle of 2 mRad away from the
axis. Dashed lines show position and gain of the
matching beam.

In the examples of Figs. 3 and 4 the input




beams have a diameter which is 50 times smaller
than the matching beam diameter. In Fig. 3 the
beam starts on axis. It is seen how, at first, the
beam spreads by diffraction, but after propagat-
ing about 1 c¢m, gain guiding takes over and the
beam parameters approach the ones of the match-
ing beam. In Fig. 4 the input beam has an offset
of 20um and and angle of 2 mRad away from the
axis and, correspondingly, the matching beam is
attained only after a longer distance of propaga-
tion. Figures 3 and 4 may be relevant to the gen-
eration of an x-ray laser beam by amplified sponta-
neous emission (ASE) with many modes generated
within the gain medium. As the various beamlets
are pulled towards the matching beam, coherence
of the total emission is approached.

Curved Beams

The theory of beam propagation in square law
media was extended to a situation in which the
gain and index distributions lead the beam along
a curved path. The original motivation for con-
sidering this case was the hope that an x-ray laser
resonator could be realized by guiding the beam
around a full circle, thus eliminating the need for
high reflectivity x-ray mirrors. Unfortunately, how-
ever, the losses in this geometry were found high,
except for rather large radii of curvature. A feasi-
ble x-ray ring resonator would therefore have rather
exotic dimensions. The theory might, however, be
useful to assess the losses in a medium in which
the gain and index distributions exhibit a small
curvature in the direction of beam propagation.

Details of the theory will be given elsewhere
[7]. Here we only note, that a stationary curved
beam exists, with an effective amplitude gain co-
efficient given by

B3 (koka)r
2R} |kokaf?’

aeﬁc=ao—1/Rm— (54)

where R, is the bending radius of the gain and in-
dex distributions. Equation (54) is valid provided
that sz >> |kg/ka|. Coincident maxima of the
gain and index distributions are assumed.

With the medium parameters of the previous
section it turns out that the beam has gain only
if Ry is larger than a 'threshold’ bending radius of
5.9 m. If the bending radius is 10 m, an effective
intensity gain coefficient of 1.1 cm™! is obtained.

83

Conclusions

The application of the well known theory of beam
propagation in media with parabolic gain and in-
dex profiles shows that concern about beam de-
focussing or beam deflection due to the refractive
index gradient in x-ray laser media is unfounded.
Furthermore the useful length of a gain medium is
not limited. Due to the gain distribution the beam
is kept together and transformed into a ’matching’
stationary beam which propagates without chang-
ing its parameters. The gain of the matching beam
is somewhat lower than the gain at the maximum
of the gain distribution.

Extending the theory to media with a bend in
direction of beam propagation it turns out that a
stationary beam still exists, but propagates with
severe losses, unless the bending radius is very
large.
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Abstract

We describe a series of experiments
to characterize plasmas produced by
moderate intensity (= 2x10"° Wi/cm?),
nanosecond pulse, CO, laser irradiation of
planar targets using both line (150 um x 7
mm) and spherical (1mm diam.) focussing
optics. X-ray line and continuum
diagnostics have been used to infer a heat
front penetration of about 20 ugm/cm? at
temperatures of approximately 300 eV.
We observe only minor differences
between targets whose mass is small
compared to the hot electron range and
much more massive ones, indicating a
poor efficiency for hot electron reflexing in
thin targets. In the case of Cu targets,
observations of L shell x-ray transitions
from neon and fluorine-like ions show a
similar ionization distribution to 1 um laser
produced plasmas in which gain has
recently been demonstrated. The Ne-like
Cu XX 3p-3s emission lines have been
observed. A comparison of on-axis to
off-axis spectra provides evidence for gain
on these lines.

introduction

In the past few years, several
laboratories [1]}-[4] have reported gain in
the soft x-ray region from electron
collisionally pumped 3p-3s transitions in
neon-like ions with Z in the range from
29-42. Initial successes in this field [1],&2]
were achieved with plasmas produced by
exnloding thin (= 50 ugm/cm?) Se targets

using a visible laser delivering about 2 kJ
in a subnanosecond pulse. More recently,
significant amplification has been reported
from Cu and Ge plasmas heated with a
300 J, 1 um laser puise of a few
nanoseconds duration [4]). Although the
possibilitg of exciting a neon-like copper
plasma by means of CO, laser generated
hot electrons has been discussed in a
proposa! predating the experimental
successes with shorter wavelength drivers
[5], we are unaware of any published data
on plasmas produced by CO, laser heating
of foil targets in line focus geometry at
intensities of relevance to the 3p-3s laser
problem. Several factors differentiate the
plasmas which may be produced by a 10
pum laser in this regard. Firstly since it is
highly desirable to produce a plasma at an
electron density near the maximum
determined by collisional de-excitation of
the upper laser level [6] (n, > 10% cm®),
the CO, laser heated medium must be
overdense at the time of soft x-ray gain.
Secondly, at driver intensities of relevance
to the XUV laser problem (10"-10™ W/cm?)
the absorption of 10 um laser radiation at
a solid target surface will be dominated by
collective processes which generate lon
mean free path (hot) electrons [7].[8?
These hot electrons will dominate energy
transport in the case of an exploding foll
and may introduce significantly enhanced
lateral energy loss from a line focus [9).
It is not clear however that either of the
above factors rules out the use of a 10 um
driver in producing an exploding foil 3p-3s
XUV laser medium. The fact that the




target plasma will remain overdense
through the soft x-ray lasing process

ssibly allows the foil to be heated with
onger driver pulses and at lower average
density. This will result in a laser medium
with considerably lower ion temperature
which may lead to enhanced gain by
reducing the doppler width of the laser
line. The fact that target heating will be
moderated by a hot electron population
may introduce the possibility of alternative
collisional excitation processes in which hot
electron collisions lead directly to 3p-3s
inversions  [5],[10},{11]. Although this
possibility opens some intriguing paths for

scaling collisionally excited lasers to
shorter wavelengths, it must be
remembered that the hot electron

population produced by !ong wavelength
absorption can probably never exceed a
few tenths of the critical electron density
which probably limits the gain which can
be achieved by CO, laser generated hot
electron pumping.

In what follows, we will present
some preliminary experimental studies of
CO, laser heated targets in the 10" W/cm®

intensity range using both line and
spherical focussing geometry and
employing targets whose areal mass

density ranged from small compared to the
hot electron range (thin targets) to much
greater than the hot electron range (thick
targets). We observe a hot electron
heated zone which extends about 20
pugm/cm? into these targets at an electron
temperature of several hundred electron
voits. In the case of Cu targets, we
observe a similar ionization distribution (as
evidenced by n = 3-2 line emission) to that
observed in 1 um laser heated targets in
which gain has been observed [12].
PET

Spectrograph
(curved)

Pinhole

Comera RAP

Spectrograph
(flat)

S e VAVAVA

>

RAP Filtered Pin
Spectrograph Diode Array
(flat)
Figure 1. Experimental setup for

layered target x-ray line diagnostics.
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Figure 2. Target configurations
employed in Aluminum line emission
studies. Targets were 1 cm diameter,
planar composites mounted on glass
support stalks.

Layered Target X-Ray Line Diagnostics
of 10 uym Laser Heated Foils

In order to characterize the heating
of low mass foils with moderate intensity
CO, laser radiation, we have used the
experimental setup shown in Fig. 1. A
300-400 J, 1-1.5 nsec 10 um laser pulse
was focussed with a 3 m focal length, f/12
NaCi lens onto compound, CH
(polystyrene), Al, mylar targets of the forms
shown in Fig. 2. For most experiments a
plano convex lens was used with the
target situated in the near field of the laser
beam at a beam diameter of 1 mm. In
this position, the beam exhibited several
diffraction rings introducing about a 2:1
intensity modulation across a radial profile.
Data was also obtained with a 7 mm long
x 150 um wide line focus produced by
grinding a 30 m radius cylindrical surface
on one side of the NaCl lens. The
approximate spatially and temporally
averaged laser intensity on target was
about 2.5 x 10" W/cm® for the spherical
focus and 2 x 10" W/cm® for the line
focus. Al line emission in the 7-8.5A
region was recorded by three crystal
spectographs located as shown in Fig. 1.
Spectrographs 1 and 2 used flat RAP
crystals recording on KODAK DEF x-ray
fiim and viewed the target rear and front
surfaces at approximately 45° to the
incident laser beam. Spectrograph 3 used




a 5 cm radius bent PET crystal in Von
Hamos geometry and viewed the front
surface of the target from above at an
angle of about 10° to the plane of the
target. An array of five filtered PIN
diodess was used to characterize high
energy x-ray continuum (Bremsstrahlung)
emission in the energy range from 6 to 14
keV. The 500A (13 ugm/cm?) layer of Al
imbedded in the (CH), - mylar targets
shown in Fig. 2 served as a marker to
give crudely spatially resolved estimates of
time averaged electron temperature and
density in the overdense target material.
Electron temperature was obtained from
the ratio of He-like to H-like Al resonance
lines, while electron density could be
estimated from the He-like intercombination
to resonance line ratio [13]. Previous
studies at NRC and elsewhere indicate
that the CQ, laser burn depth for planar
targets at an intensity of 2 x 10" W/cm?
and a 1.5 nsec pulse is equivalent to iess
than 300A of (CH), ensuring that the Al in
targets B,C,D and B’,C',D’ remained in the
overdense zone during the 10 pm heating
pulse.
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Figure 3. Yield of He-like Al
resonance line for various thicknesses of
(CH), overlay. Solid triangles represent
data from thin targets with spectrograph
viewing target rear, open circles represent
data from thick targets with spectrograph
viewing target front surface, and solid
circles represent data from front
spectrograph with thin targets.

The He-like Al line intensities
recorded by spectrographs 1 and 2 are
plotted in Fig. 3 as a function of plastic
overlay thickness. These spectrographs

lacked sufficient resolution to resolve the
He like resonance and intercombination
lines so that the plotted values represent
the sum of these two lines. Although this
data represents measurements made with
a spherical focus, no significant difference
was noted in Al line emission when
switching from spherical to line focus.
Lineouts of spectra obtained from

B

wavelength (A)

Figure 4. Al K-shell spectra for thin
(a) and thick (b) targets coated with 900A
CH, (targets C and C' of Fig. 2).

spectrograph 3 for the same targets and
focal geometry are shown in Fig. 4. From
the data of Fig. 3, it is apparent that self
absorption plays an important role in
attenuating the He-like Al line emission
detected by the spectrograph viewing the
front surface of the target. In the case of
thin targets where the Al tracer could be
viewed directly from behind, He-lke Al
emission decreases only gradually for CH
overlay thickness up to about 15 pgm/cm?®
and quite rapidly thereafter. The
spectrograph viewing the front surface of
the target shows a much steeper decrease
of He like line intensity indicating that He
like emission is attenuated by about a
factor of three for example by absorption in
escaping through 100 nm of CH. In the




case of thick targets only the front viewing
spectrograh was useful. In this case a
much more rapid falloff in He-like line
emission is observed. Reference to the
lineouts from spectrograph three (Fig. 4)
indicates that this can be partially
attributed to a more rapid falloff in the
intercombination iine in this case, due to
higher electron densities being maintained
for the thick targets. In summary when
allowance is made for absorption, the He
like resonance line decreases by about a
factor of three for overlays up to about 150
nm of CH for thin targets and after
allowing for intercombination line quenching
it decreases by about a factor of five for
the thick targets. The relatively minor
difference between the thick and thin
targets indicates that hot electron reflexing
does not play a major role in the heating
of the thin targets. A similar conclusion
can be drawn from the spectra reproduced
in Fig. 4.

TABLE |

TARGET T, (eV) n,(10%cm?)

A 500 1.0

B 350 3.0

C 300 8.0

D - 10.0

A 500 1.0

B 300 20.0

C 300 60.0

D - 100.0

Temperatures inferred from the ratio
of hydrogen to helium-like resonance lines
and electron densities inferred from the
ratio of helium-like intercombination to
resonance lines are indicated in Table 1.
As might be expected, the most striking
difference between the thick and thin target
spectra is the inference of higher densities
for the thick targets. Because of the
nonlinear density dependence of the ratio
of resonance to intercombination line
intensities and the time integration in these
spectra, it is unreasonable to read too
much into this difference, other than to
observe that a double sided expansion
(explosion) of the thin foils will lead to
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lower time averaged densities than would
be expected for the thick target case
where expansion is inertially restricted on
one side. It is apparent that hot
electrons are playing a major role in the
target heating in Dboth cases with the
presence of a complete inner shell
transition sequence extending from cold Ko
(Al ) to Li-like states (Al XI). The form
of this sequence suggests a need for
caution in using the ratio of hydrogen-like
to helium-like Al resonance lines to infer a
cold electron temperature as has been

done above. The relatively weak
hydrogen-like resonance line may be
produced by hot electron induced

ionization from a thermal reservoir of
He-like ions.
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Figure 5. High energy x-ray
continuum spectra from spherical focus (on
left) with cirlces representing thick targets
and triangles, thin targets and similar
observations from line focus (on right).

Typical high ener%y x-ray continuum
spectra from "thin" (400A CH over 500A
Al) and “thick" (400A CH over 500A Al
over 75 um mylar) targets are shown in
Fig. 5 for both line and spherical foci. It
can be seen that the temperature inferred
from the slopes of these spectra decreases
by about a factor of two in going from
spherical to line focus and also decrease
sharply in going from "thick" to "thin"
targets. Although the peak laser intensity
was somewhat larger in the spherical focus
due to more severe hot spots in the
intensity distribution of the beam for this
case, it is likely that the large temperature




variations inferred from the data are largely
due to hot electron transport phenomena
rather than absorption. The mass
thickness of thin targets corresponds
approximately to the range of a 2 keV
electron, that is to say electrons with
higher energy than this emerge from a
single pass through the target with a
significant fraction of their criginal ener%y.
The large difference in slopes for the
"thick” and "thin" target cases with
spherical focus seems to imply that these
high energy electrons suffer significant
energy loss on reflection from the plasma
sheath at the rear of the foil. For the line
focus geometry it is likely that lateral
energy transport on both the front and rear
surfaces of the target plays an important
role in determining the slope of the
continuum.  Lateral energy transport is
likely to be more important in this
geometry due to the narrow (150 pm)
transverse width of the focal spot for the
line focus. It is likely that energy losses
associated with lateral transport (E x B
drift) are more severe for higher energy
electrons. This effect may partially
account for the "colder" bremsstrahlung
spectra observed in line focus geometry.
The thermal temperatures and
densities inferred from the aluminum ling
spectra discussed above are roughly
consistent with previous interferometric
observations of 10 um target irradiation in
this intensity regime [14]. These studies
using small spherical focal spots (=100 um
diam.) have indicated that for thick ( 200
pugm/cm?) glass targets, a supercritical
density plateau is formed which expands
away from the target surface with a
velocity of about 7 x 10° cm/sec and
maintains  an approximatezlﬁy constant
electron density of 1-2 x 10 cm® The
approximately constant density maintained
by the plateau is strongly suggestive of a
sonic expansion for this feature. An ion
acoustic velocity of 7 x 10° cm/sec
corresponds to a temperature of
approximately 200 eV. The mass
thickness of the plateau observed
interferometrically reaches about 20 ugm/
cm’ near the end of a 1.5 nsec FWHM
CO, laser pulse. It is thus evident that the
densities, heat front penetration and
temperatures inferred in the present
studies with the thick targets are consistent
with the earlier optical diagnostics. The
plasma conditions obtained are near those
required to produce significant gain in
neon-like Cu. In the remainder of this

paper we will present the resuits of x-ray
spectroscopic  diagnostics of  copper
plasmas produced under similar conditions
to those used above.

CO, Laser Heated Cu Plasmas

The experimental setup used to
study CO, laser heated Cu plasmas is
shown in Fig. 6. The CO, laser was
focussed in line and spherical focal
eometries onto the surface of either solid
u targets or foils consisting of 45
ugm/em® of Cu evaporated onto 40
ugm/cm? of carbon or 25ugm/cm® Cu on
Sugm/cm® cellulose nitrate {collodion). In
the latter cases the targets were irradiated
from the Cu side. Spherical focal spots of
imm diameter and 7mm x 150 um line foci
were produced with the /12 NaCl lens as
decribed above and in addition 15mm x
150um line foci were obtained with a 4m
focal length spherical mirror tilted about 10
degrees off axis.
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~ Figure 6. Experimental setup for
studies of CO, laser heated Cu plasmas
in line focus geometry.

Diagnostics consisted of a flat
crystal RAP spectrograph with 200 um
wide entrance slit which viewed Cu L shell
emission lines axially and could
differentiate between emission from the
front and rear sides of foil targets, a bent
crystal RAP spectrograph in Von Hamos

N




eometry which viewed the same spectral
tnes from below and slightly in front of the
target, and an x-raY pinhole camera with
50 um resolution filtered to detect x-rays
near 1 keV viewed the focal region from
above and slightly in front of the target.
On some shots XUV spectra in the
50-300A region were recorded on Kodak
type 101 film with a 1 m grazing incidence
spectrograph viewing the plasma axially.
A grazing incidence cylindrical or toroidal
mirror was used to image the plasma onto
the spectrograph slit as shown.

As was the case with the Al targets
described above, little difference in hard
x-ray line emission was noticed between
plasmas produced with the 1 mm diameter
circular spot and the 150 um x 7 mm line.
The plasmas produced by the line focus
did however exhibit a significantly colder
I sh energy bremsstrahlung spectrum.
Typical continuum spectra for Cu-C targets
are shown in Fig. 7 for 7mm line and 1mm
spherical focus.
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Figure 7. High energy x-ray continuum
spectra from targets consisting of 45
pgm/em* Cu over 40 ugm/cm®* C.
Triangles represent data from 1 mm

diameter spherical focus and circles, data
from 7 mm x 150 um line focus

Pinhole photographs of 1 keV x-ray
emission from the targets irradiated with a
line focus reveal a fairly uniform emission
from the full length of the focal region. In
most of the photographs of the foil targets,
fine scale structure consisting of narrow
( 200 um) dark bands appeared across the
line focus. This problem was cParticulaﬂy
evident with the thinner foils and is due to
gaps in the Cu layer. As we improved our
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foil preparation and storage technique this
problem has been substantially reduced.
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Figure 8. Cuy L shell spectrum in region
from 10.5-14A recorded with bent crystal
(Von Hamos) PET spectrograph.

The symmetry of the plasma
expansion towards the front and rear of
the target foil along the driving laser axis
was studied with the spatially resolving flat
crystal spectrograph shown in Fig. 6. Onl¥
the thicker (45;é’grn/cm2 Cu plus 40pgm/cm
CH) were used in these shots. Aithough
the spatial resolution was limited by the
200 um wide slit there was no evidence of
Cu line radiation coming from the side of
the foil opposite to the incoming laser
beam. The copper line emission appeared
to be largely restricted to a zone about
200 um wide on the front side of the target
with a weaker "halo" of emission especially
apparent in the 2p®2p°3d CuXX transition
extending out 500 um or more from the
target surface. A microdensitometer scan
of the spectrum recorded by the RAP, Von
Hamos spectrograph focus in the region
from 10.5-14A from a target irradiated with
a 7mm line focus is reproduced in Fig. 8.

It is interesting to compare the n-2
CuXX x-ray spectra observed in the
present work to similar spectra [4] obtained




for 1 um laser target |rrad|at|on in line
focus at an intensity of 10" W/em?’. In
general terms, the spectra observed ai the
two wavelengths are more remarkable for
their similarities than their differences,
however in the NRL experiment much
more symmetric (front to back) distribution
of Cu XX lines viewed parallel to the target
was observed even though their foils were
approximately 2x thicker than those used
here. This is an indication of somewhat
greater thermal penetration in_the case of
the 1 um experiment. This is not
surprising since the resuits of the layered
AL, CH target experiment discussed above
mdlcate a penetration of about 20 p
gm/cm® in the 10 um case while the
ablation depth for the 1 um expenment is
estimated to be 70 ugm/nsec cm®.  The
ionization balance obtained in the two
experiments is nevertheless quite similar
with perhaps only slightly stronger fluorine
like lines observed in the 1 um case. The
lnne mtensuty ratios of neonlike Cu XX
2p°-2p° nd series lines are very similar in
the two cases implying about equal
electron temperatures (=300 eV) assuming
local thermodynamic equilibrium. An
interesting feature of the spectrum shown
in Fig. 8 is the presence of several high
orders (7,8,9) of the Cu Kau line at 1.54A.
This provides confirmation of the important
role played by suprathermal electrons in
heating these plasmas.

e have obtained XUV spectra from
7 mm and 15mm long foils and solid Cu
targets using the 1 m grazing, incidence
spectrograph (Fig. 6). A" 150 A Al filter
was used w .so.ie the spectral region
above about 170 The spectra are
complicated by a number of oxygen lines
and some yet unclassified Cu lines. We
have been able to identfy Cu XVIil, Cu
XIX, and Cu XX lines. A typical spectrum
is shown in Figure 9. The resolution of
these spectra was limited by the rather
wide (200 um) entrance slit used on the
grazing incidence spectrograph. The Cu
XX J=2-1 transitions for which gain has
been reported in 1um experiments are
most prominent in the 15mm Iong Ime
nrradlatlons of the thin (25ugm/cm® Cu
5ugm/cm® CH) foils. In this case, the J= 1 1
line at 296A is also quite prominent. An
attempt has been made to observe the
off-axis emission by tilting the target 5° off
the spectrograph axis. In this case, the Cu
XX lines appear to be consnderably
reduced in intensity when compared t0
other Cu lines (Figure 10.) but the analysis

is complicated by an enhanced background
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continuum presumably due to increased
surface area exposed to the spectrograph.
Nevertheless we interpret these results as
evidence that gain is present for these Cu
XX 3s-3p lines. We are presently making
further optical modifications to produce a
line focus up to 25 mm in length so that
we may search for exponential growth in
the emission on these transitions

Discussion:

An attractive element in the possible
use of 10 um lasers as drivers for electron
collisionally pumped XUV lasers is the
potential of Dbenefitting from direct
suprathermal electron excitation of the
lasant ions. Several schemes for obtaining
an enhanced population inversion by taking
advantage of a superthermal electron
Population have been proposed [10],[11].
n one proposal [10], the 2p-3p collisional
excitation rate for neonlike ions is
enhanced on a transient basis by
introducing electrons with energy optimally
matched to the excitation potential and in
another scheme [11], hot electron induced
inner shell ionization of Na-like ions leads
directly to a population inversion between
the 3p and 3s levels of the neonlike ion.
It seems likely that at practical limits to
laser pump intensity for exploding foil
targets (few x10' W/cm? significant energy
coupling to non-thermal electrons can be
obtained only with a driving laser
wavelength greater than 1 um. In the
case of CO, laser generated hot electrons,
however, the maximum gain achievable by
these means will be limited by the
restriction on hot electron density imposed
by the rather low critical electron density
for 10 um radiation (10" cm?®. It seems
unlikely that the hot electron density can
exceed a few tenths of n, so that to
maintain for example a 10% fractional
population of superthermal electrons would
require working with laser plasmas in the
10" cm® total electron density range. In
this case achievable gains would likely be
restricted to the order of one per cm and
useful lasers relying on super-radiant
operation would require gain lengths of the
order of ten cm. For these purposes, it
would be useful to explore various means
of heating =10 cm long low density
plasmas with 10 um light. Possible
avenues include the heating of thin foils (or
microstrips) at somewhat lower intensity
than that used here or, perhaps guiding 10
um light at high intensity over this length
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by means of a plasma waveguide.

In the present experiments, at an
intensity of <10 W/cm?, we have identified
the 3p-3s emission lines from Cu XX
neon-like). We have obtained strongest
p-3s emission with thin foils =25
ugm/cm’ Cu over 5 pgm/cm’ plastic).
Under these conditions a comparison of
on-axis to off-axis spectra provides
evidence that gain is indeed achieved.

It is not clear whether hct electron
reflexing plays any substantial role in the
collisional excitation of these plasmas.In
the present case, neon-like Cu has been
chosen as a gain candidate because of the
published data for 1 um target irradiation
under similar conditions. No attempt has
been made to choose a collisionally
pumped system optimally matched to the
thermal plasma parameters and hot
electron temperature actually achieved.
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