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We reportwhat is to our knowledge the first production of gain by inner-shell photoionization of ions. Photoioniza-
tion of 4d electrons from In+ ions created a population inversion on a 185-nm In2+ transition. This scheme is an
isoelectronic scaling of the 442-nm Cd+ laser. A single-pass gain constant of 0.9 ± 0.3 cm-' over a 0.4-cm path was
pumped by soft x rays generated by less than 50 mJ of 1.06-,am light focused onto a tantalum target. Laser ablation
of a liquid-indium target provided a high density (1016 cm- 3 ) of ground-state In+ ions for this scheme. An indium
amplified spontaneous emission laser and a synchronously pumped indium laser oscillator are proposed.

1. INTRODUCTION

We report what is to our knowledge the first production of
gain by inner-shell photoionization of ions. Previous photo-
ionization-pumped lasers, such as those described in Refs. 1
and 2, used gaseous neutral atoms as the medium to be
pumped. Photoionization pumping of ions permits isoelec-
tronic scaling of previously discovered lasers in order to
obtain shorter wavelengths. The first photoionization-
pumped laser was created in 1983 by Silfvast and co-work-
ers3 on 442- and 325-nm transitions of Cd+. In this paper we
describe the successful isoelectronic scaling of the visible
Cd+ 442-nm transition into the vacuum ultraviolet.

A single-pass exponential gain constant of 0.9 + 0.3 cm-1

was obtained over a 0.4-cm path on the 185-nm In2+ 4d 95s2

2Ds/2 - 4d'05p 2P;/2 transition. Energy levels4 for the indi-
um gain scheme are shown in Fig. 1. The population inver-
sion was created by photoionizing 4d electrons from ground-
state In+ ions, using broadband soft x rays in the 33- to
'150-eV range. These soft x rays were generated by the hot
plasma resulting from focusing a -50-mJ, 100-psec pulse
from a 1.0 6-,um Nd:YAG laser onto a tantalum target at an
intensity of -1012 W/cm 2.

Based on gain measurements and gain modeling, we be-
lieve that a saturated-gain amplified spontaneous emission
(ASE) laser at 185 nm could be produced by using only 0.5 J
of 1.06-,um light in a 100-psec pulse for generation of the
pumping soft x rays. A proposal is also presented for a
synchronously pumped indium laser oscillator.

A crucial part of this work was the production and charac-
terization of a dense plasma of In+ ground-state ions. Laser
ablation of a self-healing liquid-indium target provided the
ions required for the gain scheme. A 100-mJ,7-nsec pulse of
532-nm light, focused to an intensity of 5 X 108 W/cm 2 on the

indium target, produced a plasma containing primarily In+
ground-state ions. For 400 nsec after ablation, more than
90% of the plasma consisted of In+ ground-state ions at an
ion density of greater than 1016 cm-3 . The laser ablation ion
source is well suited for isoelectronically scaled short-wave-
length laser schemes. It might also be useful for nonlinear-
optics studies with ions.

2. THEORY

Duguay and Rentzepis5 first proposed using inner-shell pho-
toionization to produce population inversions on transitions
of vacuum-ultraviolet and soft-x-ray wavelengths. Whereas
photoionization cross sections for outer-shell electrons peak
at threshold and decay rapidly with increasing energy, the
cross sections of inner-shell electrons tend to be broad in
energy. Furthermore, the inner-shell cross sections may be
orders of magnitude greater than those of the outer shell.
This makes ejection of an inner-shell electron more likely
than outer-shell photoionization during illumination by
broadband short-wavelength radiation. Thus broadband
soft x rays emitted from a hot laser-produced plasma or a z-
pinch plasma can efficiently and selectively populate a core-
excited upper laser level by inner-shell photoionization.

Recalling Fig. 1, note that the ground state of the In+ ion is
isoelectronic to the ground state of neutral cadmium. As
with cadmium, the photoionization of an inner-shell 4d elec-
tron from the In+ ground state populates the core-excited
4d95s2 2D term (the upper laser term) in the next higher
ionization stage. Only one term, the 4d105p 2Po, lies be-
tween the upper laser term and the 2S1/2 ground state of In2+,
so the only radiative transitions available to the excited
population are 4d9 5s2 2D - 4d105p 2

pO. The 185-nm 2D5/2
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Fig. 1. Energy levels for photoionization-pumped 185-nm gain.
The upper laser 2 D term is populated by photoionization of a 4d
electron from a ground-state In+ ion.

3/ 2P32 transition is the best candidate for lasing, followed

by the 153-nm 2D3/2 - 2P1/2 transition. The 162-nm 2D3/2-
2P;/ 2 transition is weak compared with the other two. In the
photoionization-pumped cadmium laser, the Cd+ 2D5 /2
2P;/ 2 transition lased at 441.6 nm, whereas the same transi-
tion in In 2+ occurs at 185.0 nm. The isoelectronic scaling
from cadmium to indium more than doubles the photon
energy for this 2D5 / 2 - 2P;/ 2 transition.

The 4d95s2 2D5 / 2 - 4d' 05p 2P;/2 laser transition is not

dipole allowed in pure LS coupling; the oscillator strength
comes from configuration interaction. For Hartree-Fock
calculations, the eigenfunction of the upper level can be
expanded in terms of pure LS-coupled states. The upper
level (nominally 4d95s2 2D5 /2) contains small components of

the pure LS configurations 4d95p2, 4dla5d, and 4d' 0 6d,

which contribute oscillator strength for the transition to the
4dla5p 2 P;/ 2 lower laser level. The lower level is relatively

pure in LS coupling but contains some of the 4d95s5p config-
uration, which contributes oscillator strength in the transi-
tion from the dominant 4d95s2 configuration of the upper
laser level to the lower laser level.

We calculated the emission oscillator strengthf of the 185-
nm In2+ 4d 9 5s 2 2D5 /2 - 4d' 05p 2P;/ 2 transition, using a Har-

tree-Fock code6 with configuration mixing. Our calculated
value is -0.006; we found no experimental values in the

literature with which to compare this. However, compari-
son of a code calculation with the measured value of f for the

442-nm Cd+ transition indicates that the calculated value of
the 185-nm In2+ cross section may be low by a factor of -2.

If so, the indium oscillator strength at 185 urn would be more
than three times greater than the measured7 -0.0035 oscilla-
tor strength of the isoelectronic 442-nm cadmium transition.

At present, the pumping efficiency for the indium laser
scheme cannot be calculated, as the 4d and 5s photoioniza-
tion cross sections for In+ are not known. They should be
similar to those of neutral cadmium, although shifted to
higher energies. The In+ 4d cross section has a threshold of

33 eV, as opposed to 18 eV for cadmium. 4 Measurements of

the photoionization cross section for the 4d electron of neu-
tral cadmium by Cairns et al.8 show it to be -40 eV broad
(FWHM) and to have a peak value of 14 X 10-18 cm2 at 45
eV. It exceeds 10-18 cm2 from 18 to well beyond 80 eV of

photon energy. In contrast, the outer-shell 5s electron cross
section of neutral cadmium peaks at only 0.27 X 10-18 cm2

and has a FWHM of -1 eV. This disparity in behavior
between the 4d and 5s cross sections makes selective inner-
shell photoionization feasible with broadband radiation.

An important aspect of generating gain in a plasma expan-
sion is the effect that the expansion has on the frequency
profile of the path-integrated gain. Figure 2 shows the gain
probe path broken up into small elements. We estimate
that the 185-nm gain within each element had a Doppler
profile with a FWHM of -10 GHz, corresponding to an ion
temperature of -1 eV. Stark broadening of the 185-nm In2+

line at ne 1016 cm-
3 was negligible in comparison with

thermal Doppler broadening, because of the high ionization
stage and the lack of nearby levels that are dipole coupled to
the upper laser state. In a simple model of the expanding
plasma, the velocity of each element was assumed to be
radially directed away from the ablation site, with constant
magnitude independent of distance from the site. The line-
center frequency of the gain within each element, as seen by
a stationary observer viewing along the gain probe path, was

Doppler shifted by the component of the expansion velocity
in the direction of observation. These shifts caused the
path-integrated gain to be spread over many thermal Dopp-
ler widths, resulting in low gain at the natural line center.

Figure 3 presents the calculated frequency profile of the
path-integrated 185-nm gain under the conditions prevail-
ing during the gain measurements described in Section 3.
The density of ions in the upper laser level was assumed
uniform throughout the plasma, and the plasma was as-
sumed to be hemispherical in shape. These assumptions are
consistent with our ion-density measurements and observa-

expansion velocity
(radially directed)

probe

path 5 >

expanding
plasma /\//,,,,,,,/,,, A//////// /

planar target
site of plasma
formation

Fig. 2. Geometry of a gain probe path through an expanding plas-
ma. the path-integrated gain was calculated by breaking the probe
path into small elements, taking into account the position-depen-
dent Doppler shifts caused by plasma expansion.
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The Doppler shifts caused by the hemispherical expansion
of the plasma seriously distort the gain profile as a function
of frequency, reducing the peak gain and increasing the
difficulty of obtaining laser oscillation.

If the pumped path length is shorter than the total probe
path through the plasma, as it was in our experiments, a
higher peak gain can be obtain by pumping to one side of the
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Fig. 3. Calculated frequency profile of 185-nm photoionization-
pumped gain in a hemispherical indium-plasma expansion. Dopp-
ler shifts in the expanding plasma flatten the gain profile. (a) The
shaded region is the intersection of the pumped region of the plasma
with the small-diameter gain probe. (b) Path-averaged per-atom
gain-length product -y versus frequency shift (v - vo) from natural
line center vo, in units of thermal FWHM Doppler width 6vD = 12
GHz, corresponding to 1-eV ion temperature.

tions of emitted radiation from the plasma. At 445 nsec
after ablation, when photoionization pumping was applied,
the ablated indium plasma had expanded to a radius of 5 mm
and had a measured radial expansion velocity of 1.3 X 106
cm/sec. Figure 3(a) indicates the gain probe path through
the hemisphere of plasma, 3 mm above the indium target.
The shaded region indicates the 4-mm segment of plasma
that was x-ray pumped and provided gain. This segment
was centered on the axis of symmetry of the hemisphere. In
Fig. 3(b) the path-averaged per-atom gain-length product,
-y, is shown as a function of frequency shift from natural line
center. The ordinate is normalized to the single-atom 185-
nm line-center Doppler-broadened gain cross section o-a =
1.3 X 10-14 cm2. Intensity amplification is exp('yN), where
N is the excited-state density in units of inverse cubic centi-
meters.

Continuing the case of the previous paragraph, Fig. 4
shows the path-averaged gain-length product at natural line
center, y(vo), as a function of the length L of the pumped
segment. At L = 0.05 cm, the Doppler shift occurring at
each end of the pumped segment is equal to one FWHM
thermal Doppler width; increasing the segment length L
beyond this provides little increase in gain at natural line
center. For comparison, the straight line shows the gain
that would be obtained if Doppler shifts were not present.
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2 4 Fig. 4. Calculated path-averaged per-atom gain-length product y
at 185-nm natural line center o, versus pumped path length in
hemispherical plasma expansion. Conditions are the same as for
Fig. 3.
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Fig. 5. Calculated frequency profile of 185-nm photoionization-
pumped gain in a hemispherical indium plasma expansion; case of
geometrically nonsymmetric pumping. (a) The shaded region is the
intersection of the pumped region of the plasma with the small-
diameter gain probe. (b) Path-averaged per-atom gain-length
product y versus frequency shift ( - vo) from natural line center Po,
in units of thermal FWHM Doppler width bvD = 12 GHz.
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axis of symmetry of the hemispherical expansion, such that
all the Doppler shifts are in the same direction. This situa-
tion is shown in Fig. 5, where a 4-mm segment of plasma to

one side of the symmetry axis is pumped. The peak of the
gain-length profile in Fig. 5 is greater than that obtained in

the case of symmetric pumping shown in Fig. 3, although the
same length of plasma is pumped. The rate of change of the
Doppler shift, with respect to angle 0 in Fig. 2, is dy/dO o

cos(0) for 0 < 0 S 900; thus the gain peaks strongly at large 0.

Nevertheless, the gain is still a factor of 3 times less than

would be obtained if no Doppler shifts occurred.
The solution to the problem of Doppler shifts in the ex-

panding plasma is to change the geometry of expansion.
Focusing the ablation laser to a long, thin line instead of a
large circular spot should generate an indium plasma that
expands cylindrically. The cylindrical plasma will have no
Doppler shifts in the direction of the axis of symmetry. This
geometry is particularly well suited to creation of an ASE

laser, since the long cylinder of plasma can be efficiently

pumped by x rays generated by a line-focused laser, as dem-
onstrated in Refs. 2 and 9. The requirements for a saturat-

ed-gain ASE laser are presented in Section 4.

3. EXPERIMENT

Ion-Density Measurements
Figure 6 shows the apparatus for ablating and x-ray pump-
ing an indium plasma and for measuring the single-pass
gain. To provide the In+ ground-state ions for the gain

scheme, indium was ablated with 67-100 mJ of 532-nm light

in a 7-nsec pulse, focused to an intensity of (1-5) X 108 W/

cm2 in a circular spot on the indium target. The indium
target was kept liquid by an electrical heater and was thus
self-healing. Helium at 2-Torr pressure filled the target
chamber to reduce fouling of the windows.

Generally, ablation of a metal target with a Q-switched
laser pulse at intensities of 108 to 10"l W/cm2 initially creates
a plasma of multiply ionized atoms that expands at -107 cm/
sec, producing a hollow expanding shell of ions.10 After the

laser pulse ends, a denser, cooler core plasma develops slowly

at the ablation site, with evaporation from the target occur-
ring for as long as several microseconds."1 During the first

half microsecond after the laser pulse, electron-density mea-
surements 0 reveal a roughly uniform density in the core.
The core plasma expands at -106 cm/sec. This core plasma
was the source of In+ ions for our experiment.

We determined time-resolved densities of the ground-
state neutral and singly and doubly ionized indium atoms in
the ablated indium core plasma by computer fitting of mea-
sured resonance-line absorption line shapes. The absorp-
tion line shapes were obtained with a scanning vacuum
monochromator, using broadband vacuum-ultraviolet radi-
ation from a laser-produced copper plasma to backlight the
indium plasma. The copper plasma radiated strongly only
during the laser pulse that generated it, providing time reso-
lution of -10 nsec for the density measurements. Also,

time-dependent expansion velocities of the indium core and
shell plasmas were measured. Details of the plasma diag-
nostics were presented in Ref. 12. The results pertinent to
the production of gain by photoionization pumping are sum-
marized below.

Our diagnostics on an ablated indium plasma were for the
case of ablation with a 100-mJ, 7-nsec FWHM pulse of 532-
nm light, focused to an intensity of 5 X 108 W/cm2 . The
radius in millimeters of the resulting core plasma, assumed
hemispherical in shape, was rmm = 0.0047(tnS)' 1

4, for time t,,
in nanoseconds, spanning 300 to 1000 nsec after ablation.
The shell plasma, whose motion was retarded by the helium
gas in the cell, had a radius rmm = 0.1(t0 S)0.7. We believe that

the shell plasma swept most or all of the helium ahead of it,
allowing the core plasma to expand freely into a near vacu-
um, as evidenced by the positive acceleration (d2r/dt 2 > 0) of

the core boundary.
Within the core plasma, the density of In+ 'So ground-

state atoms was n+(t) = 3.7 X 1024(t,,)- 30 5 cm- 3, where time

tns is in nanoseconds, based on measurements from 300 to

1500 nsec after ablation. The density of ground-state neu-
tral indium atoms (

2
P;/2,3/ 2 ) was no(t) = 6.0 X 102l(tn,)-228

cm 3 , based on measurements from 300 to 2000 nsec after
ablation. In these density expressions of form n = a(t)b,

systematic error bounds for the linear coefficients a are
estimated to be (+70%, -33%) for n+(t) and (+400%, -56%)
for n° (t), owing to uncertainty in the calculated Stark broad-
ening coefficients used to reduce the data. Systematic error

ABLATION
LASER

TIME t=O
I I

TO INDIUM
MONOCHROMATOR TARGET

Fig. 6. Apparatus for soft-x-ray excitation of a laser-ablated indium plasma. The single-pass gain is determined from the amplification of

plasma light that has been reflected back through the plasma by a planar mirror.
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above. The solid curve in Fig. 8 is a model of the expanding
core plasma, constructed from the measured time-depen-
dent expansion velocity and ion density of the core plasma.
The sharp peak in density-length product is due to the rapid
expansion of the plasma and consequent reduction of densi-
ty, not to loss of ions owing to recombination. In the model,
the peak density-length occurred near 350 nsec after abla-
tion, which should be the time at which to photoionization-
pump the plasma to obtain the highest possible gain along
this optical path. The In+ density at this time was 4 X 1016
cm-3 , and the gain probe path length through the core plas-
ma was 0.45 cm.

Gain Measurements
During the gain measurements, only 67 mJ of 532-nm light,
focused to -1 X 108 W/cm 2 , were used for indium ablation.
A different laser and optical train were used for ablation in
the gain measurements from those used during the density
measurements. The ablation laser beam quality was poorer
in the gain measurement setup, necessitating lower ablation
intensity to avoid splashing of the liquid indium owing to
high pressure at beam hot spots. Thus the ground-state In+
ion density-length during gain measurements was likely less
than that shown in Fig. 8. Also, we could not synchronize
the ablation laser and the pumping laser to pump earlier
than 445 nsec after ablation, although the model curve in
Fig. 8 indicates that a smaller delay might have marginally
improved the gain. It was observed qualitatively that the
gain at 185 nm increased as the time delay between ablation

1 600

Fig. 8. Comparison of optical absorption measurements of the In+
ISO ground-state ion density-length product with a model of a uni-
form-density hemispherically shaped expanding plasma. Data sug-
gest a diffuse boundary for the core plasma, compared with the
infinitely sharp boundary of the model.

from the Stark coefficient uncertainty does not affect the
exponential coefficients b.

Figure 7 shows the measured total number of ground-state
neutral-indium and ground-state In+ ions in the core plasma
as a function of time. The populations grew with time
because of continued evaporation of the target after the end
of the ablating laser pulse." For 400 nsec after ablation,
ground-state singly ionized atoms constituted greater than
90% of the laser-ablated indium core plasma, with neutral
atoms making up the balance. The population of doubly
ionized indium in the core plasma was negligible. The low
electron temperature of this plasma (we estimate <1 eV)
ensured that only a fraction of a percent of the ions were
thermally excited out of their ground state.

Figure 8 shows the measured time-dependent density-
length product for ground-state In+ ions along an optical
path parallel to, but 3 mm above, the indium target face.
This is the same optical path that was probed during the
gain measurements described below (and shown in Figs. 6
and 9), so this density-length product is a measure of the
total amount of In+ ions present along the gain probe path
before x-ray pumping. The individual data points were
obtained by optical absorption measurements as noted

(b)

Fig. 9. Geometry of x-ray source, plasma expansion, and gain
probe path. (a) View of hemispherical indium plasma, as seen from
the monochromator during gain measurements (i.e., side view).
The circle indicates the 4-mm-diameter field of view of the indium
plasma seen by the monochromator. (b) Top view. Soft x rays
from the tantalum plasma strongly pump the indium plasma within
a cone of half-angle 45°. The shaded region shows the overlap of
the pumped plasma and the gain probe beam.

In+ ions

neutral
atoms
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and pumping was decreased to the minimum achievable
delay of 445 nsec.

The pumping x rays were generated with -50-mJ, 70-100-
psec-long pulses of 1.06-/im light, focused onto the end face

of a tantalum cylinder at an intensity of -1012 W/cm 2. The
tantalum target was rotated to reduce erosion. Short pump
pulses were used so the soft-x-ray excitation would occur in a
time short compared with the quenched gain lifetime, ob-
served to be -3 nsec.

Figure 9(a) shows the relative positions of the soft-x-ray
source, the ablated indium plasma, and the 4-mm-diameter
field of view of the monochromator that defined the region of
the plasma in which gain was measured. The indium plas-
ma had a 5-mm radius at the time of pumping, 445 nsec after
ablation. The distance d from the x-ray source to the center
of the probed region was varied between 2 and 5 mm, with
best results at 2 mm. The distance h from the indium target
to the axis of observation was 3-3.5 mm. The vertical posi-
tion y of the x-ray-emitting plasma was adjusted for maxi-
mum gain; this position was not measured but is presumed
equal to h.

For d = 5 mm, the largest single-pass intensity amplifica-
tion observed was 1.31 i4 0.13, corresponding to a path-
averaged exponential gain constant of 0.4 + 0.15 cm-' over a
path length L of 0.7 cm. For d = 2 mm, the largest single-
pass intensity amplification observed was 1.44 i 0.14, corre-
sponding to a path-averaged exponential gain constant of 0.9
+ 0.25 cm'1 over a path length L of 0.4 cm. Further gain
data appear in Chap. 3 of Ref. 12, while App. E of that
reference contains the detailed derivation of the data analy-
sis formulas and the associated error analysis.

The pumped path length L was determined by the Lam-
bertian intensity distribution' 3 of the plasma x-ray source.
Taking into account the decrease in x-ray flux with the
square of the distance from the source, but ignoring pump
depletion, this type of source effectively pumps a cone of
half-angle 0 = 450, as illustrated in Fig. 9(b). Pump deple-
tion was not strong in this experiment. Assuming a maxi-
mum photoionization cross section of 14 X 10-'8 cm 2 for the
In+ ions, and an ion density of 3 X 1016 cm- 3, the lie penetra-
tion depth of the x rays into the indium plasma was 2.4 cm.

Single-pass gain at 185 nm was determined by using a
plane mirror to reflect light from the indium plasma back
through the plasma and into a monochromator as shown in
Fig. 6. A shutter was used to block and unblock the mirror;
the ratio of the fluorescent intensity at the monochromator
with the mirror unblocked to that with the mirror blocked
was related to the single-pass gain of the plasma. To reduce
the shot-to-shot variations in gain, a boxcar integrator per-
formed a running average over 30 laser shots, while the
shutter was repeatedly opened for several hundred laser
shots and then closed for several hundred shots. The mirror
reflectivities at 185 nm were checked with a vacuum reflec-
tometer before and after the gain measurements to ensure
that no degradation occurred from target debris. Two dif-
ferent mirrors were used during the 185-nm gain measure-
ments: a 78% reflecting aluminum mirror with a MgF2 over-
coat and a 63% reflecting dielectric-coated mirror.

A Brewster-angle MgF2 window separated the target
chamber from a 0.5-m Seya-Namioka vacuum monochroma-
tor. A second Brewster-angle MgF2 window was used in the

early gain measurements to protect the mirror from target
debris but was found unnecessary because of the 18-cm
distance between plasma and mirror and was removed for
later measurements. The polarization-dependent loss an-
isotropy introduced by the Brewster windows was included
in the gain calculations. 2

The validity of the single-mirror method of gain measure-
ment was tested by pumping the indium plasma weakly, so
that fluorescence at 185 nm was generated, but no measur-
able gain or loss was expected. The measured ratio of inten-
sities at 185 nm with the mirror blocked and unblocked
agreed with the predicted value within 3%. Another test of
this method was reported in Ref. 14, in which good agree-
ment was obtained between gain measurements of photoion-
ization-pumped argon using the single-mirror technique and
using a cw argon-ion laser to probe the gain. The photoion-
ization-pumped argon-plasma electron density of -1015-16

cm-3 was comparable with that in the indium experiment.
The l/e decay lifetime of the photoionization-pumped

185-nm fluorescence was -3 nsec, measured using a mono-
chromator with a microchannel plate detector having
subnanosecond resolution. This fluorescence lifetime was
assumed exponential, although multiple-shot-exposure pho-
tographs of the weak oscilloscope trace of the decay curve
did not resolve the curve well enough for certainty. The
calculated natural fluorescence lifetime was 90 nsec, but, in
the plasma, electron-collisional deexcitation of the 4d95s2

2D5/2 upper laser state to the 4dl05p 2P;/ 2 lower laser state
shortened the upper-state lifetime. At 445 nsec after abla-
tion, when pumping occurred, the electron density in the
plasma was -3 X 1016 cm-3, and the electron temperature Te
was <1 eV. Given also our calculated emission oscillator
strength f = -0.006, McWhirter's formula 5 for the collision-
al deexcitation rate yields an upper-state lifetime of •6 nsec.
Electron-collisional excitation from the upper laser level to
higher levels should be small compared with deexcitation
because of the low plasma temperature. Although hot pho-
toelectrons from the pumping process can cause collisional
excitation out of the upper state, the density of photoelec-
trons was only a few percent that of the original cold-plasma
electrons. Thus we expect the collisional excitation rate to
be small compared with the deexcitation rate.

4. DISCUSSION

The measured single-pass amplifications and gain constants
reported above are conservative values, as they were not
corrected for the significant time delay between the soft-x-
ray pumping and the reflection of plasma light to probe the
gain. The path from the plasma to the mirror and back
again was 42 cm, causing a delay of 1.4 nsec between the
production of the population inversion and the subsequent
probing of the gain. Because of the 3-nsec decay constant of
the 185-nm photoionization-pumped fluorescence, the peak
gain at the instant of pumping was a factor of 1.6 times larger
than that revealed by the delayed probe.

One method to make a 185-nm laser would be to use high
peak gain to achieve gain saturation by ASE. The measured
gain of 0.9 cm'1 at 1.4 nsec after pumping should be in-

creased by at least a factor of 3 by the elimination of Doppler
shifts, as described in Section 2 above. Also, considering the
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factor-of-1.6 increase in the peak gain over the gain mea-
sured at 1.4 nsec after pumping, a peak gain of '4 cm-'
should be achieved by eliminating Doppler shifts, if all other
conditions are the same as in the experiments reported.

The expansion-induced Doppler shifts should be elimi-
nated by focusing the indium ablation laser into a long, thin
line on the target. The resulting indium plasma will expand
cylindrically, with no component of velocity along the axis of
symmetry. This geometry is ideal for producing a 185-nm
saturated-gain ASE laser. Based on the ion-population
measurements reported in Section 3, ablation of indium with
-1 J of 532-nm light in a 7-nsec pulse, focused to a rectangu-
lar spot of 0.06 cm X 5 cm at an intensity of -5 X 108 W/cm 2 ,
would produce 1017 ground-state In+ ions in a cylindrically
expanding plasma. Assuming that the plasma is uniform
and is a cylinder of half-circular cross section, a density of 3
X 1016 cm- 3 In+ ground-state ions would occur when the
cylinder radius reaches 0.65 cm. The 0.65 cm X 5 cm cylin-
der of ablated indium plasma would be pumped with the soft
x rays generated from -0.5 J of 1.06-Aum light in a 100-psec
pulse, focused in a 4-cm-long line onto a tantalum target at
-1012 W/cm 2. This should result in a 4-cm-long gain region
with 4 cm-' of gain, yielding an amplification of exp(16)
along the axis of symmetry of the plasma cylinder. The full
length of the indium plasma cylinder would not be pumped,
because expansion parallel to the axis of symmetry will occur
at the ends.

Of course, true laser oscillation is not achieved in an ASE
laser. The fundamental problem with the indium scheme,
common also to other short-wavelength lasers, is the colli-
sionally reduced gain lifetime, which is too short for oscilla-
tion to build up between mirrors spaced far enough apart
(-30 cm) to prevent damage from the plasma.

To overcome the lifetime problem, we propose to place the
indium-plasma gain medium in an optical cavity and repeti-
tively x-ray-pump the indium plasma at time intervals syn-
chronized to the round-trip cavity period. True laser oscil-
lation would be achieved by this method. An injection-
seeded, Q-switched Nd:glass-slab regenerative amplifier
being developed at Stanford University'6 will provide a
string of -9 pulses of 200 mJ each, spaced 5.8 nsec apart.
This pulse train should generate soft-x-ray pulses of suffi-
cient strength to drive a synchronously pumped 185-nm
indium laser oscillator. Only a single laser pulse is needed
for the indium ablation in this scheme, because the lifetime
of the ablated In+ plasma far exceeds the total 50-nsec
pumping time.

Our calculations indicate that population buildup will not
occur in the lower laser level because of this repetitive pump-
ing scheme. The lower laser level (5p 2

;/ 2) has a dipole-
allowed emission oscillator strength of f = -0.27 connecting
it to the s 2S1/2 ion ground state, based on the measured
lifetime of 1.45 ± 0.1 nsec by Anderson et al.' 7 for this 162.5-
nm transition. In a plasma with ne = 3 X 1016 cm- 3 and Te =
1 ey, McWhirter's formula for electron collisional deexcita-
tion of the lower laser level to the ground state predicts a
population decay time constant of 0.16 nsec, much shorter
than the time between x-ray-pump pulses. The collisional
excitation rate from the ground state to the lower laser level
is 103 times smaller than the deexcitation rate. The colli-
sional deexcitation of the lower laser level also prevents a

bottleneck due to radiation trapping in the dense plasma
gain medium.

5. CONCLUSION

We obtained a gain constant of 0.9 + 0.3 cm-' over a 0.4-cm
path at 185 nm by inner-shell photoionization of In+ ions.
This was an isoelectronic scaling of the visible 442-nm cad-
mium laser to a vacuum-ultraviolet wavelength. Less than
50 mJ of 1.06-,gm light was required to generate the soft x
rays, by way of a laser-produced plasma, for the photoioniza-
tion pumping. Gain modeling indicates that a gain constant
of 4 cm-' can be obtained with the same x-ray-pumping flux
and indium-ion density by changing the expansion geometry
of the laser-ablated indium plasma. An indium ASE laser
and a synchronously pumped indium laser oscillator were
proposed and could be driven by laboratory-scale pump
lasers.

We found laser ablation to be excellent for generating
dense, cool, long-lived plasmas of ground-state singly ion-
ized atoms. These plasmas are useful for short-wavelength
photoionization-pumped lasers. They might also find use
in nonlinear frequency generation.
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