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Use of laser-produced soft x rays for the production of excited metastable ions
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A detailed investigation is presented of the use of soft x rays, emitted from a laser-produced plas-

ma, for the excitation of highly energetic ions. The emphasis is on the excitation of Li+(1s2s)
metastable levels with energies of approximately 60 eV. The experiments were made possible by the
use of a geometry in which the laser beam was focused through the Li vapor onto a massive target
placed inside the vapor. Populations of Li+{1s2s) ions in excess of 10' cm have been measured

and the effect of varying parameters such as laser energy, distance from the target, Li density, and

time delay after the initial excitation has been examined. In this work the plasma emission can be
considered as radiation from a blackbody with a temperature of 10—100 eV, and the conversion effi-

ciency from 1.06-pm radiation to blackbody radiation was estimated to be in excess of S%%uo. A com-

parison has been made of the effect of using Q-switched (r-10 ns, E-200 mJ) and actively mode-

locked (~-0.6 ns, E-50 mJ) neodymium-doped yttrium aluminum garnet (Nd:YAG) lasers to
make the soft-x-ray —emitting plasma. Li+(1s2s) population measurements have been made for the
cases of Ta, Fe, Ni, and Li target materials, and the populations excited by photoelectrons into the
Li(ls 2p) and Li+(1s ) levels have been measured. The applications of these experiments to various

proposed extreme-ultraviolet laser systems are discussed.

I. INTRODUCTION

When high-power laser radiation is focused onto a tar-
get, a plasma is formed which has dimensions characteris-
tic of the laser focal spot. For 1.06-pm laser intensities of
approximately 10' %cm, the plasma can be described,
by a simple hydrodynamic model, ' as a rapidly expanding
hemisphere. The outer portions of this plasma have an
electron density which corresponds to a plasma frequency
equal to the frequency of the incident laser radiation. The
electrons heat —and the laser radiation is absorbed —by in-
verse bremsstrahlung while, for high Z targets, the plas-
ma emission is primarily due to free-bound recombination
and to line radiation. ' For a tantalum target, such as is
used in this work, the continuum radiation dominates
over the line radiation. The emitted spectrum can thus
be approximated by that of a blackbody with an appropri-
ate temperature which, for these experiments, is believed
to be between 10 and 100 eV. The conversion efficiency
from 1.06-pm laser energy to emitted soft x-ray energy
can readily be between 10% and 50% for high Z targets.
Even with laboratory-scale lasers ( &1 GW), soft x-ray
power densities in excess of 1 GWcm can be produced
at distances of several millimeters from the plasma core.

En this paper we study the use of laser-produced soft x
rays to produce large densities ( & 10' cm ) of excited
metastable ions; in particular, Li+( ls 2s) S and
Li+(1s 2s)'S which have energies relative to their ground
levels of 59.0 and 60.9 eV, respectively. These metastable
ions have been excited by photoionization of Li(ls 2s) S
atoms by the soft x rays emitted from a laser-produced
plasma. Metastable ions of this type are of interest as en-
ergy storage levels for xuv lasers and xuv radiation
sources, and also as primary species for the study of col-
lision kinetics and reactions in the energy range from 30

to 300 eV.
The use of laser-produced incoherent x rays for inner-

shell ionization and production of excited radiating ions
was first suggested by Duguay and Rentzepis. Mani,
Hyman, and Daugherty suggested that the requirement
for very short laser pulses and high peak powers of soft
x-ray radiation could be made less stringent by, instead,
producing metastable ions. Although extensive theoreti-
cal discussion of the use of laser-produced plasmas as x-
ray sources for the excitation of xuv laser systems has ap-
peared in the literature, ' until recently only a single at-
tempt' had been made to investigate such a procedure ex-
perimentally.

The xuv laser proposals mentioned so far have involved
various combinations of thin-foil targets, and filter foils
designed to separate the x-ray source from the region to
be pumped and to modify the x-ray spectrum. The lack
of experimental results seems likely to be due, to a large
extent, to the complexity of such configurations and to
the inconvenience of a geometry in which the filter foil
would be destroyed by every shot. To circumvent these
problems, an experimental geometry has been used in this
work whereby a massive target was placed inside, and was
surrounded by, the ambient Li vapor (Fig. 1). A Nd: YAG
laser beam was focused through the Li vapor to a spot
size of approximately 20 pm on the target and a plasma
was produced. Soft x rays were emitted from the plasma
and propagated into the surrounding vapor with the con-
sequent inner-shell photoionization of the ambient Li
atoms.

The laser beam, propagating through the Li vapor at an
intensity of approximately 10' Wcm, will completely
ionize the vapor. This will, in principle, affect the focus-
ing of the beam on target. There are two primary contri-
butions to the change in refractive index which is seen by
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FIG. 1. Schematic of experimental configuration.

the propagating laser beam. For Li, at a wavelength of
1.06 pm, these result from the reduction of the normal in-
dex caused by the removal of ground-state neutrals, and
from the addition of a negative increment caused by the
formation of the plasma. Both contributions (which in
this case have a ratio of about 3.3 to 5) act to defocus the
beam. Although we have not studied the problem in de-
tail, a rough calculation indicates that defocusing should
become noticeable at an ambient Li density somewhere be-
tween 10' and 10' atomscm

This paper addresses such questions as: How large a
metastable ion density can be produced by photoioniza-
tion by laser-produced soft x rays; what are the functional
dependences of the metastable density on factors such as
the distance from the target and the Li density; and how
long do the excited metastables last? In Sec. II the experi-
mental details of this work are described, while in Sec. III
the experimental results are presented. Section IV is de-
voted to a summary and a discussion of the implications
of this work to possible xuv laser systems.

II. EXPERIMENTAL DETAILS

A. The target cell

In Fig. 2 is shown the target cell used in this work. The
cell was a five-arm heat pipe' constructed from one-inch
diameter stainless-steel tubing and lined with stainless-
steel mesh which acted as a "wick." The target material
was attached to the end of a hollow stainless-steel rod
which was inserted into one arm of the heat pipe. The
laser beam passed through a lens, entered the cell window
opposite the "target" arm, and was focused onto the tar-

get which was positioned at the center of the five-arm
cell. The targets used were of various materials and were
machined fiat normal to the direction of incidence of the
laser beam. In order to expose a fresh surface of the tar-
get to the laser beam every few shots, the target "rod" was
slowly rotated by means of a small electric motor. The
rotating rod entered the cell through a ferrofluidic bearing
seal.

This cell operated satisfactorily in a "heat pipe mode"
up to Li densities of 10' cm . Since the target was posi-
tioned at the center of the cell, a probe laser could be
passed at varying distances from the target through the
region of Li vapor pumped by the x rays. The fifth, verti-
cal arm of the cell allowed visual observation of the plas-
ma. In order to prevent liquid Li from condensing on the
target, it was found necessary to insert a separate heater
into the target rod to heat the target to a temperature of
20—50'C above that of the ambient Li vapor.

B. The imaging system

It is desirable to have a means of monitoring and con-
trolling the focusing of the plasma-producing laser beam.
To this end we have used an imaging system which pro-
vided an image on a television screen of the 1.06 pm scat-
tered light from the plasma. The size of this image was a
measure of the focal spot size of the laser beam, while the
intensity of the image was a rough measure of the reflec-
tivity of the plasma.

This imaging system is illustrated in Fig. 3. The scat-
tered light from the plasma reflected from a beam splitter
(BS) and a one-to-one image of the scattering source was
formed by a lens, I.i in plane A. A graticule with 100
pm calibration marks was placed in plane A and this, to-
gether with the image of the scattered source, was magni-
fied by a factor of approximately 20 and imaged onto an
infrared-sensitive television camera by means of a micro-
scope objective (OL). As the laser focusing lens (FL) was
adjusted, the size of the iinage from the imaging system
varied as did the intensity of the image.

This simple system proved extremely useful for locating
the focal plane of lens FL and enabled constant experi-
mental conditions to be maintained. It also allowed the
authors to monitor the presence of effects such as beam
defocusing by the Li vapor or the condensation on the tar-
get of liquid Li which resulted in greatly increased refiec-
tivity of the 1.06 pm light from the plasma.
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FIG. 3. Imaging systems: BS, beamsplitter; FL, focusing
lens; M, mirror; I.&, transfer lens; OL, microscope objective.
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C. The laser system

In Fig. 4 is shown a schematic illustration of the laser
system used in this work. The heart of the system was an
actively mode-locked Nd:YAG oscillator. ' A Pockels
cell was used to select a single pulse from the output pulse
train. This pulse was amplified by three Nd:YAG rod
amplifiers and then split into two beams. The weaker of
these passed through a Faraday isolator, to decouple the
system from the target, and was amplified in a final 6-
mm-diameter rod amplifier to become the main 1.06 pm
beam. This beam had a maximum energy of 100 mJ and
a pulse duration of 600 ps. The more intense of the two
beams was passed through frequency-mixing crystals to
produce harmonics of the 1.06 pm laser beam. These
were used to pump the amplifiers of the dye laser system
shown in Fig. 4. The output from this second beam line
was a pulse of somewhat less than 600 ps in duration with
an energy of either 20 mJ at 532 nm or 2—3 mJ at 355
nm. The repetition rate of the system was 2 Hz.

A separate unstable-resonator Q-switched Nd: YAG
laser was used to pump a grazing-incidence grating con-
figuration dye laser oscillator. The output from this dye
laser oscillator was a pulse of approximately 5 ns duration
with a linewidth of 0. 1—0.3 cm ' depending on the wave-
length being generated. This pulse was amplified by a
series of two transversely pumped dye amplifiers and a fi-
nal longitudinally pumped dye power amplifier. These
amplifiers were pumped by the second beam from the
main actively mode-locked Nd: YAG laser system. Thus,
although the dye laser oscillator pulse had a duration of 5
ns, gain was only present in the dye amplifiers for approx-
imately 600 ps. The final output was a tunable pulse
which had a duration of 600 ps with a 5 ns "pedestal"
which contained a total energy of less than 0.5% of that
which was in the main pulse. A typical output energy of
the system was 1—2 mJ for dyes pumped by 532 nm radi-
ation. The linewidth of the pulse remained at the 0. 1—0.3
cm ' linewidth determined by the oscillator.

An advantage of this system was that it allowed the
convenience and narrow linewidth of the grazing-
incidence grating configuration dye laser oscillator to be
combined with a short pulse output. However, due to
longitudinal mode beating in the Q-switched Nd:YAG
laser, the dye laser oscillator exhibited rapid intensity
fluctuations during the 5 ns pulse which were very non-
repeatable. This resulted in drastic energy fluctuations in

the output of the amplifier chain from shot to shot. To
eliminate this problem, the system was set up so that the
dye beam was close to saturation intensity at the input of
the power amplifier, even for the smallest of oscillator sig-
nals. In this way, gain saturation acted to compensate for
the intensity fluctuations in the dye laser oscillator and
the output from the system exhibited only the +10% en-

ergy fluctuations characteristic of the output from the ac-
tively mode-locked laser system.

In the majority of experiments, the main beam from the
actively mode-locked laser system was focused onto the
target in the experimental cell. The output from the dye
laser was then passed through the probe arms of the cell
to sample the photoionized Li population at a chosen dis-
tance from the target.

D. Population measurement techniques

To measure the population in an excited state of Li or
Li+ in the region which was pumped by x rays from the
laser-produced plasma, the probe laser was passed through
the region of interest and tuned through a strong transi-
tion originating on the appropriate excited level. At fre-
quencies around this transition, the refractive index of the
medium is dependent on the population in the excited
state under consideration. Thus, knowledge of either the
real or imaginary parts of the refractive index of the
medium can be converted to a measurement of the popu-
lation in the excited state.

In order to examine the absorption of the probe beam as
its frequency was tuned through the transition, a portion
was split off and used as a reference beam. The energies
in both the reference beam and the transmitted beam were
recorded by photodiodes and the ratio of the two signals
was taken electronically to minimize the effect of fluctua-
tions in the probe beam intensity. After averaging over
1—10 shots, absorption signals as small as 5% could be
measured. By comparing the absorption traces with
theoretical fits using numerically generated Voigt profiles,
measurements of the number-density-length product,
N'I. , of excited atoms could be deduced with an estimat-
ed accuracy of a factor of 2.

This procedure, however, requires some knowledge of
the magnitude of the dominant Lorentzian component of
the transition linewidth. An alternative method is to ex-
amine the real part of the refractive index, many
linewidths from line center where the dependence on
linewidth vanishes. To do this, the probe beam was split
into two beams of equal intensity which were then recom-
bined at the output of a Mach-Zehnder interferometer.
The cell was placed in one arm of the interferometer and
the probe laser was tuned through the transition from the
excited state while the output of the interferometer was
monitored.

The details of this interferometric measurement tech-
nique are discussed elsewhere, ' ' but, conceptually, this
technique is analogous to the well-known Rozhdestvenskii
Hook method. ' This technique is less sensitive than the
absorption measurement outlined above, but requires no
prior knowledge of transition linewidths and yields values
of X'l. accurate to +20% without great difficulty. In
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this work these two techniques have been found to be
complementary. It should be noted that, while the inter-
ferometric technique yields a measure of X'fL, where f
is the transition oscillator strength, the absorptive method
yields a measurement of (X*fL)5col for optically thick
samples. Thus, by comparing results obtained by these
two methods, the Lorentzian linewidth of the transition,
LoL can be deduced. It will be seen later that this can be
used to obtain a measurement of the density of the Li+
ground-state ion density.
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III. EXPERIMENTAL RESULTS

A. Initial investigation

Is22s 2S

(a)

The work reported here consists of two separate series
of experiments. In the initial series, reported briefly in
Ref. 5, the beam from the actively mode-locked Nd: YAG
laser was focused onto a Ta target, in the experimental
cell of Fig. 2, by a lens of 12-cm focal length and an effec-
tive f number of fl8. The laser beam had a maximum
energy of 100 mJ, of which 70% was contained in a main
pulse with a measured duration of 600 ps. Leakage
through the Pockels cell pulse selector resulted in a
prepulse and two postpulses, each separated by 4 ns, 600
ps long, and containing approximately 10% of the total
pulse energy.

Using a scanning knife edge, the beam radius in the fo-
cal plane and the effective confocal parameter were mea-
sured. At a total laser energy of 50 mJ, these were coo-20
pm and b-900 pm. These beam parameters imply an
on-target intensity in the main pulse of approximately
10' Wcm . At a distance of 1 mm from the target, the
laser spot size is of the order of only 50 pm. Even at a
distance of 7 mm, the laser spot size is approximately 0.4
mm. The region of Li vapor which interacts with the
plasma-producing laser is thus an insignificant fraction of
that considered in this work.

For this series of experiments no imaging system was
used to monitor the laser plasma and the position of the
focus was set by visual observation of the plasma. The ro-
tation speed of the target corresponded to approximately
700 laser shots per revolution and a fresh section of the
target was presented to the laser beam every 2—3 shots.

An energy-level diagram of Li and Li+ is shown in Fig.
5(a). In the experiments described here, the spectrum of a
blackbody with a radiation temperature of approximately
30 eV appears to adequately describe the emission from
the laser-produced plasma. In Fig. 5(b) is shown the spec-
tral emission from such a blackbody together with the
photoionization cross sections of the inner and outer
shells of Li.' ' At its peak at 60 eV, the cross section for
inner-shell photoionization' of Li atoms is 3&(10 ' cm .
Therefore, at a vapor density of 10' atomscm of Li,
the stopping distance for useful soft x rays is approxi-
mately 3 cm.

The metastable Li+(ls2s)'S and Li+(ls2s) S popula-
tion densities were determined by measuring the absorp-
tion of laser probe beams as a function of wavelength at
the Li+[(ls2s)'S-(ls2p)'P] and Li+[(ls2s) S-(ls2p) P]
transitions at 958.1 and 548.5 nm [Fig. 5(a)]. For this ini-
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FIG. 5. (a) Energy-level diagram of Li and Li+. The energies
are in cm '. (b) Photoionization cross sections of Li (solid
curve); emission spectrum of a 30-eV blackbody (dashed curve).

tial series of experiments a Quanta-Ray DCR-1 pulsed
dye laser was used to produce the laser probe beams.
While light at 548.5 nm was generated directly, a probe
beam at 958.1 nm was produced by Raman downshifting
the 685.2 nm output of the dye laser. The laser probe
beam had a pulsewidth of approximately 5 ns and a
linewidth of 0.5—1.0 cm

The absorption traces were fitted with numerically gen-
erated Voigt profiles and the integral of metastable popu-
lations over length along the probe beam was deduced.
This process requires some knowledge of the transition os-
cillator strengths and the Doppler and Lorentzian com-
ponents of the transition linewidth. The analysis of the
[(ls2s)'S-(ls2p)'P] absorption is straightforward, since
the dominant contribution to the Lorentzian component
of the linewidth of this transition is 5coi -0.13 cm
from the natural lifetime of the upper level, which has a
radiative decay in the vuv. The Doppler width and ab-
sorption oscillator strength of this transition are, respec-
tively, 5coD -0.10 cm ' and f-0.21. In the case of the
[(ls2s) S-(ls2p) P] transition, however, the dominant
contribution to the Lorentzian component of the broaden-
ing comes from collisions with Li atoms and from Stark
broadening. The numbers used in this analysis are derived
from a simple calculation of the collision broadening
and from Ref. 21. In addition, the hyperfine structure of
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the S- P transition must be taken into account. The to-
tal absorption oscillator strength for this transition is

f-0.31 and the Doppler width is 5toD -0.17 cm '. The
Lorentzian contribution to the linewidth of a particular
component of oscillator strength f is given by
5coz ——(3.2X10 ' n,f ~ +0.015f ~ ), where n, is the
electron density (cm ) and the units of 5col are cm
In this expression, the first term describes the contribution
of Stark broadening, ' while the second term describes
that of "foreign gas" broadening.

An example of the theoretical and experimental absorp-
tion traces obtained under one set of experimental condi-
tions is shown in Fig. 6. It can be seen that the compar-
ison of the theoretical curves with the experimental data is
good. We estimate an accuracy of better than +50% for
the deduced value of the number density-length product,
N'L, of the Li+(ls 2s)'S ions and of a factor of approxi-
mately 3 for the S ions. Strictly, the measured value of
N*L for either transition should be written as
(N~ N2)L, w—here N~ and N2 are the populations in the
lower and upper levels of the transition in question. In
the case of the [( ls 2s)'S-( ls 2p)'P] transition, the short
radiative lifetime (40 ps) of the upper 'P level ensures an

empty upper level. The same cannot be said for the
[(ls2s) S-(ls2p) P] transition. However, from the time
evolution of the S Pabsorpt-ion —it can be deduced that
the upper P population is initially much smaller than the
S population. Thus the absorption technique yields a

reasonable measurement of N*L for the Li+(ls2s) S
species for time delays of less than 4—6 ns between the
probe and plasma-producing lasers.

In Fig. 7 is shown the observed dependence of integrat-
ed Li+(ls 2s)'S metastable population, N'L, on the total
laser energy incident on the target. The Li vapor density
for this experiment was 10' atomscm . The laser probe
beam had a diameter of 2 mm and was centered about 1

mm from the Ta target (Fig. 2).
To deduce a value for the Li+(is2s) metastable ion
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FIG. 7. Integrated metastable density, N*L, for Li+(1s2s)'S
vs total Iaser energy incident on the target. Li vapor density
=10' cm . The perpendicular probe-target distance is R =1
mm. The time delay between the peaks of the probe and 1.06
pm lasers is -4 ns.

For the case of isotropic x-ray emission, the analogous ex-
pression would be

N'=(N*L)lmR . (2)

Thus, assuming the conical radiation pattern, the max-
imum measured value of %*I. from Fig. 7 implies a
Li+ ( ls 2s) 'S population of 3 && 10' ions cm

population from the measurement of N'L, it is necessary
to decide on a particular spatial radiation pattern for the x
rays emitted from the plasma. Now the plasma-
producing laser is tightly focused to a spot with a 20 pm
radius. At a typical plasma expansion velocity of
10 —10 ms ', the plasma would move a distance of
5—50 pm during the 600 ps duration of the laser pulse.
One would thus not expect the x rays to be emitted from
the plasma with the Lambertian spatial distribution
characteristic of emission from a plane surface Rath.er,
one would expect the relatively isotropic radiation pattern
characteristic of emission from a spherical plasma.

Although the target was rotated between shots, after
several revolutions of the target, a circular groove was
created on the target corresponding to a region of plasma
ablation. For subsequent shots the laser was focused into
this groove and it is believed that this track resulted in a
nonisotropic distribution of the x-ray emission. In the
remainder of this work, it will be assumed that the x rays

.emitted from the plasma had the radiation pattern of a
cone with a half angle of 45 and an axis normal to the
target.

Given such a radiation pattern, integration yields the
expression for the metastable ion density, X*, at a dis-
tance R from the target of

N*=2(N*L)lmR .
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From the measurements recorded in Fig. 7, it is possible
to make some deductions about the temperature of the
plasma and the efficiency with which 1.06 pm radiation is
converted to soft x rays. The metastable 'S ion popula-
tion density at a distance R from the target can be written
as

EIiii ( pi )o(co )N.
p

N (R)=
2irR'P

(3)

] 0 X e —1 KX T dX
S(&)= (6)"X'e"—j.

-' X

and o(co)=opa(co) with crp being the peak photoioniza-
tion cross section.

For the largest measured population from Fig. 7,
EL ——40 mJ. Using the photoionization cross section of
Ref. 18, with op ——8. 1)& 10 ' cm, and assuming a coni-
cal radiation pattern (P=0.3), we find (tS(T)=1.4X10'
J '. In Fig. 8 are plotted the spectral overlap function,
S(T), and the efficiency, P (curve A), as functions of
blackbody temperature. From these graphs it can be seen
that the largest measured value of N'L in Fig. 7 corre-
sponds to an efficiency of conversion from 1.06 pm radia-
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temperature for the cases: A, QS(T)=1.4X10'5 J ' and 8,
QS(T)=4.4X10"J '.

where Np is the ground-state Li atom density, xiii(co) is
the energy radiated from the blackbody per unit band-
width, and o(pi) is the photoionization cross section for
the production of Li+(ls2s)'S metastable ions. For an
isotropic radiation pattern, P= 1, while P=0.3 for conical
emission. Now the efficiency of conversion from 1.06 pm
radiation to soft x rays can be defined as

(ti= J Egin(CO)dip/EL (4)

where EI is the energy incident on the target from the
main pulse of the laser output (in these experiments, 70%
of the total laser energy incident on the target).

Making use of the Planck law, Eq. (3) can then be writ-
ten in terms of a spectral overlap function, S (T), as

N'(R) =Np/EL o pS(T) I2irR P,
where

tion to soft x rays in excess of 5%. Taking 70% as a
reasonable upper limit to the value of (t, these results
yield an effective radiation temperature of 7—100 eV.

It should be noted here that the population measure-
ments of Fig. 7 are taken at a time of 4 ns after the peak
of the plasma-producing laser pulse. As discussed later,
the population of Li+( ls 2s)'S ions was observed to decay
under the conditions of Fig. 7 with a time constant of 3.6
ns. This would suggest a maximum value of
N'L = 1.2 && 10' at t =0, and thus a conversion efficien-
cy determined by QS(T)=4.4X10' J ' (curve 8). This
would imply a conversion efficiency in excess of 17%%u% and
a blackbody temperature of between 9 and 70 eV.

These temperatures are lower than those observed
by other workers for incident laser intensities of 10'
Wcm . At typical plasma blow-off velocities, it would
be expected that heated plasma would move out of the 20
pm laser focal spot in a time shorter than the duration of
the laser pulse. This would explain the relatively low ra-
diation temperatures observed in this work in comparison
with experiments, ' at similar laser intensities, in
which larger focal spot sizes or shorter laser pulses were
involved.

Further confirmation of this explanation is given by the
results shown in Fig. 9, in which N*I. is plotted as a
function of distance of the focusing lens from the target.
Also plotted is the measured intensity incident on target
as a function of lens position. It can be seen that the mea-
sured value of N*I. changed by little more than a factor
of 2 when the focusing lens was translated by +3 mm,
even though the estimated intensity at target changed by a
factor of approximately 40. As the lens was translated,
the focal spot size increased with the result that, although
the laser intensity decreased, the hot plasma took longer
to escape from the region of interaction with the laser.
The net effect is thus relative insensitivity to the position
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FIG. 9. Integrated Li+(1s2s)'S density, N L, vs distance of
lens from target. The zero is at an arbitrary position approxi-
mately 7 mm further from the target than the focal length of
the lens. The total laser energy on target -50 mJ; the probe
beam-target distance —1 mm; the delay between the 1.06 pm
laser and probe laser peaks -2—6 ns; the Li vapor density
—10' cm . Superimposed is the measured 1.06 pm laser in-

tensity as a function of lens position.
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N*L =(AND/R)exp( t/~)— (7)

for t &4 ns and R & 1 mm. N', L, and R have units of
cm, cm, and cm, respectively, and No, the density of Li
atoms, is in units of cm . For metastable Li+(ls2s)'S
ions, A = 10 ions cm and ~ varies from 4—5 ns as R in-

IOI2

8 IO 12

TIME DELAY (ns)

14 16

FIG. 10. N I. for Li+(1s 2s)'S vs the time delay between the
peaks of the probe laser and the 1.06 pm laser. Li vapor density
=10' cm; total incident laser energy -50 mJ; R -4.5 mm.

of the lens.
From Eqs. (1) and (5) it can be seen that the value of

N*L is predicted to depend inversely on the value of R,
the distance from the target. The observed dependence in
these experiments was N*L ~ R " where n had a value of
0.7+0.4. This is thus in rough agreement with theory.

Figure 10 shows the results of a measurement of N'L
for metastable Li+ singlets as a function of the time de-

lay, t, between the peaks of the 958.1 nm probe pulse and
the 1.06 pm laser pulse incident on the Ta target. The
time origin in Fig. 10 has an experimental uncertainty of
+2 ns. The slope of the graph corresponds to a singlet
metastable (1/e) decay time of 5.3 ns. Such a decay time
is consistent with calculated rates for destruction of Li+
metastable ions due to collisions with electrons. At a
probe-target distance of R =1 mm, the (ls2s)'S decay
time was measured to be 3.6 ns. This change in decay
time seems likely to be due to a somewhat higher electron
density at R =1 mm than at R =4.5 mm, where the re-
sults of Fig. 10 were obtained. A similar measurement
was made for the decay time of the Li+( ls 2s) S state. A
decay time of approximately 4—6 ns was measured under
conditions that were the same as for Fig. 10 =xcept for
the probe-target distance which was 2 mm. In the case of
the Li+(1s 2s) S level, the observed decrease in the absorp-
tion on the [(Is 2s) S-( ls 2p) P] transition could be due to
either a decay of the S level population or to an equilibra-
tion of the population in the ( ls 2s) S and ( Is 2p) P levels.
It is unclear from this work which of these descriptions is
correct.

The results of Li+( ls 2s) population measurements
presented so far are found to be quite well described by
the expression

creases from 1 to 5 mm. For Li+( is 2s) S ions,
A =1.8)&10 ionscm and &=4—6 ns at R=2 mm.
The experimental uncertainty in the value of A is +50%
for the 'S ion and a factor of 3 for the S ion. If a conical
x-ray radiation pattern with a half angle of m. /4 is as-
sumed, the metastable ion density can be described by the
expression

N'= (BNO/R )exp( t/r—),
where B=6)& 10 ions cm for the 'S ion and
B=1.2&&10 ionscm for the S metastable ion. In Eqs.
(7) and (8), N' should be replaced by the expression
(N& —N2) for the case of the Sion, where N& and N2 are
the populations in the S and P ion levels, respectively.
Although it is believed that N2 «N& for t & 4 ns, at later
times this may no longer be the case.

B. Further investigation

In order to extend the results of the initial investigation,
a second series of experiments was performed. In these
experiments populations were measured using the dye
laser system described in Sec. IIC. The short pulse (600
ps) produced by this laser allowed measurements to be
made at times closer to the time at which the x rays were
emitted from the plasma. Because the dye laser amplifiers
were pumped by radiation from the plasma-producing
laser, there was no jitter between the arrival at the cells of
the plasma-producing laser beam and the dye laser beam.

For these experiments the 1.06 pm laser beam was
focused by a f!16 focusing system to an effective spot
size of coo ——30 pm and an intensity on target of approxi-
mately 5 && 10' W cm . The output from the Nd: YAG
laser system consisted of two pulses spaced by 4 ns—a
main pulse and either a prepulse or a postpulse. The im-
aging system of Sec. IIB was used in this second series of
experiments. The size of the image of the plasma on the
image plane was approximately 100 pm&100 pm. The
focus of the 1.06 pm beam could be reproducibly set to
+300 pm (+0.1% of the focal length of the lens) by mon-
itoring the brightness of the image.

The first experiment performed with this improved ap-
paratus was designed to investigate the effect on the plas-
ma of a prepulse from the 1.06 pm laser. In Fig. 11 are
shown measurements of the Li+(is2s)'S population as a
function of time after the plasma-producing pulse was in-
cident on the target. Measurements are shown that were
taken under conditions of "no prepulse" (less than 1% of
the main pulse energy) as well as under conditions of
prepulses with energies of 30% and 70% of the energy of
the main pulse.

For times earlier than the peak of the population
( t =0), the presence of a prepulse resulted in a significant
increase in Li+(Is2s) population. Later than t =0, how-
ever, there was no observable effect due to the presence or
absence of a prepulse. It thus appears that no enhanced
absorption of the main pulse occurred in the plasma due
to the presence of the prepulse. This may be because the
pulse separation of 4 ns is sufficiently long for the plasma
produced by the prepulse to disperse before the arrival of
the main pulse.
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FIG. 11. Integrated Li+(1s2s)'S density vs time delay be-

tween the peaks of the probe and 1.06 pm lasers for various

prepulse conditions. Total incident laser energy -60 mJ,
R =2.5 mm, Li density =7.5)&10' cm
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FIG. 12. Integrated Li+(1s2s)'S density vs Li atom density.
Total incident laser energy -60 mJ, R =1 mm, delay between
the peaks of the probe and 1.06 pm lasers —1.5 ns.

It is instructive to compare the results of this measure-
ment with the predictions of Eq. (7). At t =3 ns, Fig. 11
yields a value of N'L =5X10' cm . Under conditions
of R =2.5 mm and N(Li)=7. 5X10' cm, Eq. (7)
predicts N*I. =2&(10' cm . The lower result measured
here is believed to be due to the use of a less smooth target
in this experiment than in the earlier work. The initial
time decay in Fig. 11 is approximately 2 ns and is thus
somewhat faster than that observed for t )4 in the earlier
series of experiments.

In all subsequent experiments, the Nd:YAG laser was
operated so as to produce a main pulse and a postpulse
with energies of, respectively, 57 and 43 mJ. In Fig. 12 is
shown the dependence of the number density-length prod-
uct, N'L, of Li+( ls 2s)'S ions on the Li density. ,The re-
sults of two separate experiments are shown, and in both a
linear dependence on Li density can be observed. The dif-
ferent gradients of the two sets of data probably corre-
spond to slightly different target conditions. It is interest-
ing to compare these results with those of the initial series
of experiments. From Fig. 12, at t =1.5 ns, 8 =1 mm
and a Li density of 7.5 X 10' cm, an integrated density
of N*L =3.5X10' cm of Li+(is2s)'S ions was mea-
sured. Under these conditions, Eq. (7) would predict
N'L =5)&10'3 cm . The agreement between the two
series of experiments is thus quite good despite the differ-
ence in focusing geometries involved.

Making use of the earlier discussion on conversion effi-
ciency and the results of Fig. 8 and Eq. (5), the measured
population here, for Ez ——35 m J, corresponds to
QS(T)=2.0X10 ~. This implies a conversion efficiency
from 1.06 pm photons to soft x rays in excess of 7%%uo and
a plasma blackbody temperature of 7—95 eV.

At the low intensities used to produce the laser plasma
in this work, the absorption of the 1.06 pm radiation is

principally due to the process of inverse bremsstrahlung in
the near critical density region of the plasma. The ab-
sorption coefficient for this process is linearly dependent
on the charge of the predominant ionic species in the plas-
ma. It is therefore preferable to use target materials with
high atomic weights in order to allow the production of
highly stripped ions in the laser-produced plasma. This
consideration motivated the choice of tantalum as a target
material in the initial experiments.

Other targets were used, however. Ni (Z =28) and Fe
(Z =26) targets were tested. It was found that the
Li+(1s2s) population excited when these targets were
used was comparable, and 30—40% of that produced for
the case of a Ta (Z =73) target. In all three of these
cases the atomic weight of the target was relatively large
and the difference was most likely due to subtle changes
in the x-ray spectrum produced by these different ele-
ments.

In contrast to these observations were the results ob-
tained when a liquid Li (Z =3) target was used. When
the target heater was turned off, liquid Li was able to con-
dense on the Ta target. Under these conditions no
Li+(ls2s) population could be measured. The scattered
1.06 pm radiation collected by the target imaging system
increased by as much as an order of magnitude, suggest-
ing a large decrease in the absorption of the incident 1.06
pm radiation by the plasma. These observations seem
very reasonable in light of the low atomic number of Li
and the correspondingly low maximum charge of the ions
which could be produced in the plasma.

C. Long pulse plasma production

Since the Li+(1s2s) metastable ions have a measured
deexcitation time of several nanoseconds under the condi-
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tions of the experiments described so far, it seemed desir-
able to examine the production of these ions when the
laser plasma was produced by a laser with a longer pulse
duration. For this work, a commercially available Q-
switched Nd: YAG laser was used. This laser operated at
10 Hz and produced 1.06 pm pulses with a triangular
temporal shape and a foot-to-foot width of approximately
15—20 ns. The energy at the target was 200 mJ and an
f/8 focusing system was used which resulted in a mea-
sured intensity on target of approximately 10' W cm

By using the short-pulse dye laser to probe the
Li+[(ls2s)-(lsd)] transition, the Li+(ls2s) population
could be observed during the Nd:YAG laser pulse. In
Fig. 13 a set of data is presented which shows the
development of the value of N*L of the Li+(ls 2s)'8 ion
during the course of the plasma-producing pulse. The
population reached a maximum at t=0, which corre-
sponded to the peak of the Nd: YAG laser pulse, and then
decreased rapidly. Clearly, the energy incident on the tar-
get during the second half of the pulse was not useful for
creating Li+(ls2s) iona. One possible reason for this
could be that the Li ground-state population was depleted
by electron excitation to the Li+ ground state and
Li( 1 s 2p) excited state on the time scale of a few
nanoseconds. This would be in decided contrast to the re-
sults described earlier which were obtained with a 600 ps
duration plasma-producing laser pulse. In those experi-
ments no evidence of Li ground-state depletion was
seen—an observation borne out by the measurements dis-
cussed in Sec. III D.

When a fresh target was placed in the cell, a similar
temporal dependence of the value of N L was observed
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FIG. 13. Integrated Li+{1s2s)'S density vs time for a plasma
produced by a long-pulse 1.06 pm laser. Total incident laser en-

ergy -200 mJ; laser pulse is triangular with a base width of
15—20 ns; intensity on target —10' W cm; R =2 mm; Li
density -7.5&(10' cm

but the value of N*L at t =2 ns was N'I. —8)&10'
cm . Under the same conditions, at t =2 ns, the popula-
tion excited when the plasma was produced by a laser
pulse with a duration of 600 ps was %*I.=1.3)&10'
cm . However, the on-target main pulse energy and in-

tensity, for the case of the 600 ps laser pulse, were 40 mJ
and 7&10' %cm

It can thus be seen that similar populations can be ex-
cited using commercial Q-switched lasers as with the
more complex mode-locked system used in this investiga-
tion. However, more energy is required. This is in part
due to the less focusable nature of the output beam and in
part because of the long pulse length emitted from the Q-
switched laser which appears, from the results of Fig. 13,
to be largely wasted. It seems likely that a 1.06 pm laser
pulse with a duration of 2—3 ns would be optimal for the
excitation of the Li+(ls2s)'S states under consideration
here.

D. Population measurements: Li( is~2@); Li+(1s~)

In the process of producing the high densities of
Li+(ls2s) ions measured in these experiments, compar-
able densities of electrons are created. These electrons
subsequently lose energy due to inelastic collisions with Li
atoms and, as a result, Li(ls 2p) excited atoms and
Li+(ls ) ions are created. In this section, the results of
measurements of the populations of these species are
presented. The actively mode-locked Nd:YAG laser and
short-pulse dye laser, described in Sec. IIC, were used,
respectively, to produce the plasma and to probe the
excited-state populations. The focusing geometry of the
1.06 pm radiation was as discussed in Sec. III B.

In order to measure the population in the Li( is~2@) lev-

el, the probe dye laser was tuned through the
Li[(ls 2p)-(is 3d)] transition at 610 nm. To deduce a
value of the number density-length product, N*L, for the
Li(ls 2p) level, from a measurement of absorption as a
function of probe wavelength, some knowledge is required
of the Lorentzian component of the transition linewidth.
Under the conditions of these measurements, Stark
broadening was a significant contributing mechanism to
this linewidth. In the absence of detailed knowledge of
the electron density in the photoionized region, it was thus
difficult to obtain accurate Li( ls 2p) population measure-
ments from an examination of the absorption at 610 nm.

As discussed in Sec. IID, this problem can be avoided
by using an interferometric technique to examine the re-
fractive index of the system in the neighborhood of the
610 nm transition. In this way, using the technique of
Duval and McIntosh, ' satisfactory measurements of the
Li( ls 2p) population were obtained. Details of these mea-
surements are reported elsewhere. '

In Fig. 14 the results of these measurements are
presented as a function of distance from the target. It can
be seen that, at a distance of 1 mm from the target, ap-
proximately 30%%uo of the Li atom population has been ex-
cited to the Li(ls 2p) states. The measurements of Fig.
14 were taken at a time of approximately 1.5 ns after the
peak of the plasma-producing laser pulse. Under the con-
ditions of this experiment, the Li(ls 2p) population was
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generacies, a total Li+(ls2s) population of 9X10' cm
can be deduced. Hence, this assumption yields a popula-
tion of Li+(ls ) ions of 3X10' cm, with an upper
bound of 1X10' cm . However, from the discussion of
Li+( ls 2s) S population in Sec. III A, the observed ratio of
S to 'S Li+(ls2s) ions was approximately 18. In this

case the total Li+( ls 2s) ion density would be (1—9)X 10
cm and there would have been no observable contribu-
tion to the electron density from the Li+( ls ) ion. There-
fore, we can only conclude that the Li+ ground-state pop-
ulation was less than approximately 10' cm

IV. SUMMARY AND DISCUSSION
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FIG. 14. Li(ls 2p) I' population vs distance from target. To-
tal incident laser energy =70 mJ; delay between probe and 1.06
pm lasers —1.5 ns; Li atom density -7.5&(10' cm

observed to decrease with time roughly exponentially,
with a time constant of 5—10 ns. The Li(ls 2p) popula-
tion in Fig. 14 has been obtained from the measurements
of N*L by making use of Eq. (1).

A measurement of the Li+(ls ) ground-state ion popu-
lation is complicated by the fact that the nearest excited
level has an energy of approximately 60 eV. Because of
this, neither the absorption measurements nor the in-
teferometric measurements utilized elsewhere in this in-
vestigation could be used. Instead, the Li+(is~) popula-
tion was deduced from measurements of the electron den-

sity and the Li+(ls2s) population, with the assumption
that only the Li+(ls ) and Li+(ls2s) ion species con-
tributed significantly to the number of electrons produced
in the photoionized region.

To measure the electron density, the probe laser was
tuned to the Li[(ls 2p)-(ls 4d)] transition at A, =460.3
nm. From measurements of the absorption as a function
of wavelength in the region of this transition, it is possi-
ble to deduce a value of (N'LRol ), where N' is the
population of the Li(ls 2p) level and 5col is the Lorentzi-
an component of the transition linewidth. Now, by means
of the interferometric method of Duval and McIntosh, '

the value of N*L can be measured and thus the magni-
tude of RoI can be deduced. For this transition, the dom-
inant contribution to the Lorentzian broadening is that of
Stark broadening ' and the electron density can thus be
obtained from a knowledge of the magnitude of LoL .

In this manner, using the Stark broadening coefficients
from Griem, ' the electron density was estimated to be
n, -(1.2+0.6) X 10' cm . Under these conditions we
measured integrated densities of Li+(ls2s)'S ions of
N'L =3.5X 10' cm and thus, from Eq. (1), popula-
tions of %*=2&&10' cm . If it is assumed that the 'S
and S Li+( ls 2s) ions are present in the ratio of their de-

From the results of this investigation it is clear that the
use of soft x rays from a laser-produced plasma is a
promising technique for producing large densities of
metastable ions. Even with 50 mJ of 1.06 pm energy,
densities of Li+(ls2s) S of 4X10' ionscm and of
Li+(ls2s)'S of 2X10' ionscm were produced at a dis-
tance of 1 mm from a tantalum target. The effectiveness
of this excitation technique is well illustrated by the obser-
vation that these populations correspond to the excitation
of 4%%uo of the initial Li atoms to the metastable Li+(ls 2s)
levels with energies of approximately 60 eV. For compar-
ison, in previous work using pulsed high power mi-
crowave discharges and hollow cathode discharges,
metastable singlet densities of only 10" ionscm ' and
2&& 10' ionscm, respectively, were created.

Implicit to these results is the conclusion that, even at
modest energies, the conversion efficiency from 1.06 pm
energy to emitted xuv and soft x-ray energy is in excess of
5%. In this work the emitted radiation can be described
as the emission from a blackbody with a temperature of
10—100 eV. Since the plasma-producing laser used in this
work was a laboratory-sized instrument (-200 MW)—
similar to commercially available models —which operat-
ed at repetition rates of up to 10 Hz, the laser-plasma
represents an efficient and convenient source of intense ra-
diation in the spectral region from 10 eV to 1 keV.

Finally, this work has established the importance of a
geometry where the laser beam propagates through the
ambient vapor. For a correct choice of laser wavelength
and vapor density, the vapor, though completely ionized,
will not substantially affect the focal spot size of the laser
on the target.

Since the completion of this work, experiments of this

type have been repeated in Na vapor, and population den-

sities of Na+(2p 3s) P2 (at 33 eV) in excess of 10'
ions cm have been produced. Also, Silfvast, et al.
have reported an experiment in which a 300 mJ pulse of
1.06 pm radiation from a Q-switched Nd: YAG laser was
focused onto a target with an experimental geometry such
as is described in this work. The soft x rays emitted from
the plasma photoionized 4d electrons from Cd atoms in
the ambient Cd atmosphere. Gains as large as 5.6 cm
were observed on the Cd+ transition at 441.6 nm. Their
experiments thereby demonstrate the first laser pumped
by incoherent broadband soft x rays.

In considering the results of the experiments reported
here, one particularly important result is the ratio of ex-
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FIG. 15. Na xuv laser system.

cited metastable Li ions to the number of ground-level
ions. At an excited metastable Li+(ls2s)'S density of
N* =2&& 10' ions cm, the ground-level Li+( ls) density
is estimated to be less than 10' ions cm . The problem
in inverting a system of this type results primarily from
ground-level ions which are produced by hot photoionized
electrons. '" We believe that the system comes as close to
inverting as it does as a result of the very rapid cooling of
these hot electrons by resonance excitation of Li neutrals.
At a Li density of 10' atoms cm, the total cooling rate
for electrons is approximately 260 eVns '. Now at
this Li density, the transition probability for ground-level
ionization is 13 ns ', and so, a hot electron will produce,
on average, 1.3 ground-level ions before cooling. We also
note that, if an inversion were present, the measured
metastable Li+(1s2s)'S population, when transferred to
the Li+(ls2p)'P level, would correspond to a gain '" at
199 A of exp(3).

Several methods have been suggested for using meta-
stable ion population for pumping what are in essence
four-level laser systems. ' These are based on using
core-excited levels which lie above the lowest continuum
and which are prohibited by selection rules from autoion-
izing. The lower level of these systems is a valence level
of the atom or ion, which may either be empty, or may be
emptied by an incident laser beam.

One example of such a system is shown in Fig. 15. In
this system, photoionization by soft x rays would be used,
as described in this paper, to produce metastable ionic
population in the Na+(2p 3s) P2 level. At a neutral Na
density of between 10' and 10' atomscm, 10% of
this metastable population should transfer to the
Na(2p 3s3p) S3/2 level in several nanoseconds according
to the charge transfer reaction
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FIG. 16. Sr+ xuv laser system.

Na+(2p 3s)3P2+Na(2p 3s) Si/i

~Na(2p 3s 3p) S3/2+Na+(2p )'So+0.15 eV .

The S3/z level is itself metastable and is the only level,
closer than several eV, to which the charge transfer reac-
tion is exothermic. As described in earlier publica-
tions, ' lasing would then be obtained by using an in-
tense picosecond laser beam to transfer this population to
a strongly allowed radiating doublet level.

A simpler and promising approach for using photoioni-
zation to realize an xuv laser is based on the concept of
quasi-metastability of certain quartet levels of alkali-metal
atoms and alkali-metal-like ions. As a result of the
selection rules for LS matrix elements, these quasimeta-
stable levels, to first order, only couple to doublet basis
levels which themselves are prohibited from autoionizing.
In heavier elements these quasirnetastable quartet levels
mix sufficiently with the doublet series to have gain cross
sections in the xuv of between 10 ' and 10 ' cm .

If one of the lower triplet levels of a group II metal is
populated by either a laser or by electron excitation, then
photoionization by soft x rays of atoms in this level will
directly produce quartet atoms in quasimetastable levels
of the group II ion. Figure 16 shows such a system in
Sr+. According to Hartree-Fock code calculations, las-
ing would occur on the Sr+[(4p 4d 5s) P5/2
(4JP 4d) D5/2] transition at a wavelength of 62 nm and
with a gain cross section of 10 ' cm . The lower laser
level may, if necessary, be emptied by multistep ionization
into Sr +. As a result of the many possible final levels
that may be produced by photoionization, the fractional
yield of Sr+(4p 4d5s)"P~/z quasimetastables from pho-
toionized (4p 4d5s) D Sr atoms is 7%. An assumed
Sr(4p 4d5s) D population of 10' atoms cm leads to a
stopping distance of 1 cm for radiation at 27 eV—the
peak of the photoionization cross section. ' Based on the
ideas developed in this paper, this in turn leads to a re-
quirement of approximately 10 J of 1.06 pm laser energy
to obtain a total gain of exp(25) for a twenty target-spot
laser system.
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