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A detailed theoretical and experimental investigation is presented of the excited-level population
distribution in a Li-Ne vapor under excitation by a photoionization electron source. This source
produces a subnanosecond burst of hot (7,~20 eV) electrons with a peak density in excess of

5% 10 cm™3.

The electrons are generated as a result of photoionization of Ne atoms by x rays

emitted from a plasma produced by a 100-mJ laser pulse of 600 ps duration. Measurements of
Li(15%2p)-atom density, and of electron density, have been performed with subnanosecond time reso-
lution under various conditions of excitation. A comprehensive rate-equation model is described and
its predictions are seen to be in good agreement with experiment. It is shown that the population
distribution in the Li-Ne vapor is strongly influenced by recombination. Under the conditions of
these experiments, rates for this process as high as 3 X 10° s~! were observed.

I. INTRODUCTION

Recently, Wang, Caro, and Harris' described a novel
technique for generating high densities of hot photoelec-
trons. In order to produce these hot electrons, the soft
x rays emitted from a laser-produced plasma were used to
photoionize an “absorber” rare gas. Consequently, a sub-
nanosecond burst of electrons was created with an average
energy of 45 eV and a density in excess of 5X 10" cm—3.
This electron source was used to study the production,
and subsequent deexcitation, of the metastable
Li(152s2p)*P° level at 57.4 eV—a member of a class of
atomic levels that is of interest because of the suitability
of its elements as storage states for recent extreme ultra-
violet (xuv) laser proposals.?3

The photoionization electron source (PES) is uniquely
suited to the excitation of highly energetic atomic levels
(10—100 eV), because of the high temperature of the elec-
trons that are produced. However, the large flux of hot
electrons generated by the PES also results in very effi-
cient excitation of less energetic lower atomic levels as
well as of ionic species. In particular, it has been found
that PES excitation is a very effective means by which to
excite large densities of alkali-metal atoms to the first res-
onance level. For example, densities of Li(1s22p) atoms of
710" cm 3 have been measured under conditions where
the Li* ion density was only 2—3 % of the total initial
density of Li atoms (107 cm~3).

Population distributions of this type, with high alkali-
metal-atom resonance level density and low alkali-metal
ion density, are of interest for a number of possible appli-
cations. Some examples of these are for the study of radi-
ative collision lasers,* alkali-metal—rare-gas excimer
lasers,”~7 and xuv spectroscopy,®’ and for possible appli-
cations in nonlinear optics. In addition, any attempt to
use the PES as an excitation source for an xuv laser”? re-
quires an understanding of the effect of the PES excita-
tion on the population of the lower level of the potential
xuv laser transition. In this paper we present a detailed
investigation, both experimental and theoretical, of the
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population distribution in an alkali-metal vapor, Li, that
has been subjected to excitation by the PES.

An important aspect of the PES is its short temporal
duration. Hot electrons are produced as a result of pho-
toionization of an absorber gas—in this case Ne—by soft
x rays emitted from a laser-produced plasma. In this
work, the plasma was produced by a 1.06-um laser with a
pulse width of 600 ps. The x-ray emission is believed to
have had a comparable duration.'” Since the electrons
lose energy by inelastic collisions on a time scale much
shorter than this pulse width, the electron distribution was
rapidly cooled after the termination of the laser pulse, and
significant excitation by electrons ceased.

Because of the short time scale of the excitation pro-
duced by the PES, an investigation of the temporal
development of the population distribution in the alkali-
metal vapor involved population measurements with reso-
lution on the subnanosecond time scale, as well as the
theoretical analysis of processes with time constants of
comparable magnitude. The experimental investigation
described in Secs. II and III involved measurements of the
Li(1s%2p) population under various conditions of excita-
tion and at various times after the initial PES excitation.
In addition, measurements were made of electron density
under two sets of excitation conditions. The results ob-
tained from these measurements show that an extremely
nonequilibrium distribution exists, both among the atomic
levels in Li and with the Li* ion.

In essence, the nonequilibrium nature of the population
distribution in the Li vapor following PES excitation is a
result of the short duration of the excitation. However,
the detailed time development of the alkali-metal-atom
population distribution, subsequent to excitation by the
PES, can only be understood by means of a rate-equation
model such as is described in Sec. IV. In particular, in the
course of the analysis it became apparent that recombina-
tion played a very important role in the development of
the population distribution, even on the subnanosecond
time scale. The demonstration of conditions under which
such rapid recombination occurs may have important im-
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plications for the development of recombination

lasers.!l'12

II. EXPERIMENTAL

A. PES excitation

The experimental configuration in which atomic vapor
has been excited by means of the photoionization source
has been described in detail elsewhere."'>!* It is illustrat-
ed in Fig. 1. A massive plane tantalum target was placed
inside a cell containing a mixture of the rare-gas absorber,
Ne, and the target species, Li. A 60-mJ, 600-ps pulse
from a Nd:YAG (yttrium aluminum garnet) laser (1.06
um) was focused onto the target and a plasma was
formed. For the focal spot intensity (10'* Wem™2) and
the pulse length used in this work, the resulting soft x-ray
emission can be considered'* as that of a blackbody with a
temperature between 10 and 100 eV. The corresponding
conversion efficiency from 1.06-um radiation to x rays
was estimated!* to be in excess of 10%. The x rays emit-
ted from the plasma propagated into the surrounding
medium and photoionized the absorber Ne atoms to pro-
duce high densities of hot electrons.

B. Li(1s22p) population measurements

A major cooling mechanism for the photoelectrons pro-
duced by the PES is that of inelastic collisions with Li
atoms, resulting in excitation of the Li(15%2p) level at 1.8
eV. It was thus desirable to be able to measure the popu-
lation in this level in order to understand the behavior of
the Li-Ne system under excitation by the PES. At fre-
quencies around an atomic transition, the (complex) re-
fractive index of the medium is dependent on the popula-
tion in the upper and lower levels of the transition. Thus,
knowledge of either the real or imaginary parts of the re-
fractive index of the medium can provide information
about the density of atoms in these levels. To measure the
density of Li atoms excited by the PES to the Li(15%2p)
level, either the absorption or refractive index (real) of the
medium was examined in the vicinity of a suitable
Li(1s22p-1s2nl) transition. To do this, a probe laser beam
was passed through the region of vapor that was excited
by the PES and was tuned through various transitions ori-
ginating on the Li(1s22p) level. By adjusting the relative
timing between the probe laser and the PES plasma-
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FIG. 1. Schematic of experimental configuration.

producing laser, time-resolved measurements could be
made of the Li(1s22p) population.

In order to examine the absorption of the probe beam as
its frequency was tuned through the Li(1s22p-1s2nl) tran-
sition, 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 mini-
mize the effect of fluctuations in the probe beam intensi-
ty. After averaging over 1—10 shots, absorptions as small
as 5% could be measured. By comparing the absorption
traces with the theoretical predictions given by numerical-
ly generated Voigt profiles, a measurement of the product
(N*fL 8w, ) could be obtained.'* However, to deduce the
value of the number density-length product, N*L, of ex-
cited atoms, knowledge of the magnitude of the dominant
Lorentzian component, dw;, of the transition linewidth
was required.

The linewidths of transitions, such as Li(1s?2p-1s2nd),
which were suitable for monitoring the Li(2p) population
had contributions from both pressure broadening and
Stark broadening under the conditions of this experiment.
Because of uncertainty in the values of the relevant
broadening coefficients as well as of the electron density
in the medium, the measurements of the product
(N*fL 8w;) could not be readily converted to accurate
values of N*L. An alternative to this “absorption”
method of population measurement is to examine the real
part of the refractive index, many linewidths from line
center where its value is independent of the transition
linewidth. Although population measurements made by
examining the refractive index of the medium are less sen-
sitive than those based on measurements of absorption,
they have the important advantage that no knowledge is
required of the transition linewidth to yield highly accu-
rate values of the excited-state density-length product,
N*L.

To perform such a measurement, the probe beam was
split into two beams of equal intensity which were then
recombined at the output of a Mach-Zehnder interferome-
ter. The cell was placed in one arm of the interferometer
and the probe laser was tuned through the transition from
the excited Li(1s%2p) level while the output of the inter-
ferometer was monitored. This experimental geometry is
illustrated in Fig. 2.

In order to minimize the effect of air currents, the en-
tire interferometer was enclosed in a Plexiglas box. The
relative path lengths in the two arms of the interferometer
were adjusted by inserting silica blocks into the reference
arm of the interferometer. Each arm of the interferome-
ter was approximately 1 m long, and it was necessary to
equalize the path lengths to better than 1 mm. Although
the interferometer mirrors were simply mounted on a
standard optical table, and the PES cell was kept at a tem-
perature in excess of 900°C and mounted on the table in
one arm of the interferometer, no stability problems were
observed for scan lengths of the order of 10 min. Long-
term stability and reproducibility were also excellent.

The interferometer pattern at the exit of the Mach-
Zehnder interferometer was projected onto a slit placed
parallel to the straight fringes of the pattern. The slit
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FIG. 2. Experimental system.

width was set at less than one fringe width. As the dye-
laser wavelength was changed, the fringe maxima moved
across the slit. A photodiode, positioned to monitor the
light transmitted through the slit, detected an oscillating
intensity as the dye laser was tuned. The scan rate of the
laser wavelength was monitored by recording the
transmission of a Fabry-Perot etalon. An example of the
interferometer signal is shown in Fig. 3.

INTERFEROMETER FRINGE SCAN

ANV WYV VY,

v

FIG. 3. Lower trace: the Mach-Zehnder interferometer out-
put as the probe laser was tuned through the Li(1s%2p-1523d)
transition at v;. Upper trace: the Fabry-Perot etalon output
(FSR is 3.4 cm™!) used as wave-number calibration. Li density
is 10! cm™3, Ne density is 0 cm~3, distance from target is 1
mm, time after peak of plasma-producing laser pulse is 1.2 ns.

III. ANALYSIS AND RESULTS

Conceptually, the interferometric method used in this
work to measure the Li(1522p) population is analogous to
the well-known hook method, first developed by
Rozhdestvenskii'® and reviewed by Marlow.!” An impor-
tant modification of this method has been described by
Duval and McIntosh'® and it is that technique which has
been used here. In the original demonstration of their in-
terferometric measurement, Duval and McIntosh!® were
able to accurately measure the oscillator strength of the
Cs(6s-7p) transition. The measurements described here
represent the first reported demonstration of one of the
most significant features of the Duval-McIntosh
technique—namely, its suitability for the accurate mea-
surement of excited-state populations with subnanosecond
time resolution.

Following Duval and McIntosh,'® the phase difference
® between the two beams in the Mach-Zehnder inter-
ferometer can be written as

O=2mv[D+(n—1)L], (1)

where v=1/A is the wave number of the illuminating
beam, n and L are the refractive index and length of the
cell, and D=d —(ny—1)L, where d is the geometric
difference in path length of the two arms of the inter-
ferometer and n( is the refractive index in the reference
arm.

In the neighborhood of a single spectral line, the refrac-
tive index in the vapor excited by the PES is given by the
Sellmeier equation:

n~1=BN,-f,~j/[v,-j(v,~j-—v)] ) (2)

where N;, f;, and v;; are, respectively, the population in
the lower level of the transition and the oscillator strength
and wave number of the transition from level i to j, and
B=e?/16m*€ymc?. Using Egs. (1) and (2) it can be shown
that the fringe number k occurs at a wave number v
given by

DVk+S/(V,'j'—Vk)=k s (3)

where S =BN;f;;L. As can be seen in Fig. 3, far from the
transition v;; (in this case Li[(15%2p)-(15%3d)]), the fringe
spacing is regular and determined only by D (and thus by
the path length between the interferometer arms). As
v—v;;, the fringes get closer and closer. Also, the effect
of absorption in the cell decreases the fringe contrast.

By recording the relative position and number of the
fringes, a least-squares fit can be made to Eq. (3) to obtain
the values of D, S, and v;; —v(x =) The numbering of the
fringes, k, can be relative to any arbitrary fringe position.
In Fig. 4 is shown the position v; of the fringes of the in-
terferometer scan of Fig. 3 as a function of k. The solid
line is a least-squares fit of Eq. (3) to the data. It can be
seen that the fit is excellent. From the value of S that is
provided by the least-squares-fitting procedure, a value of
N*L=2.5%10" can be deduced for the population
density-length product of the Li(1s22p) population. The
associated error is +20%.

Using this interferometric measurement technique,
Li(1s%2p) population measurements have been made for
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FIG. 4. Interferometer output fringe position dependence on
fringe number for the scan of Fig. 3. The solid line is a least-
squares fit to the Sellmeier equation which yields the result
N*L=2.5X%10%+20% for the number density-length product
of Li(1s22p) population.

different Ne densities, at a number of distances from the
target and at various time delays after the plasma-
producing laser pulse was incident on the target. In all
cases, the initial Li density was 10'” cm™3. Under such
conditions, the mean free path of the PES electrons was
very small and the spatial distribution of excited states
should have been dependent only on the spatial distribu-
tion of the x rays propagating out from the target. As
discussed by Caro et al.,'* it seems reasonable to use the
relationship

N*=2(N*L)/mR (4)

to relate the excited-state density N* (at a distance R
along a path normal to the target) to the integrated
excited-state density-length product N*L along a probe
beam at a distance R from, but in a plane parallel to that
of, the target. Although the measurements that were
made in this work were actually of N*L, the values re-
ported in this work for the Li(1s?2p) density are of N*
Equation (4) has been used to relate these two quantities.

A. Li(15%2p) measurements

Table I summarizes the dependence of Li(1s22p) popu-
lation on Ne density and on distance from the target. All
of these results were measured under conditions of initial
Li-atom density of 10!7 cm~2 and with time delays of ap-
proximately 1.2 ns between the arrival in the cell of the
plasma-producing laser and the probe laser beams. The
accuracy of the N*L measurements is believed to be
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TABLE I. Li(1522p) number density (cm ) under conditions
of various densities of neon and distances from the target. The
probe laser was delayed by 1.2 ns with respect to the plasma-
producing laser. The initial Li density was 10'7 cm 3,

Neon density Distance from target (mm)

(10" cm™3) 1 3 7.5
0 2x 10 3x 10" 4x 10"
3 7x 106 9% 10" 1x10%
10 4x10' 1x10' 5% 10"

better than a factor of 2 in all cases and generally to be
such as to have an error of less than +50%. The relation-
ship between N* and N*L is dependent on the spatial x-
ray radiation pattern assumed from the plasma. In partic-
ular, if an isotropic distribution is assumed rather than
the conical one preferred by Caro et al.,'* Eq. (4) yields
values of N* that are high by a factor of 2. In light of
the theoretical results of Sec. IV, it seems quite possible
that the values of Table I should be reduced by a factor of
between 1 and 2 to allow for this.

In Fig. 5(a) is shown the dependence of Li(1s%2p) popu-
lation on the time delay between the probe laser and the
“firing” of the PES by the plasma-producing laser. Also
shown are various theoretical predictions that will be dis-
cussed further in Sec. IV. It can be seen from the mea-
surements that a large fraction of the Li ground-state
atoms are excited to the Li(1522p) level and remain there
for at least several nanoseconds.

B. Electron density measurement

In addition to the Li(1s22p) measurements, the electron
density in the PES-excited Li vapor has been measured.
As discussed in Sec. II, absorption measurements of
excited-state populations yield values for the product
(N*fL 8w;). Since the interferometric Duval-McIntosh
technique yields values of N*fL, a comparison of the re-
sults of these two techniques can lead to a value of dw; .
By choosing the Li(1s22p-1s%4d) transition at 460 nm, for
which the dominant contribution to the Lorentzian
linewidth, 8wy, is Stark broadening, a value of electron
density can be deduced using the Stark-broadening coeffi-
cients reported by Griem."”

Measurements were made at 1 mm from the target at a
time of 1.2 ns after the plasma-producing laser pulse and
at a Li pressure of 10'7 cm~3. In the absence of Ne in the
cell, a Lorentzian width of 2.6 cm~! was deduced from
the absorption measurements on the Li(152p-1524d) tran-
sition. For a density of 3 10'7 cm 3 Ne atoms, the cor-
responding transition width was 2.9 cm™". Using the
Stark-broadening coefficient of Griem!® of 5.1 A at an
electron density of 10'® cm™3, and taking into account a
linewidth contribution?® due to pressure broadening of 0.3
cm™!, values of electron density can be deduced to be
N,=(1.2+0.6)x 10" cm~? in the absence of Ne and
N,=(1.3+0.8)x 10" cm~3 in the presence of 3x10'7
cm™3 Ne atoms.



At first glance this relatively low degree of ionization is
surprising in light of the large “temperature” of the neu-
tral Li levels. Also, the fact that there is little difference
in the measured values of electron density between condi-
tions of no Ne and of 3 10'” cm~3 Ne atoms in the cell
seems inconsistent with the picture of Ne atoms acting as
absorber atoms and providing electrons for the PES. Cer-
tainly, in the work of Wang, Caro, and Harris,! although
copious excitation of the high-lying (60-eV) Li(1s2s2p)*P°
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FIG. 5. Model predictions of the time dependence of popula-
tion in the Li(1s22s), Li(1s22p), and Li*(1s? levels, of cold and
hot electron density, and of cold electron temperature. The ini-
tial density of Li was 107 cm~? and that of Ne was 3% 10"
cm~3. The predictions are for a distance of 1 mm from the tar-
get. The peak of the plasma-producing laser is at time t=0.6
ns. Experimental points are shown in (a) for the Li(1522p) popu-
lation and in (b) for the (total) electron density.
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level was observed in the presence of Ne, this level was
not observed to be excited when Ne was removed from the
cell. As can be seen from Sec. IV, both of these apparent
contradictions can be understood when the PES-excited
Li-Ne system is modeled carefully.

IV. THEORETICAL ANALYSIS;
RATE-EQUATION MODEL

To model the excitation of Li and Ne atoms and ions in
the plasma formed by the PES, the first step is to examine
the production of electrons by photoionization of Ne and
Li atoms by the x rays emitted from the laser-produced
plasma. These electrons are responsible for the excitation
of the surrounding atoms and ions. The processes that
have been determined to be important in modeling the
PES are x-ray photoionization, electron ionization, elec-
tron inelastic collisions leading to atomic excitation and
deexcitation (superelastic collisions), three-body collisional
recombination, and electron-electron elastic collisions
leading to thermalization of the electron bath.

A. Photoionization

As described elsewhere,'* the x rays emitted from the
laser-produced plasma can be considered as emanating
from a blackbody with a characteristic temperature. For
this model, best agreement with experiment was obtained
using a temperature of 30 eV and a conversion efficiency
from 1.06-um photons to soft x rays of 10% (correspond-
ing to an emitted soft x-ray energy of 6 mlJ). The radia-
tion was modeled as being emitted into a cone with a 45°
half-angle and an axis normal to the target.

The intensity of soft x rays, I(w), per unit bandwidth
at frequency w, at a distance R from, and along a normal
to, the target, can thus be written as I(w)=f(t)B(w).
Here B(w) is the soft x-ray intensity integrated over the
x-ray pulse duration:

At exp] —alw)R]
Blo)=—=5—; ,
8m°c “gR “[exp(fiw /kT)—1]

where a(w) is the absorption coefficient of the vapor, 7 is
the duration of the pulse, and q is a coefficient which
determines the radiation pattern of the x rays (¢=0.3 for
conical emission, g =1 for isotropic emission). T is the
temperature of the blackbody, and A4 is the effective sur-
face area of the blackbody. Under the model conditions
of 6 mJ of emitted soft x-ray energy and a temperature of
30 eV, the blackbody surface area would be equivalent to
that of a disc with a radius of 120 um. The 1.06-um laser
beam is focused to a spot size of approximately 30—100
pm and so such blackbody dimensions seem reasonable.

The function f(t) is a weighting function to take into
account the temporal shape of the x-ray emission, which
is assumed to have a similar temporal dependence to that
of the 1.06-um laser pulse.'® In this work, f(¢) is con-
sidered to be of a triangular shape with a half-width of
600 ps. Thus, at a time ¢, the probability for photoioniza-
tion of an atom of species A4 to occur is given by

Wi= [ [of(o)(0)/f]ldo (6)

(5)
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where of(w) is the cross section for photoionization of
atom A.

In a time interval At, the ejected electrons produced by
x-ray photoionization of atoms 4 and B can be described
by the distribution [7(E)f (¢)At], where

_ N40f(@)B(w)) N Npof(w;)B(w,)
B fiory firy ’

where E =#iw,—E{'=#w,—EF, and E} is the ionization
energy of atom N. In the absence of collisions to alter the
energy distribution of the electrons, the electron distribu-
tion at the end of the x-ray emission pulse would be given
by 7(E). A typical example of such a distribution is
shown in Fig. 6 for photoionization of the absorber gas
Ne. The distribution 7 (E) is characterized by a total elec-
tron density N, = | fi{E)dE and an average electron ener-
gy E= [A(E)EdE/N,.

Since electron collision times, under the conditions of
the PES, are of the order of 10 ps—compared to an x-ray
pulse width of 600 ps—the distribution 7 (E) is never ac-
tually realized. The real electron distribution in the PES
cell has been modeled in the following ways. The most
exact method is to recalculate the complete electron distri-
bution n(E) after each time interval At, taking into ac-
count electron production by photoionization and electron
ionization, as well as electron cooling and heating by col-
lisions and electron loss by recombination. An alternative
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FIG. 6. Photoelectron energy distribution 7 (E) due to a neon
density of 3X10'” cm~3 and a Li density of 10" cm~3 at a dis-
tance of 1 mm from the target. The total electron density is
2X10"% cm ™3,
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method, involving less computation, is to consider the
electrons in the PES plasma to be divided into two classes:
a “hot” class and a “cold” class. The cold electron distri-
bution is considered to be a Boltzmann distribution,
characterized by a temperature T, (typically <1 eV). The
hot electron class is considered to be a monoenergetic en-
semble of electrons with energy E /2. This latter ap-
proach has been shown to yield comparable results to the
more exact method above, and it is this two-component
electron distribution which has been used in the work
described in this paper.

In a time interval At, hot electrons are produced by
photoionization at a rate of dny /dt=N,f(t). A cooling
rate for these electrons, due to inelastic collisions with
atoms or ions, is of the form Q=Nogv, E, where N is the
atom density, o and E are the cross section and energy
loss applicable to the dominant collision process, and v, is
the electron velocity. Then hot electrons are passed to the
cold electron class at a rate of dny/dt=—ng(t)Q/E,
where ng(t) is the hot electron density.

Although both hot and cold electrons can cause ioniza-
tion and can experience inelastic collisions, recombination
affects only the cold electron class. Similarly, the elec-
trons produced by the process of electron ionization are
assumed to be created with an energy E 4 characteristic
of the cold electron class. Since a typical time for
thermalization of the cold electron class by electron-
electron collisions is several picoseconds®' (fast compared
to cold electron production), the imposition of a
Boltzmann distribution on the cold electron class seems
justified.

B. Inelastic electron collisions

Cross sections for inelastic collisions of hot electrons
with atoms can be calculated using the Bethe approxima-
tion.?? In that approximation, the cross section for elec-
tron excitation (or deexcitation) from level i to level j is
given by

off=e*f;8/(4V3mew} | E;—E; |) . ®)

Here f; is the oscillator strength for the transition be-
tween the levels with energies E; and E;, m and v, are the
mass and velocity of the incident electron, and g is the
Gaunt factor. For the purposes of this model, the Gaunt
factor tabulated by van Regemorter?? was used. Values of
g were obtained empirically from experimental data and
tabulated as a function of x=(E/ | E; —E; | )12, where E
is the exit electron energy for excitation and the incident
electron energy for deexcitation. When the Gaunt factor
of van Regemorter is used, the formula of Eq. (8) is appl-
icable to inelastic collisions with both hot and cold elec-
trons.

When the cross section of Eq. (8) is averaged over the
Boltzmann energy distribution of the cold electron class,
an inelastic collision transition probability due to that
class can be obtained. Following van Regemorter,?? and
using the approximation to the Gaunt factor
g(x)~0.0515x +0.0725x2, we derive the approximate
formula for deexcitation of level j to level i:
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where y=E;;/kT,, E;j=|E;—E;|, and T, is the cold
electron distribution temperature. By the principal of de-
tailed balance

(ofjv) =(o%v)exp(—E; /kT,)g;/g; - (10)

Expression (9) is a reasonable approximation as long as
y>0.1. For smaller values of y it seriously overestimates
the collision cross sections; however, that regime is not
applicable to this work.

C. Ionization

Electron ionization can be described classically in the
manner discussed by Gryzinski.?> For the hot electron
class, we can write the cross section for ionization by an
electron of energy E as

o (E)=(0o/E}g;(X)E; , (11
where
372
(=1 | 2=
&itx)="7 x+1
% [1+2 1= L {In[2.74x —=1)172] (12)
3 2x :

and x=E/E;. E; is the ionization energy of the atomic
level from which ionization is to occur, &; is the number
of equivalent electrons in the shell whose ionization is be-
ing calculated, and gp=e*/16me}.

In the same way as for the process of electron excita-
tion, this cross section can be averaged over the cold elec-
tron velocity distribution. That procedure is somewhat
simplified by following the approach of Drawin and
Emard®* which yields the result

2 172
H 2T,
(o$v, ) =8ma} E fi&i —1rm_e w; W(u;) (13)
with
—exp=u) by lyas 4L L 14
W(u) I+a n|l. +u +u+20 , (14

where u;=E;/kT,, ay and Ey are the Bohr radius and
binding energy of the hydrogen atom, and f; is the oscilla-
tor strength for bound-free transitions.

D. Recombination

The only recombination process considered to be impor-
tant in this work is the three-body collision

AT 42e A% +e— . (15)
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Since the Rydberg levels of the light alkali-metal atoms
are quite well described by hydrogenic wave functions,
this recombination process can be relatively simply
modeled.?> The recombination rate from an ion 4 * with
a degeneracy of g, to the level n of atom 4 is given by*’

64malEyfin’n,
a, =
" m?g_ (kT,)?

) (16)

where Ey is the binding energy of hydrogen and n, is the
(cold) electron density. Alternatively, the total depletion
rate of electrons due to three-body collisional recombina-
tion to atom A is given by*

64mr*al#’n, El{*

= (17)
Aot 5m zg+ (kTe )9/2

Hence we can write the rate equations for recombination
as

AN

at+ =—N_ nae (18a)
AN,

at" =N,n.a,, (18b)

where N, and N are the populations, respectively, in
level n of the atom and in the ion.

E. Model details

The PES plasma consisted of a two-component mixture
of Li and Ne. The model considered the Li levels 1s22s,
1522p, 1s(n=3), and 1s%(n =4) discretely. It took ac-
count of the higher Li levels up to the Li*(1s?) continu-
um in the form of a sum of hydrogenic Rydberg levels up
to level n*, where n* was determined by the energy AE,
by which the continuum was depressed due to the pres-
ence of free electrons. The value of AE was given by the
Unsold equation:2$
1/3
3e?

41n,
41e 0

3

AE (19)

Hence one obtains the value n* =(R;/AE)"/?, where R;
is the Rydberg constant for Li.

Recombination and ionization from the discrete levels
and the Rydberg series were included in the model, as was
inner-shell electron ionization. Inelastic collisions with
electrons causing transitions among the discrete levels—a
major source of electron cooling—was explicitly included.
However, cooling (or heating) due to inelastic electron-
atom collisions with Rydberg-level Li atoms was included
approximately only. These processes were modeled by in-
cluding an electron cooling (heating) rate of 100 eV/ns for
every 10'® cm~3 Li* atoms in the Rydberg levels. The en-
ergy gap associated with this cooling rate was taken to be
0.25 eV. From estimates of typical cooling rates by Ryd-
berg levels in Li, this seems a reasonable “average” cool-
ing rate. For comparison, cooling of hot electrons by in-
elastic collisions with Li ground-state atoms had a rate of
150 eV/ns at a Li density of 107 cm~3, while ionization
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of Li at the same density cooled electrons at a rate of 120
eV/ns.

In Ne, the levels considered were the atomic ground
state, the ion ground state, and a series of levels corre-
sponding to neutral Rydberg levels. Inner- and outer-shell
electron ionization and recombination were specifically in-
cluded. The cooling rate for hot electrons, as a result of
ionization of Ne at a density of 107 cm—3, was 45 eV/ns.
Cooling due to the Ne Rydberg levels could be included in
the same manner as for the Li Rydberg levels and at the
same rate. Heating of the cold electron class by the
three-body recombination process was included in the
model directly. For Li, recombination and ionization be-
tween the continuum and the discrete levels were con-
sidered individually. However, in Ne only the “total”
recombination rate [Eq. (17)] was used. It was possible to
include in the model, empirically, supplemental electron
cooling due to some unspecified process—for example,
collisions with Li, or Li-Ne molecules.

Photoionization of both inner and outer shells of Li and
Ne was considered. It was found to be unnecessary to in-
clude photoionization from higher levels of the atomic
species or from the ionic species to the doubly charged
ions. Photoexcitation to autoionizing levels?’ of Li was
specifically included in the model and resulted in an in-
crease in Li*(1s?) population under some conditions.
Electron excitation to autoionizing levels was not a signi-
ficant process.

The rate-equation model described here consisted of a
variable step-size computer program designed to solve
multiple simultaneous atomic and ionic rate equations.
Excitation rates were recalculated at each step. Maximum
step sizes of 1 ps could be used but, under some condi-
tions, steps of less than 10~ !° s were required to maintain
accuracy. The program was sufficiently simple to be run
on a Hewlett-Packard HP-9836 microcomputer.

V. THEORETICAL RESULTS:
COMPARISON WITH EXPERIMENT

In Figs. 5(a) and 5(b) are shown the predictions of the
model for the time-varying populations in various species,
together with the measured time dependence of the
Li(1s%2p) population, and one measurement of electron
density. Two sets of model predictions are illustrated,
with the difference between the two being the way in
which inelastic collisions of electrons with Ne Rydberg
atoms are treated. The predictions labeled as “no extra
cooling” in Fig. 5 are for the case in which such collisions
are ignored. The cold electron temperature is of the order
of 0.6—0.7 eV under these conditions, and recombination,
which has a (T,)~°/2? dependence [Eq. (17)], is not signifi-
cant on the time scales under discussion. Because of this,
the model predicts a much larger electron density and a
much smaller Li(1s22p) population than were experimen-
tally observed.

The population of excited Ne Rydberg atoms can be
shown to be produced predominantly through recombina-
tion. Because this process preferentially fills the higher
Ne levels, inelastic collisions with cool electrons will ini-
tially heat the electrons. Such heating would produce
even poorer agreement between theory and experiment.
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Simple thermodynamic arguments of this type are inap-
propriate here, however, because of the nonequilibrium
nature of the plasma. Neon levels recombining to high
levels do indeed initially give up energy to the cool elec-
tron class. However, there is a bottleneck at the
Ne( 2p53s) levels, 17 eV above the Ne ground state, where
electron deexcitation occurs with a much longer time scale
than is under consideration in this work. The dominant
decay from these Ne levels is by radiative transitions to
the ground state with time constants of the order of 1—10
ns, and two of the four levels in this configuration are
metastable.

It is our hypothesis that, as a result of this bottleneck,
the distribution of Ne atoms in the Rydberg levels acts to
cool the electrons, for time scales of a few tens, of
nanoseconds, once the Ne(2p33s) population has built up
(10—100 ps). Such a cooling process has been included
approximately in the model by assigning a cooling rate of
100 eV /ns for every 10'® cm 3 Ne* atoms in the Rydberg
levels, as was done for excited Li atoms in similar levels.
The predictions of the model including this cooling are la-
beled in Fig. 5 as “with extra cooling” and show reason-
able agreement with experiment. All of the subsequent
predictions of the model in this work include this source
of electron cooling.

The best match to the measured Li(1s22p) populations
of Table I was obtained by including in the model supple-
mental cooling at a rate of 10 eV/ns. This amount of ex-
tra cooling could be supplied by one, or several, of the
processes that are not explicitly included in the model, for
example, electron-Li, collisions. In Fig. 7 the populations
in the Li(1s%2p) level predicted by the model are shown
together with the measured values from Table I. The
agreement of the experimental data with the model pre-
dictions is reasonable. The predictions shown in Fig. 7
are for populations at a time 1.2 ns after the peak of the
laser pulse—corresponding to the conditions of the experi-
ment.

Also illustrated in Fig. 7 is the effect of eliminating the
recombination process [Eq. (15)] from the model. Clearly,
this process is very important—even on the sub-
nanosecond time scales involved here. A further example
of this is shown in Fig. 8 where the model predictions of
electron density at £ =1.2 ns are shown together with the
two data points measured experimentally. For all the
model results illustrated in Fig. 8, the prediction of cold
electron temperature is approximately 0.1 eV. The ex-
tremely rapid recombination seen here is due to the low
temperature and relatively large electron density present
in the PES plasma. The recombination rate of Eq. (17)
depends on n,(kT,)~°/% and is thus a strong function of
these parameters.

It should be noted that inclusion of the supplemental
cooling rate of 10 eV/ns in the model has only a small ef-
fect on the model predictions. At 1 and 7.5 mm it has a
negligible effect, but at 3 mm it serves to decrease electron
density and temperature by a factor of 2—5. Although
the larger values obtained by eliminating this extra cool-
ing are not unreasonable, it seems likely that some such
source of cooling exists due to molecules. Increasing the
supplemental cooling rate has very little effect on any of



3 POPULATION DISTRIBUTIONS IN Li VAPOR EXCITED BY . . . 2571

T T T 1
i Ne DENSITY =0cm™3 1

0O WITH RECOMBINATION
e NO RECOMBINATION |
O EXPERIMENT

|0|7 E‘ T T T T
L © Ne DENSITY=3x107 cm3 |
OWITH RECOMBINATION

r * NO RECOMBINATION 1
O EXPERIMENT

'T’; |OI6 ] ; I
§ ] §
E | : IolG -
(7] N -
z = |
a _ a8
s
£105 = o
] i 3
i 'OI5 -
N
L
7 | 1 1 1
e I
(@) DISTANCE FROM TARGET (mm) (b) DISTANCE FROM TARGET (mm)
10'7_ T T T ]
1016 B

-+

10'S |-

Li(1s22p) DENSITY {(cm'3)

1014

Ne DENSITY=10'8cm™3 4

O WITH RECOMBINATION |
e NO RECOMBINATION
O EXPERIMENT

| 1 |

3 5 7

(c) DISTANCE FROM TARGET (mm)

FIG. 7. Li(1s%2p) density as a function of distance from the target. Experimental measurements and model predictions are shown
for three Ne densities. The data are for an initial Li density of 10'” cm~2 and at a time 1.2 ns after the peak of the plasma-producing

laser pulse.

the model predictions.

The conditions of the model were chosen to give the
best fit to the experimental data for excitation by the PES
of 10'7 cm~3 Li atoms and 3 107 cm~3 Ne atoms. The
agreement with the experimental results is generally better
than a factor of 2—comparable with the experimental er-

ror. It should be noted that the model predictions are not
very sensitive to the temperature assumed for the x-ray-
emitting blackbody, but are strongly dependent on the to-
tal number of electrons produced by photoionization dur-
ing the course of the PES pulse.
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FIG. 8. Cold electron density vs distance from the target.
The experimental data point represents the conditions of both 0
cm~3 Ne density and 3 10" cm~* Ne density. The model pre-
dictions are shown for three Ne densities. The solid lines
represent the predictions of the model including recombination;
the dashed lines show the predictions without recombination.
The data presented are for an initial Li density of 10'” cm~ and
at a time 1.2 ns after the peak of the plasma-producing laser
pulse.

V1. DISCUSSION

It is interesting to note the somewhat counterintuitive
conditions that prevail in the PES-excited plasma. The
cold electron class has a temperature of the order of 0.1
eV while the Li atoms have a very high “temperature” as
evidenced by the large Li(1s22p) population. At the same
time, the temperature of the cool electron class is only just
beginning to rise at the end of the 10-ns period under ex-
amination. Such conditions are possible in a plasma that
is far from thermodynamic equilibrium, as is this one.
The temperature of the Li atoms is defined by the interac-
tion with the class of hot electrons with a temperature on
the order of 15 eV. The class of cool electrons continues
to cool due to collisions with the Li atoms and the large
bath of neutral Ne atoms—including the excited Ne
atoms in the Ne(2p33s) levels. Although the cool electron
temperature is low, the total electron temperature is given
by a weighted average of the temperatures of both elec-
tron classes and is thus rather higher. Given a long
enough time interval for equilibrium to be reached, all
electrons will be found in the cool electron class, the tem-
perature of which will define the population distributions
of the atomic systems in the PES-excited plasma.

The most striking aspect of the modeling of the PES

excitation of the Li-Ne mixture is the rapid cooling of
electrons and the subsequent subnanosecond recombina-
tion rates which hold the electron density in the PES at
around 10" cm~3. At the same time, the presence of the
hot electron class leads to very rapid electron excitation
rates of energetic atomic transitions. The rapid recom-
bination process appears to be a relatively general effect
associated with PES excitation under conditions of high
x-ray fluxes, such as were present in this work at a dis-
tance of 1 mm from the target. It can be seen from Figs.
7 and 8, however, that the importance of the recombina-
tion process is greatly reduced at larger distances from the
target (or lower x-ray fluxes).

Similar rapid recombination has been observed by the
authors—by monitoring the linewidths of Stark-
broadened lines—during PES excitation of Na and also of
He. In both cases, very efficient inner-shell excitation was
observed [to, respectively, the Na(1s22p°3s3p)*D;,, and
Na*(1522p°3s)’P, levels, and the He(ls2s)'S level], al-
though rapid recombination kept the electron density low.
In the case of the Na *D, , excitation, the linewidth of the
Na[(2p>3s3p)*D ,-(2p*3s 3d)*Fy ;5] transition, for which
Stark broadening provided the dominant contribution,
could be observed to decrease rapidly with time. This was
a striking illustration of the rapid electron recombination
predicted by our model. Our observations correspond to a
decrease of electron density, by a factor of 5—10, to a fi-
nal value of approximately 2 10'* cm~? after a 4-ns in-
terval.

Rapid recombination has been observed in this work,
both directly in the case of the excitation of
Na(15%2p°3s 3p) atoms and indirectly in the case of the Li
excitation discussed earlier. In the case of Li, this rapid
recombination is inferred because of the low electron den-
sity (10'* cm™3) measured in the PES-excited mixture of
Li and Ne at 1.2 ns after the peak of the plasma-
producing laser pulse. Implicit in this inference is the be-
lief that high electron densities are present earlier in time.
This belief is completely supported by both the high
Li(1s22p) populations and the large Li(1s2s2p) popula-
tions that have been measured.!

This rapid recombination can be well explained by the
model described here, providing the electrons in the cold
electron class are sufficiently cool. Due to inelastic col-
lisions with Li(1s22s), Li(1s?2p), and Ne(1s%2s%2p%)
atoms, the cold electron class can be shown to cool to
0.6—0.7 eV [Fig. 5(b)]. We hypothesize that bottlenecking
in the Ne(2p33s) level provides an extra supply of atoms
which act to cool the electrons by inelastic collisions.
This extra cooling of electrons would produce tempera-
tures in the cold electron class that would result in rapid
recombination consistent with experimental observations.

The occurrence of this buildup of population in the
Ne(2p53s) level, and the resultant extra cooling, are hard
to confirm. It is possible that the rapid recombination
occurs following some other electron cooling process, or
even by means of a mechanism other than that of the
three-body collisional recombination described here. For
this reason, the predictions of the model for the tempera-
ture of the cold electron class may not be entirely reliable.
The inclusion of the “extra cooling,” due to the Ne(2p*3s)
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population buildup, in the model results in very good
agreement of the model with experimental observations of
populations in a variety of atomic and ionic levels. It
seems very likely that some such extra cooling is indeed
present. Further work is required, however, to verify the
existence of the Ne(2p>3s) population buildup or, alterna-
tively, to identify other possible sources of extra electron
cooling or different mechanisms of electron recombina-
tion.

The possibility of creating conditions where such rapid
recombination can occur may be of considerable impor-
tance for the further development of lasers based on
recombination processes'’!? and may allow the extension
of recombination laser action to shorter wavelengths. In
such laser systems, a poplation inversion is produced
when the rate into the upper laser level by recombination
is large compared to the deexcitation rate of that level by
spontaneous emission or by electron deexcitation. At the
same time, the lower laser level must remain relatively
empty. For short wavelength lasers, the radiative emis-
sion rate from the upper to lower laser level becomes
large, since that rate is inversely proportional to the
square of the emission wavelength. For example, for an
oscillator strength of f=0.1, at a wavelength of 100 nm,
the radiative decay rate is 7 10® s~!. Thus the recom-
bination rates observed in this work (in excess of 10° s~1),
together with the large densities (10'*—10'6 cm3) of elec-
trons and ions available to participate in the production of
the upper laser level by recombination, suggest that the
PES could be very suitable as an excitation technique for
the production of short wavelength recombination lasers.

In addition to the rapid recombination that can be ob-
served, a PES-excited plasma, such as the Li-Ne mixture
studied here, exhibits two important properties. The PES
excitation creates a population distribution among the
“target” alkali-metal atoms (in this case Li) in which the
atoms are equally distributed between the ground state
and the first excited level [Li(1s?2p)]. This distribution is
maintained for a period of more than 10 ns. At the same
time, the electron and alkali-metal ion densities are more
than an order of magnitude lower (Fig. 5).

The extremely nonequilibrium nature of the population
distribution, in the Li-Ne mixture discussed here, could
lead to a number of interesting applications for this type
of PES excitation. The production of large densities
(7% 10' cm™3) of excited atoms is important for spectro-
scopic applications as it allows the observation of transi-
tions to atomic levels of the same parity as the atomic
ground state. Another potential use of a large density of
excited atoms is to act as a medium for nonlinear optical
interactions, such as the Raman shifting of available laser
sources to new wavelengths.

A third area in which PES excitation could have a sig-
nificant impact is for the excitation of laser systems re-
quiring the types of population distributions produced by
the PES. Some examples of these are the various
metal—noble-gas excimer laser systems®~’ and radiative-
collision lasers.* One of the most promising of the former
laser systems is the Li-Xe system. This mixture can be
expected to behave (under PES excitation) in a qualitative-
ly similar manner to that of the Li-Ne mixture discussed

here. In order for net gain to be observed for the Li-Xe
excimer laser system, it is necessary for the Li*(2p) level
density to exceed 5% of the Li(2s) ground-state
density>—a condition that can easily be realized in a
PES-excited plasma. To significantly shift the Li reso-
nance line emission to the Li-Xe molecular A4-X band,
densities of Xe in excess of 10%° cm~? are required. It
seems reasonable to assume that comparable Li popula-
tion distributions to those reported here could be achieved
at such high Xe densities. In that case, it appears that
PES excitation of such a Li-Xe system could lead to gains
as high as 100 m~! on the 4-X band of the Li-Xe mole-
cule at wavelengths around 900 nm. Similar systems,
such as the A-X band of Na-Xe, should also be readily ex-
cited by the PES.

The class of radiative-collisional lasers, proposed by
Harris, Falcone, and O’Brien,* seems similarly suited to
excitation by the PES. Again, laser emission requires
high densities of resonance level alkali-metal atoms. For
a vapor of Rb, with a density of 5% 10'® cm~? atoms ex-
cited to the Rb(4p®5p)*P;,, level, a gain of 8% cm™! is
predicted® at 5.4 pum. Such a population distribution
seems readily achievable with the PES and it should be
possible to perform the first demonstration of this class of
laser using PES excitation.

It should be noted that the production of high densities
of alkali-metal resonance level atoms, and of nonequilibri-
um population distributions similar to those that are re-
ported here, has been demonstrated by Mcllrath and Lu-
catorto.*® In that work, the excitation technique that was
used was photoexcitation of the atomic resonance level by
means of high-power laser radiation. The dynamics of
that interaction, which results in complete ionization of
the atomic system at later times, has been extensively
studied by various authors.2*~% In many respects, excita-
tion by the PES is complementary to the photoexcitation
technique. It extends the range of accessible transitions
from those which can be excited by laser pumping to in-
clude both dipole-allowed and dipole-forbidden transitions
of all energies up to approximately 100 eV. Also, because
the PES excitation emanates from a laser-produced plas-
ma inside the vapor, resonance level saturation can be
achieved in high-density atomic vapor without the re-
quirement of a high-energy laser to “burn through” a
column of high-density vapor.

VII. SUMMARY

The photoionization electron source is a new technique
by which high densities of hot electrons can be supplied to
excite an atomic vapor. From Fig. 5 it can be seen that,
at its peak, the hot electron density at a distance of 1 mm
from the x-ray-producing plasma is in excess of 5x 10"
cm~3. Under these conditions, the hot electron distribu-
tion has a temperature of 15 eV. This corresponds to a
peak current density of 2X10° Acm~2? and far exceeds
that achievable by conventional discharge excitation.

The high temperature of the electrons which it pro-
duces makes the PES ideally suited for the excitation of
highly energetic atomic and ionic levels. This was well il-
lustrated in the first demonstration of the PES in which
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Li(1s252p)*P° levels at 57.4 eV were excited in densities
roughly 3 orders of magnitude larger than had been previ-
ously achieved with conventional fast discharge technolo-
gy.3! As well as exciting high-energy levels, the PES is
capable of producing very high densities of lower-energy
excited levels such as the Li(1s22p) resonance level. Be-
cause of the short duration of the PES excitation, very
nonequilibrium population distributions can be achieved
and excitation rates can equal or exceed typical extreme-
ultraviolet radiative decay rates of 10'°—10'! s~!. These
properties suggest a number of possible applications for
PES excitation, ranging from the preparation of atomic
media for spectroscopy and nonliner optics to the use as
an excitation technique for xuv three- and four-level laser
systems.

In this work, a detailed experimental and theoretical in-
vestigation has been presented of the population distribu-
tion in a Li-Ne vapor excited by the PES. The expected
high densities of excited levels and nonequilibrium popu-
lation distributions have been observed and the agreement
of theory and experiment is seen to be good. An excep-

tionally rapid recombination rate is the key to an under-
standing of the development of the excited-state popula-
tions. This rapid recombination can be completely
described by the conventional theory of three-body col-
lisional recombination [Egs. (16) and (17)], providing elec-
tron temperatures of the order of 0.1 eV are reached in the
cold electron class. In this case, the unusual rapidity of
the recombination is a result of the large electron density
(10'5—10' cm™3) and the low electron temperature in the
PES-excited vapor. The details of the mechanism for
achieving such low temperatures require confirmation.
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