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Calculations of the absorption coefficients for inverse bremsstrahlung in the field of ions and neutral
atoms in ground and excited states and for photoionization are presented for the absorption of He-Ne
laser radiation in dense Li plasmas. These are compared with those measured in an exploded Li-wire plasma
and the two values differ at most by a factor of five. The electron density and temperature in the plasma
are estimated from the time-resolved spectroscopic measurements using the Stark broadening of the Li 6103
line and the intensity ratios of various neutral and ionized Li lines. The plasma diameter and the total
neutral atom densities are estimated from the framing and streak pictures of the plasma.

I. INTRODUCTION

Significant absorption of ruby laser radiation has
been ohserved in laser-induced gas-breakdown experi-
ments. 8 In very few cases, however, have the measured
values of optical absorption been directly compared
with the calculated values. Litvak and Edwards” re-
ported a measured absorption coefficient 100 times
greater than that calculated; Lampis and Brown®
reported a discrepancy of a factor of 80 in the opposite
direction in their experiment. These discrepancies
motivated us to study specifically the optical absorption
phenomena in dense plasmas. A theoretical study in this
area was conducted in the Nuclear Engineering Depart-
ment of The University of Michigan®® and an experi-
ment was therefore designed to study the absorption
of He-Ne laser radiation in an exploded lithium-wire
plasma.

In Sec. IT of this paper, the optical processes are
briefly reviewed, and numerical calculations of the
absorption coefficients for the absorption of He-Ne
laser radiation in Li plasmas are presented.

In Sec. III the absorption measurement is discussed
and includes a description of the methods used for
estimating plasma diameter, electron and neutral atom
densities, and electron temperatures.

In Sec. IV the experimental values of the absorption
coefficients are compared with those calculated.

1I. THEORY OF PHOTON ABSORPTION IN
PARTIALLY IONIZED PLASMAS

In passing through the plasma, the incident radiation
may be absorbed, reflected, scattered, or refracted. In
this section we give a brief discussion of the absorption
process.

Photons may be absorbed in a system which contains
free electrons, free ions, and neutral atoms. The
photon absorption is accompanied by an electronic
transition in the system which may be

(i) bound-bound,
(i1) free—free, or
(iii) bound-free.

Since we are interested in the interaction of He-Ne
laser radiation with a Li plasma, we need to consider
only bound-free and free—free transitions. There are no
two energy levels in lithium whose energies differ by
1.96 eV, which is the photon energy of 6328-A He-Ne
laser radiation, and therefore, bound-bound transitions
(line absorptions) do not occur.,

Absorption of photons due to the presence of negative
Li ions, Li~, via free—free (inverse bremsstrahlung of
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F1c. 1. Absorption coefficients of inverse bremsstrahlung in
the field of ions and neutral atoms as functions of temperature
and electron density.

electrons in the field of negative ions) or bound—free
(photo-detachment) transitions was expected to be
negligible in this experiment. Quoted values™* for the
electron affinity of Li vary from 0.3 t0 0.8 eV, and since
the temperature in the exploding Li-wire plasma pro-
duced in this experiment is larger than 0.8 eV, the
probability of the existence of Li~ is small. Furthermore,
large numbers of negative ions can only be formed if
there are impurity atoms in the plasma which have
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lower ionization potentials than those of the atoms
converting to the negative ion.”® Since such impurities
do not exist in exploding Li plasmas, the density of the
negative ions was expected to be negligible.

In this paper, therefore, we will consider only the
following absorption mechanisms:

(i) inverse bremsstrahlung in the presence of positive
ions free-iree),

(ii) inverse bremsstrahlung in the presence of neutral
atoms in ground and excited states (free—free), and

(iii) photoionization (bound—free).

A. Inverse Bremsstrahlung of Electrons in the Field of
Positive Ions

The derivation of the absorption coefficient of in-
verse bremsstrahlung in the presence of positive ions,
K/, is well known. The expression for K,// is given as
follows!:

167 ¢* NN,
K= o (aan) Bt =t Bl (1=, (1)
where
¢ 3X10% cm/sec, the speed of light
h 6.63X10~%* J-sec, Planck constant
a 1/137, fine structure constant
ay 0.53 g, first Bohr radius
Ey 13.6 eV, Rydberg constant
6 kT (eV)
k 1.38X10~% J/°K, Boltzman constant
T electron temperature (°K)
Z ion charge (for singly ionized Li, Z=1)
N, N, ion and electron densities
gs1 free-free Gaunt factor
(1—e %) correction term for induced emission.

The values of gss, which are functions of 4, and T,
have been tabulated by Karzas and Latter.”® Using
these, the values of g;; were determined for iv=1.96 eV,
and for temperatures between 5X10* and 5X10*°K.
The absorption coefficient, K,”//N.Nr, was then cal-
culated for y=1.96 as a function of temperature, T,
Fig. 1.

B. Inverse Bremsstrahlung of Electrons in the Field of
Neutral Atoms

While much attention has been given to free—free
transitions in the field of ions, very little work has been
done on electronic transitions in the field of neutral
atoms. The main contribution to these studies has
come from astrophysicists who have concerned them-
selves with the absorption of continuum radiation of
the sun in the stellar atmosphere.'*"® These studies,
however, have been limited to hydrogen atoms and to
temperatures below 10¢°K. At these temperatures, the
hydrogen atom is mainly in the ground state. There-
fore, the calculations included inverse bremsstrahlung
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in the presence of nonexcited neutrals. In the past few
years, further studies in this area were carried out by
Akcasu and Wald,® Firsov and Chibisov,? Kivel, and
by Mjolness and Ruppel,® who also considered the
contribution of nonexcited neutrals. In laboratory
plasmas with temperatures as high as 2X10°*°K, most
of the neutral atoms are in highly excited states. It
was expected that the presence of these excited neutral
atoms would significantly alter the photon absorption.

Recently Tsai, Akcasu, and Osborn® calculated the
contribution of neutral atoms at high temperatures and
in excited states to the photon absorption in hydrogen
plasmas through inverse bremsstrahlung of electrons.
They obtained the following expression for the absorp-
tion coefficient for this process, ay:

an (v, T) = Co(e¥*—1) lw N, ni un(bw, T)N (n), (2)

n=l1
where
4 R 1

3V2 (wm@)3i2 3’

m is the electron mass, N (n) is the number density of
neutral atoms in #th excited state, and g.» is related to
the collision cross sections of electrons with neutral
atoms in the nth excited state. A correction due to
induced emission is included in this expression. The
results of numerical calculations for the absorption of
ruby laser radiation can be found in Ref. 10. In calculat-
ing the absorption in the field of Li atoms, it was
assumed that the properties (electron—atom collision
cross section) of the Li atom in the ground state,
22815, were reasonably well approximated by a hydro-
genic calculation with =2,

In Eq. (2), the sum was calculated from n=2 to »*,
where n* is the highest state a neutral atom can be in
without being ionized under the given conditions of the
plasma. Atoms in excited states »>n* were considered
free ions and electrons.

0

1. Evaluation of gnn

Tsai et al®° calculated gu.. for m=1, 2, and 3 as
functions of temperature and photon energy. The values
of g.n were determined from their results for iv=1.96,
n=1, 2, and 3 and are plotted as functions of tempera-
ture in Fig. 2. At the temperatures attained in the
exploding Li-wire plasma produced in this experiment,
a large percentage of neutral atoms may be in excited
states above n=3; therefore, the values of g, for n>3.
were required.

First, the values of g.. for n=, (g.s) were cal-
culated as functions of temperature.®!® The results are
also plotted in Fig. 2. These were obtained by equating
K/ /N;in Eq. (1) to aw/N(n) in Eq. (2):

N = Z Apne
n=1
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F16. 2. gu. versus temperature for sy =1.96 eV.

To evaluate g,. for >3, values of g, for n=1,2,3
and « were plotted as a function of 1/4#? at a given
temperature. The values of g.. for any #» at that tem-
perature were then determined from this curve. These
curves of g., for temperatures 10* to 5 10* are shown
in Fig. 3.

2. Evdluation of n*
The value of #* approaches « for an isolated atom.

In a plasma, neutral atoms are surrounded by free
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F16. 3. gnn(Av=1.96 eV) versus n~? for various temperatures.
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electrons and ions which lower the ionization poten-
tials®? and perturb the energy levels. If we assume
that these neutral atoms in the plasma can still be
approximated by hydrogen-like atoms, which have
ionization potentials lower than E,, then the value of
#* must be a finite number.

There is no precise method which can be used to
determine the value of #n*.23%.2 However, two possible
limits which have been used to determine the radius
(therefore n*) of the excited neutral atom are the Debye
length and the interatomic distance.?®# The first yields
a value of #* similar to that obtained by calculating the
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Fic. 4. 6/N, versus Debye and excited atom radii.

lowering of the ionization potential,® and we used this
method. In Fig. 4, the Debye radius is plotted as a
function of a plasma parameter, 8/N,, where pP=
(6/8wN )12, and on this graph the approximate radii
of excited atoms in the nth states are shown. The radii
are given approximately by 7, = #%a,, where g, is the first
Bohr radius. For given values of V, and 6, the value of
n* is thus determined from this graph.

3. Evaluation of N (#)

The Boltzmann factor was used to calculate the den-
sity of neutral atoms in the nth excited state, N (x).
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This factor relates the densities of atoms in the nth
and mth states®:

N(n) _ & exp(— E.../0)
N(m)  gnexp(—En/8)’

where g, and g. are the statistical weights of levels »
and m; and, E,. and E,., are the excitation energies of
these levels. The total neutral atom density N,, is
given by

3)

N,= X N(n).
n=1

The relative density of neutral atoms in the nth excited
state with respect to total neutral atom density is given
by

N (n)/No= gn exp(— Ene/6) /U, (4)

where U is the partition function, defined as

U= g, exp( EM) . ()
n=1 0

The values of g, and E,, are tabulated in Ref. 29 for n<

13. For >13, g,=2u? and E,,=5.31 were used.

Thus, for a given electron temperature and density,
the values of n*, gu.., and N (n)/N, were determined,
and then any/N.V, was calculated using Eq. (2). The
results are shown graphically in Fig. 1 and deped on
electron density since the value of #* is a function of the
electron density.

The variation of the value of ay/N.N, with different
values of #* is no larger than a few percent when #* is
greater than about 8. This is because the expression for
ax/N,N, includes like sums in both numerator and
denominator. Equation (2) can be written as follows:

as/NN.=f0) £ gul¥ 0)/ENG.  ©

n=l

For n>8 the value of g, approaches a constant value,
Zow; therefore, ay/N N, is insensitive to the value of
n*,

In Fig. 1, the absorption coefficient for inverse
bremsstrahlung in the presence of ions, K,/”/N,N;, is
compared to that absorption coefficient for inverse
bremsstrahlung in the presence of neutrals, ay/N.N,.
At high temperatures, the two coefficients become
almost equal because the fraction of neutrals in higher
excited states becomes large and these highly excited
neutrals act like ions. Similarly, ay/N NV, increases as
electron density decreases because #* increases as the
N, decreases.

In Ref. 9, values of g, are given only for T'>>5000°K.
Therefore, calculations described above were made for
temperatures greater than 5000°K. In order to calculate
an/NeN, for T<5000°K, the equation derived by
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Akcasu and Wald® was used. This equation is

O da (200 ()
NN, (2m)33r\emb/ m \c¢

X Ky (’2’—;) B (ol 1) | (7)

where o(0) is the low-temperature limit of electron—
atom collision cross section, and K (kv/26) is the second-
order Bessel function. This equation was derived for
the absorption of photons in low-temperature plasmas
by inverse bremsstrahlung of electrons in the presence
of ground-state neutrals.

There is about 259, difference between the values of
it/ NN, and an/NN, at T=5000°K. However, this
difference was not significant in view of the errors in
this experiment. An average curve was drawn to obtain
a continuous curve for the absorption coefficient from
T=10° to 5X10*°K.

C. Photoionization

The cross section for the photoionization of a hydro-
gen-like atom in an excited state # is given by*

O‘y"bf= (640[/33/2) 7ra02 (EH/hV) 37L—5gbf, (8)

where g, is the bound—free Gaunt factor. The values of
&y have been tabulated by Karzas and Latter’® and
they are approximately unity for the present experi-
ment.

The absorption coefficient, K,4, is obtained by
multiplying ¢, by N (n), and summing over all #’s:

KA=Y 6,.’N(n). )
n=h

In order to evaluate the expression for the net absorp-
tion coefficient, the contribution of induced emission
had to be included. In the derivation of absorption
coefficients for inverse bremsstrahlung, the expression
(1—e™1%) was used for this correction. Use of this
expression for the photoionization process implies that
electron, ion, and neutral atom densities are related by
the Saha equation. When the Saha equation cannot be
reliably applied, as in the present experiment, the
induced-emission term must be modified since the
photoionization coefficient is proportional to the den-
sities of excited neutral atoms, N (#), while the in-
duced emission (radiative recombination) is dependent
on electron and ion densities. It can be shown, starting
from quantum-mechanical transition probabilities for
absorption and for induced emission, and assuming that
electrons, ions and neutral atoms have Maxwellian
velocity distributions, that the correction term for
induced emission should bet®

NNy ( % >3/2 (Ew> (—hu)
1— 1 i _
[ N, 2wt 3U exp 2 exp . , (10
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Fic. 5. Absorption coefficient of photionization as functions of
temperature and electron density.

where E, is the ionization potential of the atom. This
expression reduces to (1—e /%) if the Saha equation is
used. Thus, for the system in which the Saha equation
is not applicable, the net absorption coefficient for
photoionization is given by

do . (Ex\ 2
aPl= 84a wad ( H) > wiN(n)

/] sk

) e ()en(5)]
X[l— N, (21rm6> 3U exp P exp P , (11)

which can be written as
afI=KA—K,/JE,

(12)

We approximated the Li atom by an H atom and used
Eq. (12) to calculate the photoionization absorption
coefficients. Exact calculations of photoionization cross-
sections have been carried out for the first few levels of
Li by Gezalov and Ivanova® and by Ya'akobi® and
their results do not differ from those obtained by the
hydrogen-like approximation by more than 20%,-30%.

The level n=Fk represents the lowest level from which
photoionization can take place. Since the incident
photon energy is 1.96 eV, only Li atoms in excited
levels 3p and above can be photoionized and the sum-
mation for of begins at k= 3p.

E. OKTAY AND D. R. BACH

Numerical calculations of a7 were made in two steps.
First the values of K,4, which is the absolute absorption
coefficient, were calculated. K,4 is a function of the total
neutral atom density NV,. The results of these calcula-
tions are plotted as K,4/N, versus T in Fig. 5. Sub-
sequently, the correction due to induced emission,
which is a function of the electron and ion densities, was
calculated. The results K,/%/N Nt are plotted as a func-
tion of T, Fig. 6. In order to determine a value for the
net absorption coefficient due to photoionization, the
value of K, is subtracted from that of X,4. The correc-
tion due to induced emission is strongly dependent on
the particle densities and temperature in the plasma.
It can be large when 7'<5000°K.

K,A/N, first increases with temperature, reaches a
peak and then decreases rapidly with temperature.
At low temperatures most of the atoms are below the
3p level. As the temperature increases, the percentage
of atoms in states 3p to 8 increases rapidly; therefore,
the absorption coefficient increases. As the temperature
increases further, the atoms are excited to still higher
levels, (# =8). However, the contribution of these atoms
to photoionization is small because the coefficient varies
as 1/#. Therefore, K,A/N, finally decreases with
temperature.

The value of n* affects the K,4/N, significantly. The
expression in Eq. (11) for K,4 can be written as

KA=CX X n®N(n)

C is a constant. (13)
n=k
It can be shown that
nr _Ene
KA/N,=CX X n? exp< P )/ U, (14)
n=k

where U is the partition function [Eq. (5)]. The value
of g, in this equation varies as 2n?. The numerator of
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F1c. 6. Induced-emission correction to photoionization absorption
coefficient as functions of temperature and electron density.
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Eq. (14) becomes constant as » approaches 8. (The
value of U, on the other hand, increases rapidly.)
Therefore, when # is larger than about 8 the K,4/N,
varies approximately as 1/U, which depends on the
value of #*. The curves in Fig. 5 are therefore strongly
dependent on &, because of the n* dependence.

In summary, the values of absorption coefficients
for inverse bremsstrahlung in the presence of ions
(K,///N.N1), and neutrals (ay/N,N,) and for photo-
ionization (af’=K,A—K,F) were evaluated and
plotted as functions of temperature and electron den-
sities for the absorption of the He-Ne laser radiation
(A=6328 &, hy=1.96 eV) in Li plasmas. If the plasma
parameters (N, N,, T) are known, the absorption
coefficient for a particular plasma can be easily pre-
dicted using these results,

Since the absorption coefficients are given in terms of
per particle densities, they are applicable to any Li
plasma in which the Saha equation may or may not
prevail. If the Saha equation is not applicable, then the
total neutral atom density has to be determined in-
dependently of the electron density.

III. ABSORPTION MEASUREMENT

An exploding Li-wire plasma was used to study the
absorption of the He-Ne laser radiation. Electron den-
sities of 5X10® ¢m™ and temperatures of about
5X10*°K can be produced in these partially ionized
plasmas and these conditions are suitable for the
absorption of optical radiation.

Whereas in the typical absorption experiment using
a laser-produced plasma, the same laser pulse is used
to produce the plasma and to study its absorption in
that plasma, the sources of energy producmg the plasma,
and the laser radiation were separated in this experi-
ment.

JARREL-ASH /6,3
PLANE GRATING SPECTROGRAPH
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(F = 77 ko)
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LASER CAMERA
(6328 A")
POLARIZER
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HILGER=WATTS
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PHOTOMULTIPLIER

Fre 7. A schematic of the experimental arrangement to measure
the absorption of He-Ne laser radiation in an exploded Li-wire
plasma.
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Fic. 8. Typical data of the absorption measurement.

The power of the laser beam (2 mW) was much less
than that used in the production of the plasma (the
order of megawatts); therefore, perturbation of the
plasma by the laser radiation was negligible.

The plasma geometry was cylindrical for about 6
usec which assisted in the interpretation of the experi-
ment,

Since the He-Ne laser radiation was incident on the
plasma continuously, the absorption measurements
were made over the entire duration of the plasma (a few
microseconds). The plasma varied significantly over
this period and the absorption measurements could
therefore be made in a plasma having varying param-
eters during one wire explosion.

In order to compare the experimental and theoretical
absorption, it was necessary to measure the electron
and neutral atom densities, the temperature, and the
size of the plasma column. The electron temperature
and density were estimated from the time-resolved
spectroscopic measurements; the size of the plasma
column and the neutral atom densities were estimated
from streak and framing pictures of the plasma.

A. Description of the Experimental Arrangement

In Fig. 7 a schematic of the experimental arrange-
ment is shown. Li wire was exploded in a vacuum
chamber and the He-Ne laser radiation was passed
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Fic. 9. Time-resolved spectra and the absorption of He-Ne
laser radiation for various wire diameters and capacitor
changing voltages. {Streak time: 1 to 50 gsec.)

through the plasma. A Jarrel Ash f/6.3 plane grating
(30 000 lines/in.) spectrograph and a TRW Image
Converter camera were used to obtain time-resolved
spectra of the radiation emitted by the plasma. The
Hilger-Watts prism monochromator and a I-P 28
photomultiplier were used to measure the intensity of
the laser radiation transmitted through the plasma.

In the exploding wire circuit, a 13.8 pF/20 kV capac-
itor was used as the energy-storage capacitor. The
ringing frequency of this circuit was 77 kHz. The
voltage across the wire, v(¢), was measured with a
Tektronix P-6015 high-voltage probe. The current in
the circuit, 7(#), was measured with a T & M F-2500
current viewing resistor which had 0.00285-Q resistance.

Lithium wire is commercially available only in 0.317-
cm diameter. In these experiments, a wire diameter of
only a few thousands of centimeters required. Therefore
a die-electrode combination was developed which made
it possible to reduce the diameter of the wire from 0.317
to 0.0023 cm 32—

The explosions were made in vacuum (about 10
mTorr) because: (a) the reaction of Li with water

vapor in air was minimized, {(b) the spectra of the
explosions in vacuum consisted of line radiation which
was simple to analyze, and (c) the density of ambient
gas was kept low in order to prevent any appreciable
absorption of He~Ne laser radiation in the shock-front
outside of the plasma column.

Oscilloscope recordings of the typical #{¢) and (%)
traces for the explosion of a 0.0127-cm-diam, 2.5-cm-
long Li wire in vacuum are shown in Fig. 8. (The capac-
itor was charged to 10 kV. The discharge was an
oscillatory one, characteristic of L-R~C circuits.) The
three states (first pulse—dwell—restrike) which occurs
when the wire is exploded in atmospheric pressures do
not occur in explosions conducted in vacuum.

B. Optical Arrangement

The radiation from the plasma and the transmitted
laser radiation were collected with lens Ly (Fig. 7).
Some of this radiation was reflected into the mono-
chromator by a glass slide. A pre-slit with a 1-mm-diam
hole was placed between the glass slide and the mono-
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chromator at the point where the laser came into focus
to block most of the plasma radiation. The intensity of
plasma radiation passing through the hole was further
minimized by placing a polarizer in front of the mono-
chromator. In addition, the exit slit of the mono-
chromator was centered on the He-Ne 6328- A radiation.
Thus, the photomultiplier recorded only the intensity
of the transmitted laser radiation Iz. A typical absorp-
tion trace is shown in Fig. 8.

The direct radiation was focused on the entrance slit
of the spectrograph with the use of a front-surface
mirror and two lenses. The image converter camera
was focused on the exit slit of the spectrograph.

The dlsperqlon on the photographic plate obtained
with the image converter camera was about 16 A/mm,
and the wavelength range that could be photographed
was about 400 A. A t}plcal time-resolved spectrum
thus obtained is shown in Fig. 8. The incident laser
radiation, which is absorbed during a period of the
discharge, is also included in this spectrum.

In Figs. 9 and 10, time-resolved spectra and the
absorption of He-Ne laser radiation are shown for

WIRE DIAMETER (CM)

CAPACTTOR
CHARGING
VOLTAGE
(kv)

178 027

Fic. 10. Time-resolved spectra and the absorption of He-Ne
laser radiation for various wire diameters and capacitor charging
voltages. (Streak time 1 to 50 wsec.)
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plasmas produced by exploding wires with various wire
diameters and capacitor charging voltages. These
pictures indicate that the duration of absorption of the
laser radiated was significantly affected by the values
of these parameters. Absorption continued for the
longest periods of time (40-50 usec) when wire diameter
was large (0.025-0.033 ¢m) and charging voltage was
low (2-5 kV).

It was decided to analyze a case in which absorption
lasted about 6 usec since meaningful measurements of
the plasma parameters could be made only during this
period. After this time, the plasma column rapidly
dispersed and the plasma diameter and neutral atom
densities could not be measured accurately. Therefore,
a 0.0075-cm-diam, 2.5-cm-long wire was used and the
capacitor was charged to 10kV. The following discussion
is for measurements which were made under these
experimental conditions.

C. Time-Resolved Spectroscopic Measurements

Electron density and temperature were estimated
from the time-resolved spectroscopic measurements.
Stark broadening of the Li 6103 line was measured as a
function of time to determine the electron density;
intensity ratios of various neutral and ionized Li lines
were measured to estimate upper and lower limits of
electron temperature.
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Frc. 12. Electron density versus the Stark broadening of the
Li 6103 line.

Kodak Royal X-Pan film was used to record the
spectra which was developed in Acufine developer to
raise the speed of the film to ASA 3000. The film was
calibrated for intensity by recording the intensity of
He-Ne laser radiation at varying streak rates and
intensities. The intensity of the laser was varied by
using neutral density filters.

1. Estimate of Electron Density

The spectra were analyzed by use of a microdensitom-
eter. In Fig. 11, typical experimental profiles of the
Li 6103 line are shown at two different stages of the
discharge. The value of full-width at half-intensity
maximum, Alys of these line profiles were used to
obtain values for the electron density. In Fig. 12,
electron density versus Ay, are plotted. Griem’s* data
on Stark broadening of Li 6103 were used to obtain
this plot. The Stark broadening of this line is insen-
sitive to temperature. Theoretical line shapes are also
shown in Fig. 11 which were obtained by using the
values of electron depsities from the measurement of
the width.

Comparison of the experimental line profiles with
theoretical line shapes which take into account self-
absorption® indicate that the error in the density
determination due to the self-absorption is less than
about 259%,.

Figure 13 shows the temporal variation of electron
density obtained by the above method. Electron den-
sity increased to about 4.2)X10%® ¢cm~3 in the first three
microseconds, and then decreased with time. Measure-
ments were made during the first 7 usec of the discharge,
since the absorption of the He-Ne laser radiation in the
plasma took place during this time.
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2. Estimate of Electron Temperalure from
Line Intensity Ratios

The ratios of various neutral line intensities were
calculated as a function of 7T, using the expression®

—11 _ (&)3 glflu ex (Eu,_Eu)

I/ N oglf P 0 .
These lines had the identical lower energy level,
22Pgpnye. Some of the results are shown in Fig. 14.
These calculations indicated that the values of the
intensity ratios were insensitive to temperature when 7'
was higher than about 10¢°K.

The intensity ratios of some of these lines observed
in the time-resolved spectra indicated temperatures
higher than 10¢°K.

The intensity ratios of ionized to neutral atom lines
were also examined, using the equation®
I fu &' N

9 \32
L SR g N ) [ —
It fu g )\,3(1r a'Ne) (EH>

(15)

E/4+E.,—E,—AE,
T ) (16)

where the primed quantities refer to the ionized atom
lines. Some of these calculations are shown in Fig. 15.
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F1c. 13. Neutral atom and electron densities as functions of
time for the explosion of a 0.0075-cm-diam, 2.5-cm-long Li wire
in vacuum with V,-10 kV.
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This method is suitable for temperatures above about
4X10*°K. Below these temperatures, the intensity
ratios are very small and cannot be measured.

Examination of various line ratios revealed that the
intensity of the ionized atom line was never greater
than that of the neutral atom line, Li 4602. Therefore,
the upper limit of the temperature in the plasma was
about 5X 10#*°K.

These two line-intensity-ratio methods yield a peak
temperature range between 10* to 5X10*°K. Since
meaningful time-dependent estimates of temperature
could not be obtained, three different temperature
variations with time were assumed, Fig. 16. This was
done in order to calculate values of absorption as a
function of time and compare these with the experi-
mental values.

E FOR 4602 LiNe ~ 4,54 gv

E' FOR 4273 - L.75 gv
4971 - 4,34 gv
4132 - 4,56 ev

1{4602)
T4273

1(46021~
I'4971)

1(4602)
114132)

TEMPERATURE, °k

F1c. 14. Calculated intensity ratios of various neutral Li lines
as functions of temperature.

D. Streak and Framing Photography of the Plasma

Streak and framing pictures of the plasma (Fig. 17)
were used to determine the plasma diameter as a
function of time. It was then possible to estimate the
total neutral atom density by assuming a uniform
particle density in the plasma column.

The framing pictures indicate that the plasma retains
a well-defined cylindrical geometry up to about 6 usec;
thereafter, the plasma rapidly disperses.

The streak pictures were taken using a 1-mm-wide
slit. The effective length of the wire thus photographed
was 1.5 mm at the center of the 1-in.-long wire. In
these pictures, oscillations of the wire diameter were
observed. The frequency of these oscillations were
about 1 MHz which is similar to the oscillations ob-
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Fic. 15. Calculated ratios of various ionized-Li line intensities
to the intensity of Li 4602 line as functions of temperature.

served in the time-resolved spectra of the emitted
radiation from the plasma. (The plasma radiation
oscillates at two frequencies, Fig. 8; one at the discharge
circuit frequencies, 77 kHz, and the other at a fre-
quency of about 1 MHz.) Since the streak picture of the

TEMPERATURE (°K)
Lé ]
T

3 —
4
2xl0 +
4
10 ~
o 1 1 1 1
(o] Fd 4 6 8

TiME (4 SEC)

F16. 16. Assumed temperature variations in the exploding
Li-wire plasma (0.0075-cm-diam, 2.5-cm long, Ve=10 kV) as
functions of time,
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Fic. 17. Framing and streak pictures of the explosion of a
0.0085-cm-diam, 2.5-cm-long Li wire in vacuum with Ve=10 kV.

plasma and the time-resolved spectra could not be
obtained simultaneously with one camera, the coinci-
dence of these oscillations could not be checked. These
oscillations may have been due to Z-pinching of the
plasma by its self-magnetic field (current in the dis-
charge is as high as 6 X 10* A) and subsequent expansion
as a result of high kinetic pressures,

At certain stages of the discharge, the radiation from
the entire surface of the plasma column did not appear
to be uniform as the edges of the column were brighter
than the center. However, these pictures indicate a
uniform density cylinder most of the time as has been
suggested®® and not a ring-shaped expansionas has been
proposed by Nash and DiSieno.”

In Fig. 18 the diameter of the plasma column L({)
is plotted as a function of time based on the measure-
ments of the framing and streak pictures. An average
curve is drawn through these points, and labeled L(2).
The scatter in data about this average is about 20%.
The principle of particle conservation was used to
obtain the total neutral atom density. Assuming uni-
form particle density in the plasma column, total

E. OKTAY AND D. R. BACH

particle densities were estimated as a function of time
from the measurement of the plasma column diameter.
Since the lithium was mainly singly ionized, the ion
density was determined from the electron density
measurements. The difference between the total particle
density and ion density represents the total neutral
atom density. In Fig. 13, total neutral density is plotted
as a function of time.

E. Measurement of the Absorption of He~Ne Laser
Radiation by the Plasma

Two independent measurements indicated that the
laser radiation was absorbed in the plasma: that made
by the image converter camera of the time-resolved
spectra including the wavelength of the laser radiation
at 6328 A, and that made by the photomultiplier
attached to the prism monochromator which admitted
only the radiation at 632820 A. Typical simultaneous
recordings of I1(f) (the intensity of the transmitted
laser radiation) by the image converter camera and by
the photomultiplier are shown in Fig. 8. In the final
analysis of the data the oscilloscope recording of the
photomultiplier was used to obtain the value of 7.(?).
In Fig. 19, the percentage absorption of the laser
radiation, 4 (), is shown as a function of time.

As shown in Fig. 8, the intensity of the laser beam
was indeed attenuated considerably in passing through
the plasma. It had to be ascertained, however, that this
attenuation was due to absorption and not due to some
other phenomenon such as scattering, reflection, or

refraction.
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Fic. 18. Measured values of plasma diameter as a function
of time.
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Since the frequency of the laser radiation, »=4.75X
10* sec™, is considerably higher than the plasma
frequencies attained in this experiment (r,=1.8X108
sec™t when N,=4X10® cm™3) reflection and scattering
were expected to be negligible.

To investigate the possibility of refraction,® the laser
radiation transmitted by the plasma was directly
photographed by the image converter camera. All
optical components between the plasma and the camera
including the objective lens of the camera were re-
moved. About 0.8-mrad beam deviation was observed
only in the plane perpendicular to the axis of the wire
and was expected since the deviation depends on the
gradient of the electron density. Beam deviation was
not observed in the plane of the wire axis. The deviation
in the vertical plane could not affect the detection of the
laser beam by the system including the spectrograph
and the image converter camera.

Absorption measurements were also made with the
laser beam passing a few millimeter below the wire.
Typical recordings of the laser intensity I (f) are shown
in Fig. 20. The further away from the wire axis the laser
beam was moved, the longer it took for the plasma to
reach the beam, and the later the absorption began.
These pictures clearly indicate that the attenuation of
the laser radiation intensity in the plasma was due to
the interaction of laser radiation with the plasma.

In summary, a plasma was produced by exploding a
0.0075-cm-diam, 2.5-cm-long Li wire in vacuum, by
discharging a 13.8-uF capacitor charged to 10 kV. A
He-Ne laser beam of 6328 A was passed through it.
The absorption of its radiation in the plasma was
measured. In order to calculate the expected absorption
in this plasma, the following parameters were measured
or estimated: electron density, N.(#); electron tem-
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100 A 4 8 88 o
x * X x . 9 s,
* P 0= Ty
s °
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°
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o~ =
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O
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g
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o
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F16. 19, Measured and calculated values of percent absorption
as functions of time,

1727

Ap=0m

Ap=30m

AD=15m

~1§,«ssc

TIME el .

- l/-sec

i

€103 6328
LI LASER

Ap =3 M

. T

EXPLODING WIRE (0178 cM 1AL, 2.5 cM LONG, V= 10 kv)
¥ ¢ LASER BEAM

AD
Fie. 20, Off-axis measurement of the absorption of He-Ne laser
radiation for various values of AD.

perature, 7T'(¢); plasma diameter, L{t); and total
neutral atom density N, (f).

IV. RESULTS AND CONCLUSIONS

In Table I, the experimental results and the calculated
values are tabulated. This table has three main sections.
In the first_section, the measured values of N,(2),
N.(t), and L(t) are given for values of ¢ from 1 to 7
usec. These values were obtained from the curves given
in Figs. 13 and 18. The data begin at =1 psec because
the recordings of the spectra and streak pictures of the
plasma, which were obtained with the image converter
camera, started 1 psec after the discharge was initiated.

The second section of Table I presents the measured
values of percentage absorption, 4 (1), and the average
experimental values of the total absorption coefficients,
&rF. These values of @&® were obtained by dividing the
values of In{1—[4 () /100]} by the average values of
the plasma diameter, L(2).

In the third section of Table I, the calculated values
of percentage absorption and absorption coefficients
are given for three different temperatures (T, Tar, T')
at each stage of the explosion. Since the temperature
could not be measured accurately (10 000°-50 000°K;
see Sec. 1I1.C) as a function of time, it was necessary
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TaBLE I. Summary of data on absorption measurements.

Experimentally measured
values of plasma parameters

Experimentally
measured values

of absorption

Calculated values of absorption

Time - -

¢ N.(t) N, (@) L) A(t)  ar® T (%) K aN P! art Ae(l)
(usec)  (em™®)  (ecm™) (cm) (%) (cm™) (°K) (em™) (cm™)  (em™)  (em™) (%)
1.0 5X107 3.8X10% 0.265 38 1.81 108 0.00095 0.0684 1.86 1.94 40.2
5.2X10¢  0.002 0.136 4.74 4,90 72.6

3X10¢  0.0037 0.228 9.20 9.43 92

1.5 2.1X10® 2.5X10% 0.310 63 3.21 8.8X10¢  0.0198 0.228 3.25 3.50 66.2
5.1X10¢  0.038 0.420 8.24 8.68 94.2
3X10¢  0.066 0.683 15.91 16.66 99.4
2.0 3.4x10® 1.9X10% 0.340 74 3.96 7.7X10¢  0.0165 0.315 5.09 5.47 84.4
5.0xX10¢  0.102 0,503 9.04 9.65 96.2

3X10¢ 0.174 0.806 16.2 17.18 99.7

2.5 4.1X10%® 1.55X10® 0.365 81 4.54 6.5X10* 0.109 0.368 6.08 6.56 90.8
4.7X10¢  0.141 0.546 9.51 10.20 97.6

2.9%X10¢  0.261 0.814 15.33 16.41 99.7

3.0 4.1x108 1.3X10® 0.385 86 5.11 5.4X10¢ 0.134 0.372 6.82 7.33 94
4.4X10¢  0.168 0.468 8.60 9.24 97.1
2.8X10¢  0.260 0.720 13.06 14.04 99.6

3.5 3.6X10% 1.2X10® 0.405 89 5.46 4.4X10¢ 0.129 0.379 6.89 7.40 95
4X10¢*  0.156 0.418 7.77 8.34 96.6

2.7X10¢  0.214 0.582 11.06 11.85 99.2

4.0 3.1x10%® 1,13X10¥ 0.420 90 5.48 3.6X10¢* 0.120 0.385 7.36 7.87 96.2
3.5X10¢ 0.120 0.385 7.36 7.87 96.2

2.5X10¢  0.168 0.508 10.5 11.2 99.1

4.5 2.6X10® 1.09X10¥ 0.435 91 5.54 2.8X10¢  0.108 0.396 8.11 8.61 97.6
2.8X10¢  0.108 0.396 8.11 8.61 97.6

2.3X10¢  0.128 0.452 9.73 10.31 98.8

5.0 2.1x10® 1.06X10* 0.450 93 5.92 2.2X10¢  0.086 0.378 8.94 9.40 98.5
2.2X10¢  0.086 0.378 8.94 9.40 98.5

2.1x10*  0.086 0.378 8.94 9.40 98.5

5.5 1.65X10% 1.,03X10¥ 0.460 94 6.12 1.7X10¢  0.065 0.34 9.00 9.41 98.7
1.7X10¢  0.065 0.34 9.00 9.41 98.7

1.7X10¢  0.065 0.34 9.00 9.41 98.7

6.0 1.25X108 1.01X10® 0.472 96 6.83 1.3X10¢  0.047 0.289 8.04 8.38 98.1
1.3X10¢  0.047 0.289 8.04 8.38 98.1

1.3X10¢  0.047 0.289 8.04 8.38 98.1
6.5 8.8X10v7 1X101%  0.484 97 7.23 9,510 0.030 0.176 4.98 5.19 91.9
9.5X10®  0.030 0.176 4.98 5.19 91.9

9.5%X10¢  0.030 0.176 4.98 5.19 91.9

7.0 6107 9.9x10®  0.495 78 3.46 7X100  0.017 0.083 1.43 1.53 53
7X108  0.017 0.083 1.43 1.53 53

7X10% 0.017 0.083 1.43 1.53 53

N,(f) average value of total neutral atom density

L(t) average value of plasma column diameter
A(f) measured value of absorption (in percent)

&rP(f) average value of total absorption coefficient ar®(f)

T(#) assumed values of temperatures: Ty, Ty, and T,

(see Fig. 16)

Pl net absorption coefficient of photoionization
(Figs. 5 and 6)

ar® calculated value of total absorption coefficient
arr=K /I taonta?

K,/ Net absorption coefficient of inverse bremsstrahlung
in the presence of ions (Fig. 1)
ay net absorption coefficient of inverse bremsstrahlung in
the presence of neutral atoms (Fig. 1)
Ae(#) Calculated value of percent of absorption
Ac(t) = {1—expl—ar () L(£) 1}
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to show how the calculated absorption coefficients
varied with temperature. The calculated valucs of the
absorption coeflicients for inverse bremsstrahlung in the
presence of ions and neutrals (K,// and ax) and those
of photoionization (af7) were obtained from the curves
in Figs. 1, 5 and 6. The calculated values of the total
absorption coefficient, er®, were obtained by summing
the absorption coefficient for the three mechanisms;
that is, ar®=K,""+a,+aFl. The calculated values of
percentage were obtained using the following equation

A () =[1— exp(—ar=L () JX 100. an

The values of 4°(t) are shown in Fig. 19 in order to
compare them with the experimental values. The meas-
ured and calculated values of total absorption coef-
ficients differed at most by a factor of five. Even though
this discrepancy may seem large, it represents a sig-
nificant improvement over the results reported by
Litvak and Edwards” and by Lampis and Brown.?

In order to check the error in the calculated values of
percent absorption 4¢(f} due to the scatter in the values
of L(t) and N, (), a number of calculations of A4°(?)
were made using the data from individual points. There
was at most a 209, scatter in the results.

The factor-of-five discrepancy may be due to the
approximations in the calculations. The main un-
certainty in these calculations is in the value of »n*
(hence the partition function), and it affects the
photoionization absorption coefficient significantly.
Another uncertainty may be in the use of hydrogenic
calculations for Li. It should be pointed out again that
we have assumed a plasma of uniform density.

The reproducibility of the absorption measurements
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Fic. 21. Repeatability of the absorption measurements,

1729

TIME wmeefioen

lg
[+
[T}
[
[re]
o
Z
8
=

&
o,
w

= WAVELENGTH

6103 6328
LI HE-NE
LASER

STREAK TIME: 22 /«sec
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was good. In Fig. 21, absorption curves obtained from a
number of explosions with the same experimental
conditions are plotted. In Fig. 22 repeatability in the
time resolved spectra, including Li 6103 and the He—Ne
laser radiation at 6328 A, is shown. The variation in
the absorption data and in the spectra during the first
few microseconds was small, while the variations after
about 6 psec were more pronounced. This was because
the instability and breakup of the plasma after about
6 usec was not repeatable, and the spectra and absorp-
tion in the plasma were significantly affected by the
variations in the shape of the plasma column,

The results of these calculations and experiments
also showed that the contribution of neutral atoms to
the photon absorption through inverse bremsstrahlung
was much larger than that of the ions. Due to the large
absorption by photoionization, however, the contribu-
tion of neutral atoms could not be isolated in this
experiment. The results of preliminary calculations
indicate that the contribution of neutral atoms to the
absorption through inverse bremsstrahlung could be
measured with a percentage ionization of less than 109,
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and at temperatures below 5000°K. These conditions
could be attained in exploding wire plasmas.
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