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This paper presents an analysis of gas breakdown by laser action, assuming that the
final state of the laser-beam—gas interaction is described by a plasma in local thermo-
dynamic equilibrium. A simple formula is obtained which correlates the threshold elec-
tric field with the initial gas pressure and the temperature, in agreement with experi-

ments.

Breakdown experiments in superhigh-pressure
gases! irradiated by a focused @-switched laser
show a dependence of threshold electric field
versus initial gas pressure in the rather large
interval of 20 to 2000 atm. These curves present
electric-field minima, which approximately
agree with the values predicted by the well-
known theory of electron-impact ionization. In
other kinds of experiments performed on laser-
produced plasmas,? it has been shown that local
thermodynamic equilibrium (LTE) conditions
may be approximately attained in time intervals
as short as the laser-pulse duration (=265-nsec
half-width), working at energy density levels of
1000 J/cm? (power density ~1.5x10° W/cm?).
Measurements made at that laser energy density
show that the plasma electron temperature, the
gas temperature, and the blackbody radiation
temperature converge to the same limit.

This Letter presents a theoretical analysis, at-
tempting to define a unique local temperature T
for electrons, ions, neutrals, and radiation, and
to deduce a relation between threshold breakdown
power, temperature, and pressure that may ac-
count for the experimental curves.®

Different mechanisms have been proposed to
explain the gas heating: the radiation-supported
shock-wave process®**; the traveling ionization-
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breakdown—-wave process®; or a possible lumi-
nous mechanism,* due to the short-wavelength
radiation emerging from the initial heated focal
region ionizing the adjacent layers and so allow-
ing the absorption of laser radiation. Recently,
Evans and Grey Morgan® presented the theory
that the breakdown wave may be due to aberration
effects in short-focal-length lenses. It is rather
difficult to make a decision about the different in-
terpretations: It might be that one or more of the
proposed mechanisms predominate with different
experimental parameters. Then we assume that,
independent of the possible heating and plasma-
formation process, the final state of the laser-
beam-gas interaction, after the peak intensity
passage of the laser pulse, is described by a
model consisting of a plasma in LTE conditions.
We adopt a spherically symmetric distribution of
the plasma properties, surrounding the initially
heated focal region, which is considered as a ra-
diation source. The observed asymmetries in the
plasma formation®® are evidently due to the
asymmetrical laser radiation propagation rela-
tive to the focus. In a thought experiment, with
a symmetric distribution of the coherent radia-
tion, it would be possible to obtain a plasma with
spherical symmetry.

Fundamental equations. —In such a plasma, it
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is valid to apply the well-known equations of
transfer and of radiative equilibrium, integrated
over frequencies”:

- &1 a

Fr“ Kp r(aaT )s (1)
La .

ep_,rz dr ('r Fr): (2)

where F, is the integrated radial flux of radia-
tion; €, the total amount of energy absorbed from
the laser beam in the focal region by unit mass
of gas in unit time; p, the gas density; k, the
“Rosseland mean-absorption coefficient;” and a,
the Stefan constant. As far as Eq. (1) is valid, it
indicates the existence of a distribution of tem-
perature which is studied outside the focal re-
gion, where € =0 and »>7, (focal radius). Hence,
integration of Eqgs. (1) and (2) is readily obtained
on the following basis: (1) The “hydrostatic
equilibrium” condition” is introduced, assuming
an indefinite cold external atmosphere at initial
pressure p, and temperature T ,, surrounding
the laser-induced discharge. (2) The state equa-
tion for an ionized gas is used, with the Debye-
Hiickel pressure correction p, for Coulomb in-
teraction.® The relation pc/pg has been comput-
ed in the intervals from 1 to 2000 atm and 2000
to 132 000°K; a maximum value of the order 5
%1072 has been found (pg is the gas pressure af-
ter heating). (3) Integration is made in a region
where T <T;=(3p,/a)*'%, T being an upper limit
of temperature.® Finally the temperature distri-
bution, produced by the mean laser power P;, af-
ter breakdown is expressed by

_ 15?LLLMK p_a ]1/5
T= |: 16mcak 7~ ’ (3)

valid for »>7, and for P, > P, the mean thresh-
old laser power. M is the proton mass and v,
the mean atomic weight.

Threshold breakdown conditions. —We learn
from experimental work'® that, just at the thresh-
old, emission lines superimposed over a contin-
uous background are observed, belonging mainly
to singly charged ions. Hence, it is not unrea-
sonable to think that the distribution (3) will con-
tain temperatures at which there is present a
high percentage of singly charged ions relative
to neutrals and other kinds of charged ions, at
least in the outer layers of the spark. Obviously
one may expect to find a higher density of multi-
ply charged ions in the inner and hotter layers
near the focal region, but, from the point of view

of this model, the plasma matter-density in-
creases in the radial sense toward the outer and
colder layers. Hence singly charged ions will
predominate on the whole, showing the corre-
sponding emission spectrum. Then we may ac-
cept that (1) at a fixed distnace »;>7,, inside
the laser-induced spark, we should find a tem-
perature T'; that shows a high relative density
of singly charged ions; (2) T; must be in the
neighborhood of T ,,,; and (3) we define T ,, as the
temperature of a plasma in thermodynamic equi-
librium at which the mole fraction of the singly
charged ion component is maximum. We now
make the following assumption: The temperature
distribution which corresponds to threshold
breakdown conditions and which correlates the
pair (T;, 7;) is produced by the threshold electric
field E;. Hence formula (3) enables us to obtain
immediately the value E,, replacing T by T;, v
by 7;, and remembering that the electric-field
amplitude is given by E; =(11V2)P;'/2/r,, ex-
pressing P; in watts, E; in V/cm, and », in cm.
Comparison with experiments, —This approach
is checked against measurements in superhigh-
pressure laser-produced helium plasmas.! Ther-
modynamic properties of helium were computed
as functions of temperature in the pressure in-
terval 1-2000 atm'!; equilibrium composition of
the species Hel, Hell, Helll, and e~ was stud-
ied; and finally the values of T ,, were obtained
(Table I). The k values were calculated using
the Rosseland expression,”’ introducing the spe-
cific Planck intensity and k,, the absorption
cross section per atom. Straightforward calcula-
tions performed for these plasmas with the as-
sumed LTE conditions and with the indicated
temperature values (Table I) have shown that
absorption due to free-free transitions is only a
very small fraction of that due to bound-free
transitions. On the other hand, integration of
the measured intensities over solid angles!? has
shown that the laser radiation scattered by the
spark was negligible compared with the energy
removed from the laser beam by absorption.
Therefore, we concentrated our attention on cal-
culations of the continuous absorption due to
bound-free transitions from ground and excited
levels of HeI and HeIl. Then it is readily found
that the weighting function, based on Kramers’s
approximation (1/v%), Rw)=u’e ™ "/(1-e ~Y)3?,
w=hv/kT, has a maximum when «=~17. This
means that for temperatures near the T, values
the high frequencies have the greatest weight in
the Rosseland mean. Based on this previous

955



VOLUME 23, NUMBER 17

PHYSICAL REVIEW LETTERS

27 OCTOBER 1969

Table I. Summary of characteristic values of laser-produced helium plasmas, obtained with threshold electric
field. Predicted electron densities 7, correspond to temperatures T;. The k values were obtained as an average
in temperature intervals whose lower limits are the T; values. The corresponding variation of the experimental
threshold laser power ﬁT is included between 1.7 X10% and 2.2 x10° W (last two columns).

4 -4 -6

-18

1072 ET(exp) 107 ET (Theoret, )

Pressure 0T 07Ty 100N 107 n,

(atm.) (°K) (°K) (cn/g) (em™) (Volt/cm) (Volt/cm)
27.2 4,22 4,88 21.4 2.4 15.0 8.9
102 4,64 5.07 14,4 7.0 8.3 5.8
167 4,85 5.07 11.6 12.0 5.5 5.0
408 5.29 5.29 7.24 27.0 4,4 4.3
612 5. 47 5.47 5.62 39.0 4.4 4,3
828 5.64 5.64 4.52 52.0 4,2 4.5

1,120 5.78 5.78 3.71 69.0 by 4.8
1,360 5.90 5.90 3.30 81.0 5.0 5.1
1,675 6.02 6.22 2.75 96.0 4,9 5.5
2,000 6.13 6.33 2.46 112.0 6.2 6.1

analysis, k values were computed in large fre-
quency and temperature intervals around T ,,; as
expected, a strong mean absorption was found in
the interval 60-227 A that just corresponds to the
He II first absorption edge (Table I).?* The mean
atomic weight y was also computed in the same
temperature intervals and it is easily found that
a good approximation is given by u =34 (we con-
sider a plasma with a high relative concentration
of singly charged ions), A being the mass num-
ber. Theoretical values of E; were calculated

at the measured pressures from formula (3) and
compared with experimental values: The best
fitting was obtained with the temperature indicat-
ed in column T'; from Table I. Good agreement
is observed especially at the superhigh pres-
sures (Fig. 1); at lower pressures, it might be
that the predicted electron densities are lower
than those necessary to assure LTE conditions,!4:!?
The theoretical minimum, 4.2%x10° V/em for 550
atm, shows agreement with the broad experimen-
tal one, centered at about 610 atm with a value of
the threshold E field of 4x10° V/cm.!

These theoretical results may be interpreted
as follows: During the first nanoseconds of the
laser pulse, the free electrons in the plasma ab-
sorb the laser radiation through predominantly
free-free electron-photon processes (inverse
bremsstrahlung) and are thus accelerated, so be-
ginning the ionization-cascade process. Due to
the high collision rate at superhigh pressures,
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the electrons are cooled performing collisions
with ions and neutrals, until the plasma species
reaches the same kinetic temperature. This
statement is confirmed by calculations made on
thermalization times™ with the values of Table I.
We obtain for ions 7~5X1071° gec, and for neu-
trals 7~1071! sec, for the lowest pressure.

E (volt/ecm)

) . P(atm)
4 68103 2

105 . P .
0 2 4 6802 2
FIG. 1. Threshold electric field versus initial gas

pressure. Experimental values (Ref. 1) are shown by

the open circles; theoretical values (present work), by
the solid line. Measured focal radius: 7,=5x10"3 cm.

For 7;: Taking the value for the breakdown wave veloc-

ity v~ 107 ecm/sec (Refs. 3,4), after the 50-nsec half-

width pulse duration (Ref. 1), the radius of the spark
will be of the order of 0.5 cm; it is found from mea-
sured values and from Table I that the best fitting is

obtained with a value of 7;=0.05 cm. As expected, 7;

value denotes a position inside the spark and it is true

that »;>7.
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Hence a hot plasma in LTE conditions maintained
by the laser power Pr is built up, due principally
to collisional processes whose properties de-
scribe the final state of the laser-beam-gas in-
teraction. The initial gas pressure plays an es-
sential role, fixing the breakdown parameters. A
more rigorous verification of this approach may
be obtained in threshold breakdown experiments
at different pressures with the aid of a high-ener-
gy laser operating in the spike mode,'® thereby
increasing the pulse duration. Use may be made
of time-resolved spectrometry and Mach-Zehn-
der interferometry in order to measure gas,
electron, and blackbody temperatures, and elec-
tron densities.

We wish to thank Dr. P. Fauchais for his valu-
able assistance in the long computation of ther-
modynamic properties of helium at superhigh
pressures.
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