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We report the observation of fast-electron emission (10-20 keV) from gaseous targets
irradiated by a CO, laser pulse. The electrons are emitted in a direction 30° away from
the electric vector, but in the plane of optical polarization. This is the first direct ex-
perimental observation of the resonant absorption effect, which has been proposed as be-
ing responsible for the efficient laser energy deposition in a plasma. In contrast, the
parametric decay instability is not consistent with the observations.

The mechanism of light absorption remains one
of the crucial unanswered questions in laser-plas-
ma interaction. It is generally agreed that the en-
ergy is abosrbed in the narrow critical layer
where the plasma frequency w, equals the laser
frequency w. Among the suggested mechanisms
are the parametric decay instability' (PDI) and
the resonant absorption (RA) effect.? In this Let-
ter we show that, for gaseous targets at least,
resonant absorption is the dominant mechanism,

In studying basic physical phenomena, gaseous
targets offer some definite advantages over solid
targets. For example, it has been found® that the
plasma density is actually equal to the density of
the neutral gas in which it is formed. Thus the
plasma density can be controlled by simply vary-
ing the gas pressure of the target, To be specif-
ic, 150-Torr hydrogen gas, at room temperature,
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FIG. 1. Electron emission vs pressure for H, gas.
Notice the sudden onset of fast-electron emission at
150 Torr. At that pressure the gas density is 10%? at-
oms/cm3, the critical plasma density for the CO, laser,
The output from a silicon radiation detector was aver-
aged in a boxcar amplifier to produce this curve.
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has a density of 10'® atoms/cm?3, which is the crit-
ical density for the CO, laser frequency.

In Fig. 1 is a plot of the fast-electron emission
versus pressure in a hydrogen gas target. Notice
the sudden onset at 150 Torr.

It is important to ask, under what physical cir-
cumstance may we expect to predict the plasma
density in this simple way? We need to know the
degree of ionization of the gas and its density. At
the laser intensity of 10'® — 10'* W/cm?, the elec-
tron energy® is sufficient to ensure 100% ioniza-
tion of the H, gas in a time much less than the
pulse duration., Also at these intensities, the ion-
ization front propagates® into the neutral gas at a
speed ~10% cm/sec, greatly in excess of the ion
sound speed. Therefore the plasma rarefaction
wave is unable to keep up with the ionization front
and the gas density is unchanged upon ionization.

The sudden onset of fast-electron emission at
150-Torr H, gas (Fig. 1) indicates that the accel-
eration mechanism depends on the presence of a
critical density of electrons. Both the PDI and
the RA mechanism rely on the condition w,~ w,
and both predict the acceleration of some elec-
trons to high energy. To distinguish between
these two mechanisms we must look at them in
closer detail.®

In the PDI the light wave drives an instability'
of electron plasma oscillations and ion sound
waves propagating in the direction of the electric
vector, As the plasma waves undergo Landau
damping, they generate a superthermal tail of
high-energy electrons moving parallel and anti-
parallel to the electric vector of the pump wave.

In the RA mechanism,? the light wave is as-
sumed obliquely incident on a varying plasma den-
sity profile, The light field penetrates the eva-
nescent region and the electric vector component
which is parallel to the plasma density gradient
drives resonant oscillations at the critical layer.
The plasma wave amplitude builds up until “wave
breaking” or “electron overtaking” occurs.” Then
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FIG. 2. Geometry of the experiment. The laser is
focused to produce a plasma in hydrogen gas. Fast
electrons were emitted in the plane of the page, in the
two directions shown. This proves that resonant ab-
sorption rather than the parametric decay instability is
responsible for the acceleration.

the oscillatory energy of the electrons is convert-
ed to directed kinetic energy and they are ejected
down (but not up) the plasma density gradient.

The effect is maximized at some oblique angle of
incidence 6, whose exact value depends on the
density-profile scale length L.

The basic experimental result of this Letter is
shown in Fig. 2: (i) The electrons are emitted at
an oblique angle with respect to the electric vec-
tor, in the plane formed by the electric vector
and the propagation vector. (ii) Furthermore,
there are no electrons emitted antiparallel to
either of the two directions shown. This is over-
whelming evidence in favor of the RA mechanism,

The laser source was a Tachisto CO, single-
mode oscillator, followed by an optical free-in-
duction-decay® (OFID) pulse shaper and a Lumon-
ics 103 amplifier. This system is more fully de-
scribed by Kwok and Yablonovitch.® The output is
a diffraction-limited pulse of 0.15-J energy and
500-psec duration. (The OFID system has recent-
ly'® been used to generate 30-psec CO, laser puls-
es.) The beam was focused into a cell of hydro-
gen gas, by spherically corrected germanium
lenses of aperture ratio varying from f/1 to f/5.

The gas was flowed, filtered, and cold-trapped
to remove impurities which might cause prema-
ture breakdown. For the same reason, it was im-
portant to maintain a high peak-to-precursor con-
trast ratio in the laser pulse,

The electrons were detected by two means:

(a) a silicon surface-barrier detector filtered by
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FIG. 3. The x-ray film was bent into the shape of a
cylinder, co-axial with the laser beam, and exposed to
the fast electrons. (a),(b) two typical shots. Notice
the angular substructure in (b). (c) The plane of polari-
zation rotated 45°. The two spots are correspondingly
shifted.

3.5 mg/cm? of aluminum foil, and (b) Kodak No-
Screen medical x-ray film wrapped in a 3.5-mg/
cm? thickness of Al foil. On the basis of the
range-energy relations' in the H, gas, it was de
termined that the electrons had an energy of 10-
20 keV. This was insufficient to penetrate the
aluminum foil. Therefore they were detected in-
directly, by means of the bremsstrahlung and Al
K x rays produced in the foil.

The film was bent into the shape of a cylinder
of 4 cm in diameter, co-axial with the laser
beam in the center. Two typical exposures, made
with an f/1 lens, are shown in Figs. 3(a) and 3(b).
The two shots are similar in that the electrons
are emitted on either side of the plasma, in the
plane formed by the electric vector and the prop-
agation vector. Nevertheless there are shot-to-
shot fluctuations and differences. In particular,
Fig. 3(b) shows some substructure in the spots
which represent the angular distribution of elec-
trons.

As a double check, the plane o. .ptical polariza-
tion was rotated by 45° by use of a germanium
slab. The shifted spots in Fig. 3(c) show that the
directions of electron emission rotated an equiva-
lent amount.

To determine more accurately the direction of
electron emission relative to the light wave it
was necessary to reduce the angular spread of
propagation vectors by using a longer-focal-length
lens. With an f/5 lens, the spread of % vectors is
only £5° and Fig. 4 shows the result. Along the
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FIG. 4. The exposure due to a plasma produced by
an f/5 lens. In this case several hundred shots were
needed. The thin white lines in the exposed regions
are due to wrinkles in the aluminum foil and they should
be ignored. 6 and ¢ are spherical coordinates with re-
spect to the propagation and polarization vectors, re-
spectively.

two edges of the film are the azimuthal and polar
angles of electron emission with respect to the
polarization and propagation vectors, respective-
ly. The electrons were emitted in the plane of op-
tical polarization, but in a direction 30° backward
from the electric vector. The half-angle of the
two cones of electron emission was about 25°,
Therefore no electrons were accelerated into the
forward half-sphere, i.e., into the antiparallel
directions.

The angle of incidence, 6,, for maximum elec-
tron acceleration is usually given'? by the follow-
ing formula which is valid for small 9 ,:

3kLsin%, =1, (1)

where & is the vacuum propagation constant and
L is the density profile scale length, From Fig.
4, 6,=60° which is somewhat too large for for-
mula (1) really to be accurate, Nevertheless, we
may conclude that L~ 1/2k or about 1 um. Thus
the angle of peak fast-electron emission gives us
information on the scale length L.

Armed with a knowledge of L, we are able to
predict the energy of the fast electrons. A cold-
plasma ‘“wave-breaking” analysis'® is applicable
under the physical conditions of our plasma. The
“electron overtaking” condition” occurs at a kinet-
ic energy &=e¢E, L. The evanescent electric field
which penetrates to the critical layer, E, may
be expressed in terms of the free-space electric
field, E,, by using the solution to Maxwell’s equa-
tions given by Ginzburg'*:

E ~ (Eo/2m)(X/L)Y2,

Therefore, the electrons are ejected from the
plasma with an energy

&=¢eE,(AL)"*/27,

For a laser intensity of 10'* W/cm? and L ~1um
(as inferred from 6 ,), this yields an electron en-
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ergy =15 keV, well within the measured range
of energies.

In general, fast electrons are emitted in all out-
ward directions normal to the critical-density sur-
face. Nevertheless, the precise shape of this sur-
face (spherical, ellipsoidal, or irregular) plays
only a minor role in the experiments reported
here. This is because Eq. (1) selects that angle
6, along the surface for which the RA effect is
maximized. The precise shape of the surface af-
fects mainly the finite spread of angles about the
maximum,

It should be kept in mind that the mechanism
which produces the plasma density gradient in a
gas target is inherently different from that in a
solid target. In a gas the density gradient is de-
termined by the propagation mechanism'® of the
ionization front. The motion of the ions them-
selves is actually quite negligible. In a solid tar-
get, on the other hand, the density profile is
formed by ablation of ions from the surface. The
motion of these ions is strongly influenced by the
ponderomotive pressure, and many types of fila-
mentation instabilities® are rather probable.

This may explain why gas targets are more
suitable for isolating the basic physical process-
es which occur in laser-plasma interaction. In a
solid target there is always something additional
taking place, and the simple angular emission
described in Fig. 2 has apparently not been ob-
served, though perhaps it soon will be,

More work is needed on the propagation mech-
anisms'® of the laser-driven ionization front in a
netural gas. The measurement here, of the den-
sity profile scale length, L~1 um, is a good
starting point. When combined with the avalanche
growth rate g of the electron number density, we
may deduce’® a speed of propagation,

v=gL.

The avalanche ionization scaling laws!” imply a
growth rate g~10'2 sec ! for H, at 150 Torr and
10'* W/cm?, Therefore the calculated propaga-
tion speed is v~ 10® cm/sec, in good agreement
with measurements® on the speed'® of the “plasma
shutter.”

We acknowledge a valuable discussion with
W. L. Kruer,
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We find that the normally stable configuration of substitutional hydrogen and deuterium
in MgO becomes highly unstable during ionizing irradiation. The cross section for dis-
placement of hydrogen is found to be a strong function of the irradiating temperature,
being ~ 108 b at 290 K and ~10% b at 85 K. The displacement cross section of hydrogen
at 290 K is shown to be twice that of deuterium.,

This Letter reports a new phenomenon of ex-
ceedingly high diffusivity for substitutional hy-
drogen and deuterium in MgO under electron ir-
radiation, It establishes that the usual diffusion
constants for hydrogen, deuterium, and (by im-
plication) tritium cannot be used to predict the
behavior of these isotopes in insulators under ir-
radiation—as for example in thermonuclear ap-
plications.

Mass transport of ions in insulating compounds
during irradiation has been a much neglected field
of study. Little, if any, work has been done in
the high-temperature oxides. The lack of activity
is due in part to the expected small effects and to
the cumbersome measurements required. For
hydrogen and deuterium in MgO, however, the
latter barrier is partially overcome by infrared
spectroscopy, which provides a powerful probe to
determine the O-H and O-D stretching modes for
several lattice configurations in MgO.

The O-H and O-D stretching frequencies cor-
responding to several configurations in MgO have
been identified in the past.”™” In particular, the

absorption bands at 3296 and 2445 cm™?! have been
convincingly attributed to H* or D*, respectively,
substituting for Mg** ions. The H* or D* in this
site is affected by covalent bonding to one of the
six neighboring oxygen ions and the resultant lat-
tice distortion yields the following configuration:
Mg?*-OH " -[ Mg vacancy] -O? -Mg?*. In color-
center nomenclature, this defect is referred to
as the Voy center. Therefore, the amplitudes
for the bands at 3296 and 2445 cm ™! provide a
relative measure of the concentration of the sub-
stitutional H* and D*, respectively. Rapid
quenching from high temperature (>1300 K) max-
imizes the substitutional V5~ species and mini-
mizes the formation of Mg(OH), precipitates,
which absorb at 3700 cm™'.3% Slow cooling from
elevated temperatures has the reverse effect.
Single crystals from two sources were used.
Those from W. & C. Spicer, Ltd., Winchcombe,
Gloucestershire, England, contained only hydro-
gen. The crystals grown in this laboratory were
doped with deuterium by soaking the MgO powder
in D,O prior to crystal growth.® Because of re-
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FIG. 3. The x-ray film was bent into the shape of a
cylinder, co-axial with the laser beam, and exposed to
the fast electrons. (a),(b) two typical shots. Notice
the angular substructure in (b). (c) The plane of polari-
zation rotated 45°. The two spots are correspondingly
shifted.
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FIG. 4. The exposure due to a plasma produced by
an f/5 lens. In this case several hundred shots were
needed. The thin white lines in the exposed regions
are due to wrinkles in the aluminum foil and they should
be ignored. 6 and ¢ are spherical coordinates with re-
spect to the propagation and polarization vectors, re-
spectively.



