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periments of Kerns and Johnson® in which obser-
vations were made of a 2.5-MV, 25-kA stream
formed from a Bennett cathode and incident on a
(CD,), target. It was found that ~21 kA of stream
current was focused to a diameter <75 pm in a
time ~ 25 nsec following filamentation at ~15
nsec. Filamentation and pinching initiated in the
high-density plasma plume in front of the target.
Typical values were y=~6, i~0.2, Z=~% o,=~0.1
cm, and 0 <3.75x107% cm. Then, by calculation
f=35, y=0.58 (i.e., ~300 keV), A=20.224 cm,
0,2~0.54x10%2%n"! cm, L=~2.4x10%2%"! cm, {,
=~18.8 nsec, with the requirement that n >3.6
x 10 ¢m™%, The time equivalent to ¢; (i.e., the
time taken for formation of a dense plasma with-
in the stream) is determined, in this case, by
closure of the 0.6-cm cathode-anode gap by plas-
ma plumes from the cathode and anode surfaces.®
The observed times® were consistent with estab-
lished plasma-diode dynamics.® For all expected
ranges of » in the diode, 07 and L greatly exceed-
ed experimental dimensions. Thus, 0,<<0; and
uniform-diameter conditions should exist after
the 0.224-cm focusing distance. Then from Eq.
(9), ¥o=vi(Bo/5,)?/2<0.84x1073 (corresponding
to <430 eV) is necessary in order to achieve the
observed pinch radius. Such values, attainable
with the Bennett cathode, are thought to occur
due to channeling of cathode-emission electrons
to the diameter of the dielectric rod before these
particleé have gained appreciable energy from
the applied field. Such behavior would not occur,
for example, in large-aspect-ratio diodes where
stream electrons acquire appreciable energies
before focusing occurs.

Of interest here is the behavior of the stream

as it penetrates the solid target. Taking as ini-
tial conditions the values 0,<3.75x107% ¢m and
P, 0.58 attained within the diode, the solid-den-
sity parameters #n=~10? cm™® and Z ~ § give o,
=~0.054 cm >0, 0>0,3.75x107% cm, Y=y,
=~ 0,58, A~8.4x10"% ¢m, L =~0.242 cm, t;(+1)
=~0.32 nsec, and ;0.7 nsec. Thereby, it ap-
pears that very rapidly the stream penetrates the
solid over distances of several millimeters at a
uniform diameter <75 um. Under such condi-
tions, power flux densities within the target may
have exceeded 1.6 x10'® W/cm? in these experi-
ments.

These considerations were aided by discussions
with J. J. Wynne.
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I report the first observation of CO,~laser-induced x-ray emission from gaseous targets.
By varying the gas pressure, the plasma density of the target was tuned through resonance
at the critical density. The x-ray emission rose quickly from zero at the critical pressure,
and reached a peak when the plasma was slightly overdense. Because of the resonant en~
hancement, a CO,-laser pulse of only 0.1 J was sufficient for this experiment.

In the interaction between a laser pulse and a
solid target, the plasma density varies from
~102® electrons/cm? in the target to 0 in the sur-
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rounding vacuum. It is generally agreed! that the
energy absorption takes place in the narrow crit-
ical layer where the plasma frequency equals the
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laser frequency w. Nevertheless, there is no
consensus on the absorption mechanism itself.
Some theorists favor a type of nonlinear paramet-
ric interaction,? while others invoke a linear res-
onance model.?

In order to elucidate the physics of the reso-
nant interaction process itself, it is desirable to
control the plasma density to be at or near the
critical density. In studying the physics, there-
fore, a gaseous target may be more appropriate
than a solid target. For example, when hydrogen
gas at 150 Torr becomes fully ionized, the plas-
ma density is 10'°/em?®, the critical density for
the CO,-laser frequency. Thus by varying the
gas pressure in the neighborhood of 150 Torr we
can study the underdense regime, the resonant
regime, and the overdense regime. Similarly
for any other gas, there will be a critical pres-
sure which depends on the charge state of the
positive ions which are formed.

In this paper I report x-ray emission from
plasmas produced in hydrogen, helium, mixtures
of hydrogen and helium, nitrogen, argon, and
helium doped with 1% xenon.

The laser source was a CO, oscillator, followed
by an optical free-induction-decay pulse shaper,*
with a Lumonics 103 used as a final-stage ampli-
fier. This system is more fully described by
Kwok and Yablonovitch.® The output is a diffrac-
tion-limited pulse of 0.1-J energy and 500-psec
duration. It was focused into the gas cell with a
spherically corrected, f/1,; germanium, doublet
lens. The gas was filtered and cold trapped to
remove impurities which might cause premature
breakdown.® There was a steady flow through
the chamber to ensure a fresh charge of gas for
each laser shot.

The plasma was generated through avalanche
ionization, driven by inverse-bremstrahlung
heating of the electrons. The focal-spot intensi-
ty was high enough to initiate” the avalanche by
tunneling.® Below a certain pressure threshold,
the gas would not break down, because of the re-
duction in collisional heating rate and the in-
crease in diffusive loss rate of electrons.® This
varied from ~25 Torr in argon to-about ~100
Torr in helium. Observations were made over a
wide pressure range from the breakdown thresh-
old up to 1 atm.

The resonant nature of the x-ray production is
evident in Fig. 1 which plots it as a function of
gas pressure. Hydrogen has the sharpest reso-
nance. At the critical pressure of 150 Torr the
emission rises from zero, quickly reaching a
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FIG. 1. X-ray emission from plasmas produced in
hydrogen-helium mixtures. The four small arrows
along the abscissa indicate the calculated gas pressure
which would give rise to a critical density of electrons
(10'?/cm?) for each of the four mixtures, in order of
decreasing hydrogen fraction. This shows that the on-
set of x-ray production occurs at the critical pressure.
The emission is normalized to unity at the peak value.

maximum when the plasma is ~25% overdense.
The x-ray production just below the critical pres-
sure is under the limit of our detection capabili-
ty, less than 2% of the peak emission. Helium
has the same behavior except that the onset of x-
ray emission is at 300 Torr, exactly twice the
critical pressure of H,. This indicates that the -
helium plasma is produced in the singly ionized
charge state, a result which will be explained
later in the paper.

Particularly fascinating are the results on H,-
He mixtures which show the shift of the reso-
nance as a function of the concentration ratio.

The small arrows along the abscissa give the cal-
culated critical pressure, p., for each of the four
mixtures in order of decreasing hydrogen frac-
tion x:

Pe=kTmw?/4ne?(1 +x),

where e and m are the charge and mass of the
electron, T is room temperature, k is Boltz-
mann’s constant, and w is the laser frequency.

Helium gas doped with 1% xenon showed the
same pressure dependence as pure He, but the
emission was much stronger because of the high
atomic number of xenon.

In Fig. 2 we see that argon and nitrogen also
exhibit a form of resonant behavior. Because of
the higher ionization state of which these gases
are capable, the plasma resonance is shifted to
lower pressures. We can infer a charge state of
perhaps 4 or 5 for these atoms. The ambiguity
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FIG. 2. X-ray emission from plasmas produced in
nitrogen and argon. The emission is normalized to uni~
ty at the peak value.

in the precise degree of ionization is probably re-
sponsible for the smearing out of the resonance
when compared to the sharp steplike behavior of
a gas like hydrogen.

The radiation was detected by two means: (a) a
silicon surface-barrier detector filtered by 6.9
mg/cm? of Al foil and placed about 1 ¢m from the
focal region; (b) small film packets of Kodak no-
screen medical x-ray film filtered by 10 mg/cm?
of black polyethylene and placed about 0.8 cm
from the focal region. Most of the quantitative
measurements were made with the film, calibra-
tions of which have recently been published.'®

The experimental procedure was to expose the
film for 20 min at a given gas pressure, with the
laser pulsing at 0.3 pulses per second. The ex-
posures had to be reduced for argon and for
He:Xe, which, because of their higher atomic
number, had much more powerful x-ray emis-
sion. Typically, the film was exposed to a net
optical density of about 1.

The 10-mg/cm? polyethylene filter is essential-
ly opaque to x-ray wavelengths longer than ~ 8 A.
Therefore only bremsstrahlung and free-bound
continuum radiation could be observed from the
low-Z gases (N,, He, H,), whose line emission is
beyond the long wavelength cutoff of the filter.
Employing the two-foil-absorber ratio technique,
with foils of 10 and 20 mg/cm? of polyethylene,
an effective electron temperature of 1 keV was
inferred'! for the nitrogen plasma. ,

There was an additional complication in the x-
ray emission from H, and He. Because of their
low atomic number, their bremsstrahlung and
free-bound continuum radiation were very weak.
Similarly, the stopping power of the gas for fast
electrons was relatively small. Electrons were
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FIG. 3. The solid lines show the focal spot and the
cone-shaped region of laser light leading to it. The
dashed lines represent the ionization front at successive
instants in time. Notice that the laser-plasma interac-
tion occurs mainly in the low-intensity region in front
of the focal spot.

emitted from the focal region with enough ener-
gy to strike a copper surface of the gas cell 8
mm away. Because of the relatively high Z of
the metal, this roundabout mechanism produced
x-rays comparable in intensity to the continuum
emission coming directly from the focal region
itself. In He the two contributions were about
equal, while in H, the emission from the metal
surface was the stronger of the two. From the
range-energy relations'? for the fast electrons,
we can infer that at least 10 keV are required to
penetrate 8 mm of gas and have enough éenergy
left over to produce x rays. A study of the fast-
electron emission will be published in a forth-
coming paper.'3

To interpret these experiments more fully, it
is important to know the geometry of both the
plasma and the light beam which is generating it.
The optical electric field E is so high that the
electron quiver energy e’E?/2mw? greatly ex-
ceeds the ionization potential of the gas, not only
in the focal spot, but also in the cone-shaped re-
gion of laser light leading to it, as shown in Fig.
3. Under these conditions, impact ionization oc-
curs with every collision and is roughly indepen-
dent of the light inténsity. Since the diffusive
loss rate of electrons from the tiny focal volume
is quite high, the plasma will actually avalanche
more quickly in the lower-intensity region in
front of the focal spot where the beam width is
larger. From there the ionization front will
spread as a breakdown wave,'* further upstream
toward the lens. In this relatively low-intensity
region, the critical layer appears as a moving
front, and this is where the resonant laser-plas-
ma interaction actually occurs.

In the context of this picture, we can under-
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stand why helium does not experience plasma
resonance in the pressure range between 150 and
300 Torr, where a doubly ionized plasma would
be resonant. Because of the factor 10 difference
in ionization cross section'® and the factor 2 dif-
ference in ionization potential between He and
He*, the avalanche ionization rate for the two
species will be vastly different. Therefore a
large cone-shaped region of singly ionized,
slightly underdense, plasma will first form in
front of the focal spot. This will defocus the
light and prevent it from reaching a high intensi-
ty for a long enough time to produce the doubly
ionized plasma. This reasoning does not apply
to nitrogen and argon, because the difference in
ionization cross section'® between successive
stages of ionization is much less. )

I would like to thank R. Godwin and G. H. Mc-
Call for many valuable discussions.

13. Nuckolls, L. Wood, A. Thiessen, and G. Zimmer-
man, Nature (London) 239, 139 (1972).

’p. K. Kaw, J. Dawson, W. Kruer, C. Oberman, and
E. Valeo, Kvantovaya Elektron. 1, No. 3, 3 (1971) [Sov.
J. Quantum. Electron. 1, 205 (1971)]; M. N. Rosenbluth,
R. B. White, and C. S. Liu, Phys. Rev. Lett. 31, 1190
(1972). :

*R. P. Godwin, Phys. Rev. Lett. 28, 85 (1972); J. P.
Friedberg, R. W. Mitchell, R. L. Morse, and L. I. Ru-
dsinsky, Phys. Rev. Lett. 28, 795 (1972).

‘E. Yablonovitch and J. Goldhar, Appl. Phys. Lett. 25,
580 (1974).

’H. S. Kwok and E. Yablonovitch, Rev. Sci. Instrum.
46, 814 (1975).

E. Yablonovitch, Phys. Rev. A'10, 1888.(1974).

'E. Yablonovitch, Phys. Rev. Lett. 31, 877 (1973).

L. V. Keldysh, Zh. Eksp. Teor. Fiz. 47, 1945 (1964)
[Sov. Phys. JETP 20, 1307 (1965)].

°D. R. Cohn, C. E. Chase, W. Halverson, and B. Lax,
Appl. Phys. Lett. 20, 225 (1972); E. Yablonovitch, Appl
Phys. Lett. 23, 122 (1973).

05ee the articles by L. N. Koppel and R. A. Armistead,
in Advances in X-vay Analysis, edited by W. L. Pickles,
C. S. Barrett, J. B. Newkirk, and C. O. Rund (Plenum,
New York, 1975), Vol. 18,

Based on data from R. C. Elton, NRL Technical Re-
port No. 6541, 1967 (unpublished), and No. 6738, 1968
(unpublished).

’E. Segré, Nuclei and Particles (Benjamin, New
York, 1965).

BE, Yablonovitch, to be published.

Yyu. P. Raizer, Usp. Fiz. Nauk 108, 429 (1972) [Sov.
Phys. Usp. 15, 688 (1973)].

5H. 5. W. Massey and E. H. S. Burhop, Electronic and
ITonic Impact Phenomena (Oxford Univ. Press, London,
1969), Vol. 1.

16C. W. Allen, Astrophysical Quantities (Athlone
Press, London, 1973).
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The propagation of ion-acoustic waves (IAW) in a double-electron-temperature plasma
is investigated both experimentally and theoretically. It is found that the presence of even
a small fraction of the lower-electron-temperature component can dominate the behavior
of the waves. The results have important implications both for the use of IAW as a diag-
nostic tool for measuring electron temperature and for the interpretation of turbulent IAW

spectra.

In this paper, we examine the propagation of
linear ion-acoustic waves (IAW) in a plasma
whose electron velocity distribution may be rep-
resented by the superposition of two Maxwellians.?
Such electron distributions are rather frequently
encountered. For example, hot turbulent plas-
mas of thermonuclear interest often have high-
energy tails; strong electron-beam-plasma in-
teractions can result in such electron distribu-
tions; and very often, simple hot-cathode dis-
charge plasmas also have double-electron-tem-

perature distributions.? The latter type of plas-
ma is used in the present study because it is
steady state, quiescent, and the plasma param-
eters are easily varied over a fairly wide range.

When two groups of electrons at different tem-
peratures are present, the Langmuir-probe cur-
rent characteristic shows a distinct break in the
electron-retardation region. An example is giv-
en in Fig. 1. The procedure for determining both
the temperatures and the densities of the two elec-
tron distributions is well known.!
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