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An ultradense (& 10'9 e /cm~), low-temperature (- 20 ev), Z -pinch plasma has been
used for CO2-laser-plasma interaction experiments at 10.6 p, m. Anomalous transmission
of radially incident, intense (-10"W/cm~) laser radiation of 38 nsec full width at half-
maximum has been observed to occur through the initially overdense plasma. v„~/v,h is
calculated to be = 0.9 at the critical surface, where holographic interferometry shows
critical density scale lengths of 70 to 200 pm. The transmitted beam shows increased
temporal modulation and a periodic spatial structure resembling Fresnel rings.

The coupling of intense laser radiation with
overdense plasmas (~, & ~~) is of great impor-
tance in laser-fusion research. In particular,
there is concern that CO, lasers (at A =10.6 pm)
will produce significantly more fast electrons
than Nd:glass lasers (at X =1.06 pm) because of
the larger critical density radius for CO, lasers. '
However, the presence of large electric fields
(u„,/v, q

~ 1, where v, ~ is the electron thermal
velocity and v„,the electron quiver velocity,
v„,=eE/m&u, ) at the critical surface has been
predicted to result in significant profile modifica-
tion" reducing the critical scale length and thus
reducing the energy in fast electrons. Experi-
mental investigation of profile modification in
laser-pellet plasmas is difficult and to date has
largely been inferred by indirect measurements

and comparison of laser-pellet experiments and
sophisticated computer codes. ' Direct observa-
tion of steepened density profiles in laser-pellet
experiments has only recently been made. ' Previ-
ous experiments on independently produced plas-
mas with electron densities above the critical
density' have not had the initial steep density
gradients or low electron temperatures neces-
sary for achieving t„,/v, h& 1. In this Letter,
we present preliminary results taken in this limit
with an intense CO, laser incident on an indepen-
dently produced, overdense, low-temperature
helium plasma.

The plasma is a highly reproducible, small,
linear, coaxial helium Z pinch discussed else-
where. " The discharge is 17 cm long and has
an initial radius of 1.5 cm. The Z pinch is pow-
ered by a 14- p, F capacitor charged to 12.75 kV,
the quarter period is 2 p.sec, and the time to
pinch is 0.8 p,sec. Peak currents are 140 kA
with a total inductance of 100 nH. At maximum
compression (lasting over 50 nsec) peak electron
densities reach 4 ~10" cm ' with a critical radius
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FIG. 1. Measured radial electron density profile.
Obtained from Abel inversion of a holographic inter-
ferogram (A.o

——347.2 nm) at peak compression.
FIG. 2. Experimental configuration, shown in the

X-Y plane.

649



VOLUME 40, NUMBER 10 PHYSICAL REVIEW LETTERS 6 MARCH 1978

4

sl

FIG. 3. Transmitted beam @faith no plasma present.
Note annular rirg characteristic of unstable resona-
tors.

FIG. 4. Transmitted beam through an initially over-
dense plasma.

as small as 850 p.m and a critical scale length
(I.=N, /VN, ) as small as 70 pm as measured by
ruby-doubled holographic interferometry (see
Fig. 1). These electron densities are in agree-
ment with particle conservation if full ionization
is assumed. The electron temperature is inferred
from the Bennet pinch relation' to be 20 eV. A
lower estimate of the temperature obtained by

~assuming Saba equilibrium is 10 eV (at the mea-
sured density). Direct measurement of this tem-
perature at these high densities is difficult, but
the level of x-ray emission indicates that the
electron temperature is below 40 eV. The inde-
dependent production of this plasma has allowed
us to make comparative measurements with and
without the laser.

The laser is a CO, transverse-excitation-atmos-
phere laser incident on the plasma in the radial
direction (rather than the z direction). Peak
power is 490 MW in 38 nsec with 10—20% mode
locking. The laser is equipped with an unstable
resonator yielding a diffraction-limited output.
Focusing is performed with a modified Newtonian
copper mirror system" giving a diffraction-lim-
ited focal spot diameter of 125 p, m and a peak in-
tensity of 2x10"W/cm' in vacuum. A propylene
attenuator is used to vary the beam intensity. '
Beam diagnostics include a pyroelectrie calorim-
eter, a photon drag detector, and a PbSn Te de-
tector used to obtain the backscattered energy.
The experimental configuration is shown in Fig. 2.

Our studies have involved the investigation of
forward-transmitted and/or forward-scattered
beam, holographic interferograms of the interae-

tion, and measurements of backscattered light.
The laser intensity ranges from 10" to 2 x10"
W/cm' yielding a peak v„,/v, z-—1, when field
swelling and collisional absorption are taken into
account. Using burn photography, Fig. 3 shows
the transmitted beam as recorded on film with-
out the plasma present. The ring structure is
characteristic of unstable resonators with little
energy in the center. Figure 4 shows the result-
ing energy distribution after the beam was fired
into an overdense plasma. This pattern has been
observed when the beam was incident on an over-
dense or slightly underdense plasma, and is
identical to that obtained by Fresnel diffraction
through a circular aperture. " It should be com-
pared to the resulting energy distribution found
when the beam is incident on an underdense plas-
ma (N, =10" cm '), Fig. 5. Energy measure-
ments of the Fresnel pattern show that 4% of the
incident beam is transmitted. The divergence
angle of the beam trans mitted through the plasma
is measured to be the same as that transmitted
without the plasma. This indicates that the hole
produced by the laser (as deduced by the pres-
ence of the Fresnel pattern) has a diameter slight-
ly smaller than the original focal spot, namely
125 pm. Furthermore, the production of Fresnel
rings requires a smooth, hard aperture. Any
significant roughness in the hole would blur the
rings.

The presence of a critical surface indicates
that significant backscatter could occur. Further-
more, at these intensities (10"to 2 x10"W/cm')
parametric baekseatter instabilities such as
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FIG. 5. Transmitted beam through an underdense
(N, = 10' cm 3) plasma.

stimulated Brillouin scattering (SBS) and stimu-
lated Raman scattering (SRS) are predicted to
have significant growth rates in the infinite homo-
geneous plasma. "'" While our backscatter de-
tector is too slow to give time resolution of any
signal with a risetime less than 65 nsec, the time-
eorrected integrated backscatter energy has nev-
er exceeded O, i%% over the intensity range investi-
gated. Furthermore, the observed dependence
on power is linear. Hence, we believe that to
within the limits of our collection optics, we are
not seeing a significant amount of backscatter en-
ergy. The absence of observed SBS or SRS is
currently attributed to short temperature and den-
sity scale lengths.

The transmitted signal was time resolved using
a pyroelectrie detector. While the laser itself
typically shows 10-20/p modulation due to partial
mode locking, the transmitted beam shows nearly
100/p modulation on a mode. -locked time scale.
Furthermore, the transmitted pulse is narrower
than the incident pulse, varying in width from 10
to 30 nsec (full width at half-maximum). The
transmitted beam appears to occur 20-30 nsec
after the laser turns on,

Holographic interferograms of the interaction
have been made in an attempt to look for density
modification. The spatial resolution of the exist-
ing interferometer is 200 p,m, too coarse to ob-
serve directly a perturbation the size of the focal
spot diameter. An example of the interaction is
shown in Fig. 6. This hologram was taken 19
nsec after the beginning of the CO, laser pulse.
This corresponded to 0.'7 J incident on the plasma
(a total of 1.4 J was delivered on this shot). The

FIG. 6. CO2-laser-plasma interaction interferogram
showing pinched plasma column along the Z axis.
Overdense region extends out to a radius of 0,8 mm
with a peak n, = 1.5&& 10'9 cm . Time of interferogram
corresponds to peak CO2 laser intensity.

perturbed region stabilized and appeared as a
density depression at the end of the laser pulse. "
It is interesting to note that if the perturbed re-
gion (i.e., that part of the hologra, m where the
moirai pattern is lost), extending for ~= 1300
p, m is assumed to be the result of thermal ex-
pansion, one can estimate the fraction of laser
energy absorbed in this region assuming classi-
cal heat transfer. " If I is the absorbed laser
intensity, then energy balance requires IAt
=-,N, AO, M, where b.0, is the change in electron
temperatures. From Fourier's law we also have
that I=K(e,) AB,/0 BAX w her e K( 8, ) is Spitzer's
thermal conductivity. Using inf ormation mea-
sured from Fig. 6, we find that 66,=55 eV for
an initial temperature of 20 eV. This then shows
a change in internal energy of approximately
0.15 J. Since the electron-ion equipartition time
7„.for 0=75 eV is much less than At, the laser
pulse width, we assume 60,= 60;. The change in
kinetic energy is estimated to be 0.16 J assum-
ing a hydrodynamic expansion velocity of ~/b, t.
Thus this explanation accounts for total absorbed
energy of 44/p.

The ratio of M/at to v, z at this final tempera-
ture is 0.02, indicating thermal diffusion at a
rate well below free-electron streaming, showing
that a classical interpretation of this motion may
be acceptable. It is important to note that a p-i-n
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diode imaged in the plasma on the CO, laser focal
spot shows a twofold increase in light emission
(dominantly free-bound and free-free radiation)
from that region at the time of the interaction.

The interaction observed in the interferograms
appears to be interpretable with classical models.
However, the formation of Fresnel rings is only
observed when the plasma is initially overdense
or slightly underdense. Currently, we are un-
able to explain this. Furthermore, the Fresnel
pattern would indicate a quiescent state; thus,
the increased modulation of the transmitted light
is also unexpected. Experiments are presently
underway to study the power dependence of these
phenomena and to time resolve the backscatter.
A subnanosecond high-power CO, laser is under
construction so that our experiments will more
nearly simulate current laser-pellet experiments.

(The formation of a hard aperture as evidenced
by the Fresnel rings, and the propagation of radi-
ation through the initially overdense plasma, have
recently been predicted theoretically by Sodha
and Tripathi. ")
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T. Tajima, J. N. Leboeuf, and J. M. Dawson
Department of Physics, University of California, Los Angeles, California 90M4

(Received 19 December 1977)

We have observed forward-facing slow wave shocks created by an obstacle in a magneto-
hydrodynamic flow in runs on a magnetohydrodynamic particle stimulation code. The
shocks have a double-layer structure composed of the compressive and accompanying
rarefactive slow-wave fronts.

One of the most striking features of the magneto-
hydrodynamic (MHD) shocks is the possibility
of a forzoard-facing (upstream) shock. "' Craig
and Paul' first observed in a laboratory experi-

ment slow-wave shocks in a one-dimensional
configuration. Chao and Olbert' inferred the ex-
istence of forward slow-wave shocks from solar
wind data which showed discontinuities in physi-
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