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Interyretation of the observed anomalous transmission of intense laser radiation
through an overdense plasma
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An explanation is provided to the experimental results of Rockett et al. IPhys. Rev. Lett. 40, 649 (1978)]
on the anomalous transmission of a ring-shaped laser beam through an overdense plasma. The laser beam
heats the electrons of the illuminated region which in turn heat the electrons of the central region through
thermal conduction. In order to equalize the pressure everywhere, a density depletion of the spot size of the
laser beam is created which paves the way for the beam to be transmitted.

Rockett, Steel, Ackenhusen, and Bach' have re-
cently reported some interesting exper'imental re-
sults on the anomalous transmission of intense
CO, -laser radiation through an overdense (&, & 10"
cm '), low-temperature (-20 eV) z-pinch plasma.
The laser is incident on the ~ pinch from the trans-
verse direction, viz. , & axis, and possesses a
ring-shaped intensity profile in the 7-z plane.
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where && is the local electron plasma frequency
and & is the electron-ion collision frequency. It
is seen that the laser creates a depletion of the
plasma over a circular spot of size slightly great-
er than &, and thus makes the way for its trans-
mission. Had the electron-ion collisions been
negligible, the ponderomotive force on the elec-
trons should have created a density depletion2'
only on the ring (&=&0) and a plasma accumulation
at the center (&=0), contrary to the observation.
As a matter of fact, the electron-ion collision fre-
quency at +,-10"and &, -20 eV turns out to be' '
& =10" sec ' which is very large. The electrons
are heated nonuniformly by the laser around the
ring & =&0 through the collisions and a temperature
gradient is set up. The hot electrons transfer
their energy to the electrons in the central region
(& =0) through thermal conduction; a part of the
energy flows outward away from the heated ring
also. Besides this, the electrons lose a fraction
(-2~/m„mand m, are the electron and ion
mass) of their excess thermal energy to ions
through collisions. Thus the energy balance equa-
tion for electrons would be'
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where x, (=Sn, T,/0. 65mv) is the electron thermal
conductivity and & is the ion temperature; the
last term in Eq. (2) refers to thermal conduction.
The ratio P of the energy loss in thermal conduc-
tion to that through collisions (i.e., third term to
the second term on the right-hand side) comes
out to be'
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For the parameters of the experiment (T, = 20 eV,
n -10"cm ', m, /m=7. 3x10') R=1. However,
as the electron temperature rises, & goes as
(T,/T)'and the thermal conductionpredominates over
the collisional energy loss. Taking the scale size
of electron temperature variation as &0, the time
to achieve steady state (i.e., the time to heat the
electrons of the central region, &=0) turns out to
be &H =~&',/ST, . For the parameters of the ex-
periment &0 =1 nsec for &0= 10 ' cm, &, = & and
decreases rapidly as &, rises. Thus the heating
time is much smaller than the duration of the laser
pulse (& - 35 nsec).

In the steady state all the electrons inside the
circular spot of radius &0 are heated (,T, being al-
most flat from & =-0 to &= &0 and then falling off
sharply beyond &0). The rise in temperature can
be estimated to be

= (r'v', /2v2, &2„)(T,/T) "T,

where &0„ is the electron drift velocity owing to the
laser, and &,0 and ~~ are the electron thermal
speed and mean free path at &, =&. For the param-
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eters of the experiment as the power density of the
laser increases, i.e., &'„,/&,'0 increases from 0.01
to 1.0, (T, —&)/& goes from 1 to 3.5. On increas-
ing the power density further, the electron tem-
perature rises slowly. For peak intensities of the
experiment &, =4&, i.e., the electron temperature
rises four times its thermal equilibrium value.

The plasma in the hot spot must diffuse owing
to a pressure gradient on a time scale 7„-&o/&,
[&, = (&,/~i)' ' is the ion sound speed] which is
-5 nsec for the parameters of the experiment.
Thus &&& &H and the electron temperature attains
steady state much before the diffusion takes place.
In the steady state (t »~) one would obtain, equal-
izing plasma pressure in the hot spot to that out-
side it,

n, =[2T/(T, T)]n

where &, is the electron density outside the spot.
Thus a density depletion in the hot spot is created.

For power densities of -10" W/cm', n, —~3,.
The critical density for laser radiation is +,-10'
cm '. Thus the laser would be transmitted when
&,~&„ i.e., the electron density is depleted below
the critical density. For the density profile of the
experiment, power threshold for transmission
should be -10" W/cm' and the laser duration must
be greater than the diffusion time -5 nsec. The
experimental values of power' are greater than
this, hence the transmission is observed.

(i) Experimentally the transmitted laser pulse
is delayed by 10-20 nsec in the plasma. The delay
according to the above-mentioned analysis, is
owing to the time taken by the plasma for diffusion
from the hot spot, i.e., a few 7„(7~-5nsec).
This explains very well the delay. The front and
tail portions of the pulse cannot create sufficient
density depletion and are not transmitted. Subse-
quently the pulse width is reduced. The reduction
for the parameters of the experiment should be

-15 nsec which is about the same as observed ex-perimentallyy.

(ii) The incident beam possesses amplitude
modulation of 20/o. This creates density oscilla-
tions in the plasma cavity (&, -~ E~' oscillates and
consequently +, -1/&, also oscillates). The den-
sity oscillations in the cavity sometimes allow more
transmission and sometimes cut. off. the transmis-
sion. Thus the transmitted beam must possess
more violent modulations. This is also in agree-
ment with the experiment where 1007o modulation
of the transmitted beam has been observed.

(iii) On the basis of the linear theory of wave
propagation, the wave is attenuated as
exp[-. (f&; dx)]. A wave reaching up to the critical
layer and then coming back after reflection should
be attenuated (through collisional damping) more
than 95% for the density profile of the experiment
hence no reflected power. However, as the power
is raised, the electrons are heated, collision fre-
quency decreases (i.e., attenuation decreases),
the wave gets transmitted owing to plasma deple-
tion and the attenuation of the transmitted pulse is
less than 95%. This speculation is quite well sup-
ported by the observed transmission of 4~%%d.

(iv) The plasma possesses a sharp density grad-
ient of L„"70pm and a very large collision fre-
quency (i.e., the large attenuation rate) conse-
quently the power thresholds for Raman and Bril-
louin scattering as calculated by using. the expres-
sions given by Liu, ' come out to be two orders of
magnitude larger than those used in the experi-
ment. This is why the parametric instabilities
have not been observed in the experiment.
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