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Resonance Absorption of 1.06- pm Laser Radiation in Laser-Generated Plasma
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The electron temperature of plasma generated by 85-psec 1.06-pm laser pulses,
focused onto perspex targets, has been measured as a function of laser polarization and

incidence angle. These measurements demonstrate that resonance absorption contributes
significantly to the total absorption of obliquely incident laser radiation. The relative
magnitudes of resonance and classical absorption have been measured together with the
density of "hot electrons" heated by the resonance process.

A knowledge of the absorption behavior of laser
radiation interacting with a laser-generated plas-
ma is important if laser energy absorption is to
be optimized for such applications as laser fusion.
This is an area of considerable experimental and
theoretical acitvity, ' "but not all the measure-
ments of absorbed laser energy are in agree-
ment. ' ' Because of the difficulty of "character-
izing" all the relevant experimental parameters
these results are not easy to compare. An iden-
tification of the relevant absorption mechanisms
and the conditions under which they are signifi-
cant is therefore essential. One such mechanism,
which is of topical interest, is that of resonance
absorption" "; the laser radiation is absorbed by
resonant coupling of its electromagnetic field to
Langmuir waves at the critical density surface
of the plasma where cu&„„=c», . Recent meas-
urements have provided strong evidence for the
existence of resonance absorption. "" This Let-
ter describes accurate measurements in general

agreement with these results. It is demonstrated
that, at intensities of -2 & 10"W cm ', resonance
absorption and inverse bremsstrahlung are the
dominant mechanisms for the absorption of 1.06-
p,m, 35-psec, laser pulses, focused obliquely on
smooth targets and normally on rough targets.

The experimental arrangement is shown in
Fig. 1. A neodymium:yttrium aluminum garnet
(Nd: YAlG) ring oscillator generated 35-psec,
1.06- pm laser pulses, in the TEM„mode. These
were amplified by a Nd: YA1G/glass chain, which
included a discrimination amplifier, "to achieve
good contrast between the main laser pulse and
any background or prepulse noise. The measured
discrimination at the output was better than 10 ',
so that the laser pulses were "well characterized. "
They were focused with an f/3. 75 aspherized lens
onto the surface of a plane semi-infinite perspex
target where a focal spot diameter of 80 pm was
measured. "Smooth tar get" experiments were
made with a surface finish better than A./4, and
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the massive targets guaranteed surface flatness.
The laser beam was passed through a half-wave
plate, mounted so that the angle y between its E
vector and the plane of incidence could be set as
required.

An output laser intensity Io of 2 &10"W cm '
was chosen to meet two conditions; (1) inverse
bremsstrahlung absorption of less than 30/0, 20

(2) I, less than the threshold intensities for pa-
rametric instabilities. Note that parametric in-
stabilities could significantly affect the absorp-
tion, even at oblique incidence. "

The normal to the target surface was positioned
at an angle 0 relative to the incident laser beam
axis, and measurements were made for nine dif-
ferent settings of 0 ranging from 0' to 40 . The
plasma electron temperature was adopted as an
indicator of the degree of laser energy absorp-
tion. This was measured by the absorber-foil
method"~' using two absolutely calibrated x-ray
detectors (with, respectively, 14.5- and 515-pm-
thick Be foils) set at a fixed angle of 45 relative
to the target normal. A check was made for iso-
tropy of the x-ray emission relative to the E vec-
tor direction which showed that the observation
angle was unimportant within the measurement
error. The incident laser intensity was kept as
close as possible to a constant 2 &10"W cm ',
throughout the experiments. X-ray signals were
measured as a function of incidence angle 0, for
s (E vector orthogonal to incidence plane} and p
(E vector in incidence plane) polarizations. For
each angle up to ten measurements were made of
the absolute x-ray signals on both detectors and
these were plotted against the shot-to-shot varia-
tion in laser intensity. Two independent values
of absolute x-ray intensity were then obtained
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FIG. 2. 4', a) Measured electron temperature for s and

p polarizations, as a function of incidence angle 0.
(b) Temperature component due to resonance absorp-
tion, as a function of 6.

from the plot at a laser intensity of 2 x 10"W
cm ' and from them two electron temperatures
were derived. These were checked for consis-
tency and found to agree within the estimated sys-
tematic measurement error. The average of the
two temperatures is plotted in Fig. 2(a) together
with the systematic error. Note that the major
source of error was the uncertainty in plasma
volume implicit in the calculation of electron
temperature from the measured x-ray intensity.
This uncertainty was always less than a factor of
2 which led to an error of between 5/q and 10% in
electron temperature.

It can be seen that the s-polarization tempera-
ture falls off with the (cos8)""variation expected
for inverse bremsstrahlung absorption. " The P-
polarization temperatures indicate a well-defined
absorption maximum at 15 + 5 . A resonance-ab-
sorption peak at this angle implies an electron-
density scale length 1.=3 p.m, given by sin8
= O. V(koL} '~', in good agreement with the value
of I. estimated from the measured electron tem-
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perature and plasma ref lectivity at normal inci-
dence. '0

Assuming that the electrons generated by reso-
nance absorption are thermalized in the plasma,
the electron temperature measured is given by

(T,)= [nH/(nc+n„)]2Tz„+ Tc,

where T~ is the temperature of the electrons heat-
ed classically and nc is the critical electron den-
sity; n~ and T~ are the density and initial temper-
ature of hot electrons, respectively. T~ is equiv-
alent to the potential energy gained by a resonant
electron:
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Tg =eEq h,x. (2)

4x is the distance through which the electrons are
accelerated and, in this case, where absorption
is assumed linear, is taken to be equal to the den-
sity scale length L. E„=(1-A)"'E,4(7')(2vk, L) 'i',
is the electric field which drives the resonance.
E, is the vacuum electric field, A is the fraction
of energy absorbed classically, and 4(i) is the
resonance absorption function taken from Ref. 11.
Combining (1) and (2), assuming n~«nc and n„
=p&'(v)I, "'

(p is constant), we find that the tem-
perature component due to resonance absorption
is (T,) —Tc=K4'(T); where K= 2(4e'L/~, )'"(p/
n~)(l —A)ID. The points (T,) —Tc are plotted in
Fig. 2(b) as a function of e; Tc is taken to be the
temperature measured for the s polarization.
The continuous line in Fig. 2(b) represents the
function K4'(T), and for L = 3 pm, a good fit to
the data points, between 0' and 20, is obtained
when n„/no=0. 02 at maximum absorption. This
value represents a measure of the initial hot- to
cold-electron ratio and is in agreement with the
value predicted by a numerical simulation for
similar conditions in Ref. 11. Note that the de-
viation of the fit at large angles implies that an
additional, weaker, absorption mechanism may
be present.

Figure 3 shows the measured electron tempera-
ture as a function of E-vector angle y, at a fixed
angle of incidence of 15'. The cos' function rep-
resented by the continuous line is seen to be a
good fit to the data. This clearly demonstrates
the presence of resonance absorption, because,
with a constant inverse bremsstrahlung contribu-
tion, the temperature due to resonance absorp-
tion should vary as the square of the E-vector
component in the plane of incidence, given by
Eo cos +,

At the laser intensities necessary for fusion,
processes such as resonance absorption are im-

FIG. B. Measured electron temperature as a func-
tion of the aggle y, between the E vector and the inci-
dence plane.

portant. In this application the targets will be
strongly curved with no unique angle of incidence.
Although curvature allows some absorption, ' a
further increase may be desirable. An attempt
was therefore made to cause absorption indepen-
dent of incidence angle by roughening the target
surface. Randomly rough surfaces were pre-
pared, with an average modulation depth and a
periodicity of the order of the measured density
scale length of 3 pm; the modulation insured that
some of the radiation was obliquely incident. The
absorption was now found to be insensitive to s or
p polarization, with the target angled at 0= 15'.
Absorption at 0' was found to be equal to that at
15' and the measured electron temperature, in
this case, was 230 eV, equal to that obtained with
smooth targets at the optimum incidence angle.
This implies that resonance absorption at normal
incidence may be possible if the target surface is
rough.

The value of I measured here agrees with that
expected for a density gradient determined by hy-
drodynamic expansion: L-t(Z T/m, )"', where t
is the laser pulse length. Comparing this result
with those reported for higher laser intensities
it can be seen there that the derived density scale
lengths are -4 times shorter than expected on the
basis of an uninhibited expansion. This may there-
fore imply some profile modification at the higher
laser intensities, as suggested in Ref. 13.

It is interesting to note in this context that for
plasma generated by a 10.6- pm laser, under sim-
ilar conditions of A02IO (10"W cm '), resonance
absorption was inferred'" when the laser was at
normal incidence, where it would have occurred
at the curved critica1. surface caused in part by
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the formation of a density cavity" (cf. profile
modification) and in part by hydrodynamic expan-
sionn.

In conclusion, it has been. demonstrated that
resonance absorption can occur in laser-target
interactions at oblique incidence. The measure-
ments agree well with theoretical predictions for
the behavior of resonance absorption and a value
of 2% for the ratio of hot to cold electrons has
been derived from the data. It has been shown
that, with specially prepared rough surfaces,
absorption can be increased, at normal incidence,
probably due to resonance effects.
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Frequency and wavelength of electrostatic ion-cyclotron waves have been measured in
a mirror machine. The dominant frequency occurs near the ion-cyclotron fundamental
with width Zf/f & 0.02. For most of the plasma buildup and decay the perpendicular wave
numbers are consistent with an ion-diamagnetic drift wave up;* = ki (cE&/cB) (1/n)dn/dx
at the ion-cyclotron frequency. With increasing wave amplitude the wave spectral prop-
erties do not change but an increase in ion energy diffusion is observed, supporting a
wave-particle saturation of the mode.

Plasma confinement experiments in minimum-
B magnetic mirror machines'~ have demonstrated
the simultaneous reduction of hot-plasma loss
rate and amplitude of ion-cyclotron oscillations
with addition of warm streaming plasma injected
along magnetic field lines. According to theoret-
ical interpretation of these experiments' the

streaming plasma stabilizes the drift cyclotron
loss-cone' (DCLC) instability that is driven by
the velocity-space loss cone of the ion distribu-
tion and the radial plasma density gradient. In
this Letter we report measurements of the fre-
quency and wavelength of the ion-cyclotron oscil-
lations in the neutral-beam-injected 2XIIB de-
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