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Interferometric Confirmation of Radiation-Pressure Effects
in Laser-Plasma Interactions
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Interferometric data resolved to 1 pm and 15 psec confirm the significant role of radi-
ation pressure during high-intensity laser-plasma interactions. Specifically observed
manifestations include electron density profiles steepened to -1-p,m scale length, clearly
defined upper and lower density shelves, and small- and large-scale deformations of
transverse isodensity of surfaces.

Prompted by current interest in laser-induced
fusion, a number of papers have recently been
published concerning the interaction of intense
laser light with the plasma surrounding irradiat-
ed targets, and in particular the significant role
of radiation pressure in both large- and small-
scale deformations of the critical surface. The
literature describes optical absorption and scat-
tering in the presence of self-steepened electron
density profiles, ' density cavities, and general-
ized modulation of the critical surface. ' Reports
to date have been limited primarily to theoretical
and computational studies because of the string-
ent experimental requirements, viz. , space-
time resolution of microns and picoseconds are
essential for measurements during irradiation.
Supporting experimental work of an indirect na-
ture, ' and on larger space-time scales has ap-
peared. 4 The collective thrust of these papers is
that radiation pressure modifies and deforms the
critical surface when the energy density of the in-
cident radiation is comparable to the thermal en-
ergy density of the plasma, and that these modi-
fications in turn affect the absorption and trans-
port of energy. In particular, it is predicted thai
these effects enhance the role of resonance ab-
sorption while reducing that due to parametric
and collisional processes, which require shallow
axial gradients. ' The existence of profile steep-
ening to supercritical values is particularly sig-
nificant for long-wavelength laser interactions be-
cause it places high-density plasma in close prox-
imity to the absorption region. With more car-
riers available, transport of energy to the core
is enhanced and excessive corona heating is mini-
mized. In this Letter we present the first inter-
ferometric data with sufficient space-time resolu-
tion, 1 p. m and 15 psec, to directly confirm the
presence of profile steepening, hole formation,
and transverse rippling of the critical surface
during irradiation by high-intensity Nd-laser
pulse s.

The interaction experiments were performed
at 1.06-lum wavelength with one beam of Liver. -
more's Janus laser facility, ' operating in this
case with nominally 0.5-5-J, 30-psec full width
at half-maximum pulses, and f/10 focusing op-
tics. Laser prepulse was measured with a
threshold of 10 pJ. Targets consisted of 40-pm-
diam SiO, glass microballoons, and 50-300-p.m-
diam glass and Parylene disks. Electron temper-
atures, as deduced from a space-time integrated
x-ray K-edge filter technique, ' ranged from O.V

to 1 keV in these experiments.
Electron densities were measured interfero-

metrically with a double-exposure holographic
technique' employing corrected f/2. 5 optics and
a 2660-A probe pulse of several microjoules en-
ergy and 15 psec duration. The probe pulse was
split from the main laser pulse just after the os-
cillator switchout, and then separately amplified,
filtered, and shaped. Uniform backlighting of
targets was accomplished by maintaining the B
integral' below a value of 0.5. Frequency conver-
sion was accomplished in successive potassium
dihydrogen phosphate and ammonium dihydrogen
phosphate frequency-doubling crystals. Conver-
sion efficiency was set at a modest level io maxi-
mize pulse shortening. ' Small target diameters
were chosen to minimize the deleterious effects
of probe-beam refraction during passage through
the strong axial gradient density field. ' The
probe pulse was synchronized with the 1.06-pm
heating pulse io an accuracy of approximately 10
psec by streak photography.

A sample interferogram, obtained within 10
psec of peak intensity, is shown in Fig. 1(a) for
a 41-pm-diam, 0.6-pm-thick spherical glass
microshell. Peak intensity for this experiment
was approximately 3 && 10"W/cm'. A silhouette
of the original ball is overlaid for reference.
Abel-inverted electron densities" are shown in
Fig. 1(b) for a tra, nsverse plane 4 pm from the
original target surface. The 21-pm transverse
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FIG. 1. (a) Interferogram at peak irradiation of a
41-pm-diam ball. I= sx 10i4 W/cm~. (b) Transverse
electron density profile at an axial position 4 p, m from
the initial target wa11. (c) Density profile on axis, dem-
onstrating steepening due to radiation pressure. Solid
lines are best fit; e-folding scale lengths l„,l~, and l&

are indicated for the upper, critical, and lower density
regions. Typical error bars are shown in (b) and (c);
n =10 e/cm .

scale is significant in that probing to critical
electron density (10 ' e/cm'), in this strongly re-
fractive medium, is only possible along a short
probing path. Densities along the symmetry (ir-
radiation) axis are shown in Fig. 1(c), along with
typical error bars. Each point is obtained from
the axial value of a transverse plot similar to
Fig. 1(b). A three-line best fit is included in
Fig. 1(c) for compairson with theory which, to
lowest order, is simply a balance at the critical
surface of thermal pressure on the high side with
thermal and uniform radiation pressure on the
subcritical side. The most important feature of
this simple model, which is sustained by the in-
clusion of detailed plasma and hydrodynamic
processes, ' is that clearly defined subcritical
and supercritical density shelves exist with a
separation of less than 1 pm. The intersection
of the lines in Fig. 1(c) permits us to identify
the upper and lower density shelves in that exper-
iment, and separately determine scale lengths

in these regions. The measured critical-region
scale length of 1.6 pm is undoubtedly larger than
predicted values because of the finite 1-pm spa-
tial resolution, and departures from cylindrical
symmetry.

For the experiment of Fig. 1 we estimate the
ratio of radiation to thermal pressure to be P„/
P,h =1.7IJcnw&=0. 2 (see Estabrook e& al. , Ref.
1, for a lower shelf density of 0.3n„near nor-
mal incidence, and a roundtrip fractional absorp-
tion of 3(Po). Using an isothermal model of mass
and momentum balance at a sonic critical surface,
Kidder has shown" that a density step &n/n,
= ( P„/P, h)~'= 0.4 is to be expected for the experi-
ment of Fig. 1. More recent calculations and
simulations by Lee et cd. ' predict a similar re-
sult, except that the more detailed treatment pre-
dicts both upper and lower density shelf values,
not just the difference. In this case, V, /V, z
=0.3, they predict values of 1.2n, and 0.6n„
whereas Fig. 1(c) suggests experimental values
of 1.1n, and 0.3n, . The upper-shelf values are
within the experimental uncertainty. In addition,
the 2D (two-dimensional) experimental geometry
permits significant transverse flow of plasma,
which tends to reduce the pressure on axis and
thus produce a supercritical density value less
than predicted by a 1D theory. Comparison in
the lower-shelf region is less favorable, perhaps
because of larger error bars, but possibly be-
cause of unresolved temperature differences in
the subcritical and supercritical regions. As
pointed out by Estabrook, Valeo, and Kruer""
subcritical plasma heating, localized by micron-
sized skin depth and electron mean free paths,
may lead or add to density step size in experi-
ments such as reported here.

Further evidence supporting the role of radia-
tion pressure is observed in our Qat-disk exper-
iments. At high intensity these flat targets dis-
play a large-scale density hole with transverse
scale size qualitatively similar to that of the in-
cident light. Sample inter ferograms at 3 && 10"
and 3&10' W/cm' are presented in Fig. 2. Gen-
eral features of the fringe patterns permit'one
to make several interesting observations without
recourse to numerical inversion. For instance,
the fact that inner fringes run parallel to the
original target surface in Fig. 2(b), rather than
bowing out, is clear evidence of a large-scale
density hole on axis. Hole formation is observed
in all our disk experiments at intensities )3&& 10''
W/cm', including both low- and high-Z materials.
The effect is not observed at low intensity, as in
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FIG. 2. (a) Interferogram of a 170-pm-diam, 8-
pm-thick Parylene disk, 10 psec after peak intensity.
I= 8x 10i3 W/cm~. (b) Same for a 70-pm diam, 1-iIm
thick tungsten glass disk. I~ Sx10 Wjcm . (c) Trans-
verse electron-density profile, inverted about the irra-
diation symmetry axis, shows no cavity for low-inten-
sity experiment. (d) Similar transverse profile, 16 pm
from initial surface, showing the hole formed by radi-
ation pressure in a high-intensity experiment.

Fig. 2(a), where bowed fringes a.re observed.
Numerically inverted profiles, seen in Figs. 2(c)
and 2(d), tluantify hole formation and provide
more graphic evidence of nonuniform radiation
pressure pushing plasma from the high-intensity
region.

Figure 3 shows the strongly rippled fringe pat-
tern typical of our I» 10"W/cm' Pa,rylene-disk
experiments. Because of the strong correlation
between localized fringe and density fluctuations,
one can readily infer typical electron-density var-
iations of 2(Po amplitude and 10-pm scale length
directly from Fig. 3, without recourse to numer-
ical inversion. These results suggest that an ac-
curate model of resonance absorption should in-
clude both large-scale hole formation and small-
scale surface rippling. " It is worth noting that
rippling was not observed in any of our ball ex-
periments.

In conclusion, we have presented well-resolved
electron density distributions which show clearly
and directly the role of radiation pressure in
plasmas produced by intense laser light. In sam-
ple results we see gradient steepening, quantita-
tively determined density jumps, hole formation,
and small-scale rippling of the isodensity sur-
faces.
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FIG. 3. Interferogram of a 350-pm diam, 22-pm-
thick Parylene disk irradiated at 48' incidence angle
with p-polarized light. I ~ 8&& 10 W/cm2. Strongly
rippled, unbowed fringes indicate that both large-scale
hole formation and small-scale rippling play signifcant
roles in the absorption process.
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The He-Lip selective-adsorption data of Frankl and co-workers are analyzed using
an attractive-well, corrugated-wall model. The model is solved to convergence by an
expansion method. The calculated He-Lir spectrum is in good agreement with experi-
ment. Calculations show that the intensity of weakly bound states is enhanced by band
splitting with stronger resonances. This may provide a method for observing these
states.

Recently there has been a great deal of experi-
mental and theoretical interest in the scattering
of He beams from solid surfaces, For systems
such as I iF at low surface temperatures, the
scattering features are predominantly elastic
(diffractive). At sufficiently low beam energies
or large incident angles the elastic intensity is
dominated by contributions from combined state
resonances in the attractive surface-averaged
potential V00(z). These resonances are common-
ly known as selective adsorptions. As is well
known they lead to a rather detailed knowledge of
the bound states of V»(z).

In this article, we discuss the selective adsorp-
tion data of Frankl and co-workers' by introduc-
ing an attractive-well, corrugated-wall model of
atom-surface scattering. The solution to the
model utilizes a Rayleigh expansion. ' The re-
sulting matrix equation is solved as a series ex-
pansion. The theory is applied to the He-LiF sys-
tem, and is shown to be in good agreement with
experiment, The method provides an inexpensive
means to parametrize surface potentials and ex-
plain complex regions in the experimental data.

As has become apparent from a wide range of
investigations, ' the atom-surface potential may
be characterized by a short-ranged strongly re-
pulsive region and a long-ranged weakly attrac-
tive region. With these features in mind we use
a model potential defined as

Z &Co'

V(X, z) =.
V, Z, Z&EO ~

z is normal to the surface and X =(x, y). V,(z) is
general and is used to fit the experimental data.
Square-well attractive potentials with the corru-
gated wall have been investigated by other authors. 4

o(X) is a periodic function with the periodicity of
the surface. e is the coupling parameter repre-
senting the strength of periodicity of the surface.
For the purposes of this Letter v(X) will be taken
as cos(2'/a) +cos(2'/o), although higher Four-
ier terms may be included with little difficulty.
The parameter n is the lattice spacing on the sur-
face,

By use of the Rayleigh hypothesis the total wave
function is expanded in the series

( Z)

(-)e ~s ~ J ~ B (+) s(a+6) x~C C +I~

K is the parallel translational wave vector (k„,k, ),
and G is a reciprocal lattice vector (2&n/a, 2nm/o).

k~, the perpendicular wave vector for channel G,
is given by the usual conservation of energy rela-
tion. The functions y„1'~(z)are the solutions to
the one-dimensional Schrodinger equation for
V,(z), having exp(aikoz) asymptotic behavior for
open channels and exp(+~ko~z) behavior for closed
channels. The transition probability to a given
open diffractive channel G is proportional to ~BJ'.
The wave function in Eq. (2) must vanish at the
infinite barrier [when z = eo'(X) in Eq. (1)j. This
boundary condition gives the following matrix
equation for the scattering amplitudes, BG:

Qo, Ao o, '&(e)Bo (e) =Ho, ' '(e),








