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Comparative Reflectance Measurements on Laser-Produced Plasmas at 1.06 and 0.53 pm
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The total and specular ref lectances of 1.06- and 0.58-pm laser pulses were measured
on planar copper targets. The measurements were made with 80-ps pulses and an inten-
sity on target of 10' W/cm . The direction of polarization and angle of incidence (0'—70')
were varied. Only a weak dependence of reflectance on wavelength is found; at both wave-
lengths reflectance is governed by the characteristic angle and polarization dependence
of resonance absorption.

Absorption and reflection of intense laser radi-
ation on solid targets is a basic problem in laser-
fusion studies. A crucial parameter in this re-
spect is the wavelength of the laser. Up to now,
most laser plasma experiments have been made
with the CO, (10.6 pm), Nd (1.06 pm) and iodine
lasers (1.315 pm). No systematic studies, how-
ever, have been undertaken in the shorter-wave-
length region, although considerable effort is
being made to develop visible and near-uv lasers.
In this Letter we present measurements of the
total and specular ref lectances at 1.06 and 0.53
p, m and pulse duration of 30 ps. Since recent
measurements' ' suggest that resonance absorp-
tion is an important absorption mechanism, we
have studied in detail the dependence of reflec-
tance on the angle of incidence and polarization
of the incident laser light. Much attention has
been paid to ensuring identical experimental con-
ditions at both wavelengths to allow comparison
of the results.

The laser is a Nd: YAIG (neodymium-doped yttri-
um aluminum garnet) system delivering 0.7 J in
30 ps. A high-contrast Pockelscell- Gian prism
combination (extinction ratio 2 x 10') guarantees a
clean pulse (prepulses are & 6 p J). For measure-
ments at 1.06-p m isolation against back-reflect-
ed light and rotation of the polarization is achieved
by two Faraday rotators; the resulting energy on
target is 300 mJ. For 0.53-p. m generation we use
a potassium dihydrogen phosphate type-II crystal
of 51 mm in diameter and 17 mm in length. Its
conversion efficienty is 40%, giving 200-300 mJ
on target. The polarization here is rotated with
a X/2 plate. At both wavelengths the polarization
is better than 95'%%uo. The laser light is focused on
target by an achromatic 1:8/400-mm lens. The
focal spot was measured by focusing through pin-
holes. ' It contains 50'%%uo of the energy in a spot 40
pm in diameter, resulting in an averaged intensi-
ty on target of 3 x10"W/cm'. Our 30-ps pulse,
the total angle of the lens of 7', and a Rayleigh

range of 1 cm will enable us to approach a plane
geometry in our experiments. Note that with t
=30 ps and an estimated temperature of T, =400
eV the plasma expands over a distance I.H
=t(Zk &T,/I t)"'=4 atm during the laser pulse,
i.e., a distance much smaller than the focal-spot
diameter. The experiments were done on Cu tar-
gets, made from highly polished hemicylindrical
steel rods with 2-pm-thick Cu coatings.

It is known that one obtains in general, upon re-
flection from a plane target, three components of
reflected laser light with characteristic angular
distributions': (i) a well-collimated, specular
beam (R,&,) with a divergence similar to that of
the incident beam, (ii) diffusely scattered laser
light (Rd;I) with a very broad angular distribu-
tion, and (iii) so-called collimated backscatter
through the focusing lens due to Brillouin back-
scattering. In our case the last component was
found to be negligible (& 10 '), at least for angles
of incidence larger than 3.5' (the half-angle of the
lens) where it can be discriminated against the
specular beam. This is probably due to our short
pulse duration and correspondingly small plasma
size where no substantial amplification of the
backscattered component can occur. With an Ul-
bricht spherical photometer as described previ-
ously in' we measured first the total reflection
coefficient R„," =R~, "~+Rd~, s,p stands for
the polarization of the beam. Here we integrate
over a solid angle of 4& steradians; the light re-
flected through the lens and the incident energy
were measured separately with photodiodes. We
improved the accuracy of the sphere by using
four Si p-i-n diodes as detectors; their average
signal is accurate to & 5/o. The response of the
sphere is independent of the incident energy from
0 to 300 mJ. ' Its calibration was checked before
and after each series of measurements.

In order to know the contribution of the specu-
lar and diffuse components, we have to measure
one of them separately. We measured R,~„"
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with the Ulbricht sphere removed. Tests with
burnpaper showed immediately that a well-defined
specular beam is produced upon reflection. Quan-
titatively its energy was measured with a Gentec
detector. The solid angle covered by this detec-
tor. .The solid angle covered by this detector was
varied using a diaphragm of variable diameter in
the range 2x10 ' to 1.2 x10 ' sr (14'-38' one an-
g)e) ~ This did not change the detector signal.
Hence the energy of the specular beam is indeed
contained in a divergence angle similar to that of
the incident beam; on the other hand, we can con-
clude that the diffusely scattered light has a much
broader angular distribution. This measurement
of the specular beam energy together with the Ul-
bricht-sphere measurements then allows us to
calculate Rdlf f -Rt:pt; R3psg" .

The result of the reflectance measurements
are plotted in Figs. 1 and 2. The data points are
mean values for at least ten shots up to twenty
shots. The measurements were made with the fo-
cus on target, with intensity (1-3)x 10"W/cm'.
At 1.06 pm (Fig. 1) a maximum absorption of 0.43
occurs for p pol-arized light at an angle of inci-
dence of ~ =20'. There is a good agreement be-
tween this curve and that obtained by Godwin
et al. in Ref. 4. We notice that 30'%%ua of the energy
is still absorbed at ~ =0'.

At A =0.53 pm, absorption is always somewhat
higher. At 8 =0' it is about 0.40, similar to that
in Ref. 7; it reaches a maximum of 0.62 for p po-

larization also at 20' incidence. At both wave-
lengths a pronounced difference between s- and
p-polarized radiation is evident. It is also clear
from Figs. 1 and 2 that in general a strong com-
ponent of diffusely scattered light is present. It
dominates reflection losses at normal incidence
(0'), but decreases with increasing angle of inci-
dence. Its intensity depends only weakly on the
polarization of the incident beam. A comparison
of Figs. 1 and 2 shows that the diffuse component
at a fixed angle (22') is reduced for A, =0,53 ~ as
compared to 1.06 ym (at X =1.06 pm and P = 0' we
have R

deaf

f =0.55). Additional measurements
have shown that Bd;qq decreases with decreasing
intensity.

The observed angle and polarization dependence
is believed to be due to resonance absorption. ~'
A complication arises from the presence of dif-
fuse scattering which is not taken into account in
the usual theory of resonance absorption. In this
situation a fractional absorption due to resonance
absorption may be defined as f„,=(R,z«'-Rz„~)/
R+„'. With this definition only the fractional en-
ergy absorbed out of the specular beam due to the
polarization effect is attributed to resonance ab-
sorption. In Fig. 3 the data of Fig. 2 are plotted
in this way and compared with a theoretical curve
as calculated by Ginzburg. " There is fair agree-
ment up to the maximum f„,= 0.5 for 6 =20', but
for larger angles the experimental absorption is
larger than calculated. The same observation
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FIG. 1. Reflectance R, , into 4m steradians as a func-

tion of the incidence angle for s- and p-polarized light
and A, =1.06 pm. Specular reflectance R, &«measured
at 8=22 . Intensity on target is {1-8)&10 %'/cm .

FIG. 2. Reflectance R, „and R,&, at /=0', 10',
22', and 55 for A, =0.58 pm. Intensity is {1-3)&10~4Ql/
cm
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FIG. 8. Comparison at A, =0.58 p,m between theoreti-
cal resonance absorption rp'(7}/n and the experimental
curve obtained from Fig. 2.

was made more indirectly by Balmer et a/. ' From
Fig. 1 one obtains f„,=0.52 at 22' in agreement
with the result at X =0.53 pm. We have also made
another set of measurements for A. =1.06 and 0.53
ym at 10"W/cm' ~ The characteristic polariza-
tion dependence remains unchanged, though re-
flectance decreases, possibly as a result of col-
lisional absorption (for example maximum total
absorption is 0.65 at A. =1.06 p m and 0.82 at A,

=0.58 pm). If all these results are plotted as in
Fig. 3 they coincide within the error bars with
the experimental curve shown there. Thus we
have the important result that the resonant part
of absorption is independent of toavelength and
intensity as it is expected to be. Maximum ab-
sorption occurs for both wavelengths at 3 =20' ~

One may obtain' from this angle the scale length
I of the density gradient by (2vL/X, )' 'sin3 =0.7.
One finds L =h, , both wavelengths, in agreement
with previous observations at A. =1.06 pm. ' '

Resonance absorption in a smooth plasma layer
cannot explain the observed absorption at normal
incidence. If total absorption at 1.06 pm would
be due to collisional absorption, it should in-
crease more strongly than observed for 0.53 pm.
Estimates with"'" 2', =400 eV and I =X show that
an absorption of 10% at 1.06 ym and 20/o at 0.58~ may be attributed to collisional absorption;
the major source of absorption most likely has
other causes. The observation of strong diffuse
scattering at normal incidence suggests that ab-
sorption is connected with the underlying "rough-
ness" of the reflecting plasma layer. As has been
discussed in Thomson, Kruer, and Langdom"
resonance absorption may account for nearly all
of the absorption in the presence of roughness.

Also it seems important to remember that coup-
ling to surface plasmons leads to enhanced light
absorption on rough metal surfaces. " This effect
which is bascially similar to resonance absorp-
tion is of interest at least as a limiting effect for
a plasma with a v6ry steep density gradient. In
contrast to a metal surface, roughness in a laser-
produced plasma is, however, generated by the
interaction itself and therefore the situation is
extremely complicated. At the present time, the
cause and importance of diffuse scattering in the
context of resonance absorption is difficult to as-
sess; it still surprises us that the predicted be-
havior of resonance absorption is so readily dis-
tilled out of a more complex situation.

In conclusion, a comparative investigation of
laser-light absorption has revealed a very simi-
lar behavior at A, = I.06 and 0.58 pm. Absorption
is dominated by resonance absorption; we have
verified its three main characteristics: (i) angle
and polarization dependence, (ii) independence of
intensity, and (iii) independence of wavelength.
Resonance absorption is thus found to be an im-
portant mechanism at infrared and visible wave-
lengths.
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For a "slowly" time-dependent Hamiltonian system exhibiting ergodic motion, the vol-
ume inside the hypersurface on which the Hamiltonian equals a constant is an adiabatic
invariant. It is shown that the error in the constant is diffusive and scales as (wc/T)
where 7 is a certain correlation time of the ergodic motion, and ~ is the time scale
over which the Hamiltonian changes.

The importance of ergodically wandering solu-
tions of Hamilton's equations has been demon-
strated in a variety of plasma-physics prob-
lems, ' ' Recently, Lovelace' has considered the
compression of a field-reversed ion ring. After
assuming that the motion of the ring ions should
be ergodic in a plane transverse to the toroidal
direction, he demonstrated an adiabatic invariant
for the ergodically moving ion. Although his
derivation was specific to the ion-ring problem,
the invariant is actually a very general one.
Namely, for a "slowly" time-dependent Hamil-
tonian system exhibiting ergodic motion in N spa-
tial dimensions (q), the volume of 2N-dimension-
al phase space (q, p) within the hypersurface H(p,
q, t) = const (where H is the Hamiltonian) is an
adiabatic invariant. (Indeed the existence of this
adiabatic invariant is already appreciated in sta-
tistical mechanics, and the invariant may be as-
sociated with the system entropy. In statistical
mechanics N is large, whereas N =2 is of inter-
est for Befs. l and 2.) The generality of the er-
godic invariant suggests that it may be useful in
a wide variety of other plasma-physics problems
where ergodic particle motion is prevalent. Moti-
vated by this, the present work attempts to evalu-
ate the goodness of the ergodic adiabatic invariant.
That is, since the adiabatic invariant is only ap-
proximately conserved, how good is the approxi-
mation~ For the case of the familiar N= 1. adiabat-
ic invariant (gp dq) of a particle exhibiting rapid
almost periodic motion (e.g. , the magnetic mo-
ment), the average error in assuming that fp dq

is conserved can be exponentially small in T,
where T is the time scale over which the Hamil-
tonian changes. ' In contrast, it is shown here
that, for the ergodic invariant, the error is ty-
pically proportional to T "', and it is shown how

to calculate the error.
In order to present a brief heuristic demonstra-

tion of the ergodic adiabatic invariant, suppose
that the existence of three widely separated time
scales, T»T»T, where 7„ is the time it takes
the system to wander over the surface II =const,
where II is the Hamiltonian, and in computing 7

one uses the orbit obtained from Hamilton's equa-
tions with the explicit slow time dependence of II
neglected (since 7 is large) The e.xact distribu-
tion function of the system is f =5(p- p(t)) 5( q
—q(t)), where p(t) and q(t) are solutions of the
exact equations of motion. According to the er-
godic theorem,

where ( ~ ~ )r denotes an average over the time
scale T. Note that K and H, evolve on the s3.ow

time scale T (as does H). (For BH/Bt =0 the Ham-
iltonian is a constant of the motion and H, is just
a constant, but aH/at v 0 is of interest here. )
The principal use of the ergodic invariant is that
it will determine the time dependence of H, . If
a surface in (p, q) phase space is evolved (with
each point on the surface following a system or-
bit), then the volume inside that surface is con-
served. ' Since (I) represents a distribution func-
tion, the surface II =II, evolves in this manner.
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