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Abstract
The use of shorter wavelength laser light both enhances collisional
absorption and reduces deleterious collective plasma effects. Coupling
processes wnich can be jmportant in reactor-size targets are briefly
reviewed. Simple ecstimates are presented for the intensity-wavelength regime

i inimized. :
in which collisional absorption is high and collective effects are minimize
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Laser plasma coupling can be influenced by a ricn variety of collective
plasma effects. Many of these collective effects either decrease the
absorption or give absorption into a tail of very energetic electrons. These
features of the coupling have placed a premium on the use of short wavelength
laser light. As the wavelength (AO) of the light is decreased, the light
penetrates to higher density plasma since the critical density (ncr)
increases as ABZ. For a given absorbed intensity, the heated plasma,
poth denser and lower in temperature, is then much more collisional. The
greater collisionality both enhances collisional absorption and reduces
collective plasma effects.

The qualitative advantages of shorter wavelength 1ight have long heen
recognized.] The thrust of the laser fusion program to shorter wavelength
began in great ernest when deleterious collective effects emerged at
unacceptable levels in implosion experiments with 1.06 p light. Theoretical
s

estimates emphasized that the collective effects would be much reduced as

. 4-6
the wavelength was decreased, and many experiments throughout the world

demonstrated the improved coupling.

Let us start our discussion of wavelength scaling by indicating the
general region of parameter space of interest for laser fusion applications.
A very important characteristic of a reactor target is the large size of the
undergense plasma. The characteristic size, R, is typically of the order of
1/2 cm, which corresponds to many thousands of laser~light wavelengths for
1.06 p light. The peak intensity of the light used t» drive the target can
vary considerably with the details of the design. Typically the peak
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intensity is in the range of ]O] -10 6 W/em™.
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Both the absorption efficiency and the heated velocity distribution are
crucial features of the laser target coupling. It is optimum to directly heat
as many electrons as is possible and, in particutar, to avoid the generation
of extremely energetic tails of hot electrons, which can preheat the inner
fuel due to their long range. Preheat is a very important issue, since it can
preclude achievement of the very large compression] needed for ignition and
burn. 1n practice, less than 0.1% of the input energy can be allowed to end
up as preheat in the fuel. Depending upon details of the target design,
electrons with energy of order 50-100 keV can preheat the fuel. If an
appreciable number of such electrons are generated, a thicker ablator is

required, which increases the energy needed to drive the target.

WAVELENGTH SCALILNG OF INVERSE BREMSSTRAHLUNG ABSORPTION

The optimum absorption mechanism is also the simplest - inverse
bremsstrahlung absorption. In the classical limit, inverse bremsstrahlung is
just collisional heating. As electrons oscillate in the electric field of the
laser light, they are randomly scattered by the ions. Coherent energy of
osciilation is thereby converted into random thermal energy. The heating rate
is then the oscillatory energy times the electron-ion collision frequency,

Vai- 8y conservation of energy, this heating represents a damping of the

1ight wave. Hence

B - Yei T > (1)
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where Voo e-L/mmO, n is the plasma density, EL and w, are the

electric field and freguency of the light wave, and v is an effective

collision frequency which describes the damping of the light wave. This
damping rate is then7 i
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where 7 is the ion charge state, oy is the electron temperature (in eV),

n is the critical density, and a is the ratio of the maximum (b )

cr max
and minimum (bmin) impact parameters. In particular, bmax = ve/mO
and bmin is the greater or 2ez/mv§ or ﬁ/mve, where B is Planck's

constant and Vo is the electron thermal velocity. Note that v has
dependences which are characteristic of the properties of Coulomb collisions;
i.e., v increases with density and charge state ard decreases as the plasma
heats. The absorption length is the velocity of light divided by v. It is

apparent thai this absorption can be very high in large regions of underdense

plasma. It is also apparent that the slower electrons are preferentially

heated, since the electron-ion collision freguency varies as v'3

, where v 1is
the velocity of an electron. Hence inverse bremsstrahiung produces "soft"
heated electron distributions.

Although the major dependences of the electron-ion collision frequency
can be simply estimated using the Coulomb force law, a more detailed treatment
is necessary to ensure the proper averaging over the velocity distribution of
the electrons and to illustrate the heated distributions. Since in laser
fusion applications the photon energy is much less than the electron

temperature, the classical and quantum descriptions agree except for minor

modifications. So we begin with the kinetic equation for a plasma with



uniform dersity n, treating the electric field of the 1ight wave in the dipole

approximation; i.e. E = EO cos mot. Then
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where f is the distribution function of electrons and A = 2unZ e4/m2
xn n. The first term on the right-hand side describes electron-ion
collisions, and Cee(f) denotes the operator describing electron-electron
collisions.

For tow intensity light [(VOS/VE)2 << 1, where Vos is again the
oscillatory velocity of electrons in the light wave], the calculation is

straight forward.8 Expanding the distribution function as f = f (v) +

)
f](v) cosY, when o is the angle between v and E, we obtain
oo (4)
ot m ov 301
v
Solving for f] and computing Q] = e | f] vdv, we can then readily
calculate the average rate of energy absorption by the plasma:
@ of
4n 2 0
<yt E>= - Anmyv ({ dv 5= glv) (5)
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where g(v) = [1 + (15_) ] . As long as (ZTJ << Vg, g(v) = 1 and
vV w
<gy - £>= 2 a2 £ (0) (6)
<1 =< 3 0S 0
. vE2
Noting that <J; * E>= & then gives
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where wpe is the electron plasma frequency.

The damping rate depends on the zero-order distribution function. The
form of this distribution function in turn depends on whether
electron-electron collisions (with frequency Vee) can equilibrate the

distribution faster than electron-ion collisions cause it to heat. If

2 2 . . 2 , 2 . . . .
Vee's >> vV (i.e., if Z VOS/VE << 1), the distribution function

remains Maxwellian. We then obtain the result usually quoted in the

literature and the one used in Eg. (2):

1 e
372 73

2
o 3(2u nv

0]

However, if Z vis/vi >> 1, electron-electron collisions cannot

equilibrate the distribution function sufficiently rapidly, and the form of
the distribution function becomes determined by the collisional heating. In
this limit, we return to the kinetic equation to obtain
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Substituting for fl’ approximating g(v) = 1, and Jooking for a self-

similar soiution, we find
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where u = ( 3 t) . Hence the self-consistent distribution function is
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suner-Gaussian in this 1imit. Since the distribution is rather flat-topped,
there are fewer particies near v = 0, and the colilisional damping rate is
reduced by a factor of = 2.

Although quantitative calculations of the collisional absorption of
course depend on the details of the density profile and the plasma temperature
(i.e., heat transport), it is instructive to make some crude estimates which
111ustraté when this absorption can be efficient. The condition that the
absorption be > 70% is that the density gradient length, R, of the
underdense plasma near the critical density be greater than an absorption
length; i.e., “eiR/C > 1. We next relate the plasma temperature to the
laser light intensity [ via a free-streaming estimate which allows for
moderate electron transport; i.e., I = .1 neeve. Combining these

. . . 2
estimates gives a bound on the intensity in W/cm™:

'
1<5><1014Z—R£‘L9ﬂ , (11)
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where Z is the ion charge, R the plasma scale length in cm, and Au the

laser light wave length in microns. For reactor targets, R A 0.5 cm. Hence

14

1 «<2.5x%x10 Z/Ai, which is a readily accessible intensity for

target design using lasers with Au < 1. The wavelength enters so strongly

since Vi v n/ee3/2. As the wavelength decreases, the light

propagates through denser plasma which is also cooler.
Recent experiments (4-6) ith .53 u - .26 p light are quite
consistent with our simple estimates of inverse-bremsscrahlung absorption.
For example, in LLNL experiments(6) in which gold targets were irradiated
with .53 u light, the measured absorption was greater than 70% for I <

15 2
3 x 107 W/cm"., If we estimate an jon charge state of 30 and a plasma



size of ~ 100 u for these experiments, Eq. {11) gives 1 < 2 x 1015

W/cmz. When Be {Z = 4) targets were irradiated, the absorption dropped
below 70% for an intensity which was about a factor of ten lower, again as
expected. These are very promising results, indicating that there is a
significant classical regime available for target design using short

wavelength lasers,
WAVELENGTH SCALING OF COLLECTIVE EFFECTS

The above rather idealized discussion indicates that collisional
absorption can be sufficiently potent to give good absorption for short
wavelength laser light. The key question then becomes: are collective plasma
effects sufficiently suppressed? Since inverse bremsstrahlung is most
effective near the critical density, collective effects at lower density can
in principle sti1l spoil the coupling.

We note that requiring collisional absorption of the 1ight wave before 1t
reaches a density n << Ner would strongly reduce the range of permissible
intensities. For example, we use the candition that %B > 2, where

VT Ve, %—— and R is now the local scale length at density n. Relating the
cr
plasma temperature to the intensity as before, we obtain

3
n
[<2.5x 100t EREemL (BT (12)

n
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Note that the permissible intensity is reduced from that given in Eq. (11) by
3
the factor of about %-(E——) . The estimated dependence on density is so
cr
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This naturally brings us to a discussion of the other cuupling
mechanisms, which are related to collective plasma effects. It is well-known
that, due to the long range of the Coulomb force, a plasma supports waves.
These are collective modes of oscillation, which correspond to charge density
fluctuations. In laser fusion applications, there are primarily two plasma
waves of interest. The first is a high frequency electron plasma wave which
occurs at the natural frequency with which electrons oscillate. The second is
a low frequency ion acoustic wave, which is the analogue of a sound wave in an
orainary gas. The important point is that the laser light can excite these
waves, which in turn can heat the plasma and/or scatter the light. In other
words, collective effects can either increase or decrease the absorption.

Just as importantly, collective processes can change the character of the
absorption. We've already pointed out that collisional absorption generates
soft heated velocity distributions. In marked contrast, absorption via plasma
waves typically leads to suprath=rmal eleciron generation. Consider an
electrostatic wave with electric field E sin{kx - wt). Slow electrons just
experience an ascillatory maticn, which in the absence of collisions leads to
no heating. However, fast electrons (i.e., those with v ~ u/k>>ve) see
a nearly constan. field and can be efficjently accelerated. Hence, faster
electrons are preferentially heated, leading to a heated velocity distribution

characterized by energetic tails.

Resonance Absorption

Resonance absorption is the simplest example of absorption via plasma
waves. The physics of this coupling is straight-forward. Consider a plasma

with density n(x) and a high frequency electric field, E. »>in w t, which



oscillates electrons along the density gradient. This oscillation clearly
generates a charge density fluctuation, on, at frequency Wyt

= Yy - =
on = n{x + Xo! n{x) = x voan oo,

0%
where Xos = -eEL/mug cos mot. Hence, whenever a component of

the laser light electric field, EL’ oscillates electrons along a variation

in density, a charge density fluctuation is directly driven. Near the
critical density, this driven fluctuation is at just the freguency at which
the plasma naturally responds, and so an electron plasma wave is resonantly
excited. For high intensity light, the plasma wave grows in amplitude until
it saturates by accelerating electrons, producing energetic tails. Note that
resonarnce ahsorption takes place whenever gL v n#0; i.e., for

so-called p-polarized tight.

Since resonance absorption operates on the zero-order density gradient
due to plasma expansion, it is a fairly ubiquitous phenonmenon and has been
the subject of many calcu1ations.10—]] Although resonance absorption is
basically a linear process, nonlinear effects play a crucial role in the
heating. Important features predicted gquite some time ago were (1) nonlinear
steepening of the density profile near the critical density due to the
pressure of the locally generated plasma wave and the reflecting light wave,
(2) polarization-dependent absorption, which is partially reduced by critical
surface rippling, (3) an absorption efficiency of typically abnut 20-30% when
averaged over the ripplied surface and (4) heated electrons in a gquasi-
Maxwellian distribution with a temperature scaling as (IAg)'a, wilere [ is the
intensity of the light and Ao is the wavelength. Resonance absorption 1is

clearly less of an issue for short wavelength lasers both because inverse
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bremsstrahlung reduces the amount of light reaching the critical surface and
because the resonantly- heated electron temperature decreases.

The caiculations of resonance absorption have been supported by many
agifferent experiments]] with high intensity laser light and small underdense
plasmas. Of particular interest to the issue of wavelength scaling are recent
experiments4 at Ecole Polytechnique with 1 p, 1/2 u, and 1/4 p laser
light. High energy x-ray data from these experiments indicate that the

2,.46

resonantly-heated electron temperature scales as (IAD) . FPuth the

magnitude of the temperature and its scaling appear to be in quite reasonable

agreement with calculations.

Pilasma Instabilities

Collective effects can become considerably more complex for intense laser
Tight in the large regions of underdense plasma characteristic of reactor
targets. This complexity is primarily because plasma waves are also excited
by 1nstabi]1t1es.]2 As shown in Table I, most of these instabilities can be
most simply described as the resonant decay of the laser light into two other
waves. The frequency matching conditions then determine the regiun of plasma
density for which the various instabilities occur. The ion-acoustic-decay
instability corresponds to decay ot the 1ight wave into an ion acoustic wave
plus an electron plasma wave and takes place near the critical density,

ncr' If the product waves are two electron plasma waves, we have the

two-plasmon-decay (2 wpe) instability, which occurs near 1/4 n The

cr’
Raman instability represents the decay of the light wave into a scattered
1ight wave plus an electron plasma wave, a process which accurs for n < 1/4

N, The analogous scattering process in which the electron plasma wave is

11-



replaced by an ion acoustic wave is called the Brillouin instability. This
instability operates throughout the underdense plasma. Finally there's the
filamentation instability, a process which alsg occurs for n < Nepr Any

local increase in the laser light intensity pushes plasma aside, either
directly via the enhanced 1ight pressure or indirectly via enhanced heating
ana subsequent expansion. B8y refracting the 1ight rays inward, this density
depression further enhances the intensity. The net result can be the break-up
of the incident light beam into intense filaments. Self-focusing of the

entire light beam is a subset of this instability.

The Raman ana 2 Yoe Instabilities

Wherever one of the product waves is an electron plasma wave, very
energetic electrons can be generated. The ion-acoustic-decay instability,
which takes place near the critical density, tends to be limited by the
steepening of the density profile which occure there and by coliisional
absorption which reduces the intensity reaching the critical density. Of
particular concern for hot electrorn generation are the two-plasmon-decay
instability (n =~ 1/4 ncr) and the Raman instability which produces its
most energetic electrons near 1/4 Mepr Computer simu]ations]3 of these
instabilities in large regions of plasma with density near 1/4 Ny Show more
than 10% absorption into electrons with a characteristic temperature of order
100 keV.

The linear theory of these instabilities allows us to estimate their
threshold intensities as a function of laser light wavelength. As a first

approximation, the threshold intensity is generally set by the density

-2~




gradient, which 1imits the region over which the resonant coupling can be

satisified:
v zupe instability (13)

17 . - 1
I 10 473 2/3 Raman instability near - Nep OF

b u Ramar side scatter

where IT is the intensity in w/cmz, ey is the electron temperature
in keV, and Lp (Ap) is the local density gradient length (laser light
wavelength) in microns. Note that, for Lp v 2 x 103, the threshold
intensities due to gradients can be rather low (ﬂ()]3 W/cmz) even for
1/4 u light.

Fortunately collisional effects can reduce generation of these
instabilities by short wavelength light. First, collisions introduce a
threshold intensity which can be determined by balancing the growth rate with
the collisional damping of the waves. At 1/4 Neps the collisional threshold
for either instability is

10,2
o 4 x 10 77

v (1e)
Au UkeV

I

For a plasma with Z = 3 and oy = 1 irradiated with 1/4 u Tlight,
IT g’ 10]q W/cmz. Secondly, the incident light can be collisionally
absorbed before it reaches a given density, an effect crudely estimated in
Eg. 12. For a plasma with a local density scale length of L = 2000 u and

Z = 3, laser light with a wavelength of 1/4 u is absorbed before 1/4 ey
for I <5 x 1014 N/cmz.
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There are a growing number of experimentsM_]6 on Raman scattering in

laser-irradiated plasmas as well as some rather detailed experiments]7 on
the Zmpe instability. In experiments with a large region of underdense
plasma, Raman scattering as large as about 10% has been measured. In these
experiments at LLNL,]6 a large region of underdense plasma was formed by
irragiating a thin CH foil (70004 thick) with a 1 ns, 2.5 kJ pulse of 1.06

p light. This foil was predicted to expand through about 1/4 Ny at about
the peak of pulse, giving a large (~ 400 p) region of plasma for Raman
scatter and the Zube instability. Indeed, about 10% of the Tight was
observed to the Kaman scattered, most into the rear hemisphere, but even about
one percent into the forward hemisphere. 1In addition, measurements with a
streak camera showed that the forward-emitted 3/2 Wy light (a signature of
plasma waves near 1/4 ncr) and the high energy x-rays {a signature of heated
electrons) were both correlated and came at the expected time in the laser

pulse.

Brillouin Scattering

In addition to producing very energetic electrons which can preheat the
target, there is also concern that plasma instabilities can significantly
degrade the absorption. Here the principal culprit is the Brillouin
instability, which represents the resonant decay of the incident light wave
into a scattered light wave plus an ion acoustic wave. Since the ion sound
frequency is much less than the Tight wave frequency, the Manley-Rowe
relations show that nearly all of the energy of the incident photons can be
transferred to scattered ones. Hence, if this instability were officient,

most of the laser light energy could be scattered away from the target. MWe

-14-




note that the scattered 1ight may still be absorbed before it leaves the

plasma. This is particularly true for 1ight side-scattered in a high-Z plasma-
Reflectivities of 50% or more have been computed for large, uniform

regions of underdense p]asme:l.]8 The threshold intensity is usually

determined by gradients in the plasma. As representative, let's consider the

threshold for Brillouin backscatter due to a gradient in the expansion

velocity of the plasma:

[ 1x 10'° er
L 1x10°

Lx  %evn (15)
W
where we have approximated the gradient length for expansion velocity by
Lu’ the density scale length in microns. For a plasma with an electron
temperature of 1 keV and a scale length near .1 Nep of 2000 M irradiated

with 174 u Taser Tight, Iy~ 10 W/cn?.

A number of different expériments18’]9 indicate that sizeable Brillouin
scatter is possible for high intensity 1ight in large underdense plasmas. For
example, in experiments at NRL]9 with 1.06 p 1ight at T ~ 10]6
w/cmz, about 40% of the 1ight was back reflected when a prepulse was used to
prepare a sizeable region of underdense plasma. In these experiments. the
firequency shift, intensity dependence of the reflectivity, and ray retrace
properties of the reflected light confirmed that Brillouin scatter was

responsible for the enhanced backscatter.

Filamentation

Lastly, the laser light can break up into intense filaments as it

propagates through the underdense plasma. This enhancement in intensity can

~15-
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introduce other instabilities and aggravate deleterious collective effects.

The filamentation can be driven by either ponderomotive20 or thermal

mechanisms.Z]

It's convenient to describe ponderomotive filamentation as convective
growth with spatial gain coefficient Kp- A threshold intensity IT can

then be estimated by the requirement 1, where L is the plasma

FiLt ”
size. If we use a quasi-static theory and neglect the ion pressure relative

to the electron pressure,

3x 10" 6
1.~

keV (EEE)
T LpA

c (16)

n

There is likewise a collisional threshold intensity determined by the

condition k 1, where A is the inverse bremsstrahlung

FIL"abs ~ abs
absorption length. This threshold becomes

12 2 1 n
IT'V3X 10 72 —i('\_—) . (17)
v} A cr
keV u

If we use 1/4 , light to irradiate a plasma with a density of .1 ncr’ an

electron temperature of 1 keV, an ion charge state of 3, and a size of 2000 .,
14 M

cmd

IT v 10

In thermal filamentation, a local increase in intensity produces a
density depression by the enhanced collisional heating and subsequent plasma
expansion. Refraction of light into the density depression further increases
the intensity, leading to instability. In the simplest model of thermal
filamentation, we simply consider the propagation of a plane 1ight wave
through a slab of plasma. The plasma heating is described by balancing the

inverse bremsstahlung absorption with the electron heat flow:

-16-
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where we are neglecting the contributions due to plasma flow. Here KT is
the classical thermal conductivity,k is the spatial dampiny coefficient for
inverse bremsstrahlung, Yo is the electron temperature, and I is the laser
light intensity. To lowest order we assume no spatial variation in the
intensity of the light except in the direction of propagation (x-direction).

We thgn have

kl(x) —82 = « 1 (x) |, (19)

where the subscript o denotes lowest order. For a given density no(x), this -
equation determines the temperature er(x) consistent with the heating.
We next introduce a smail perturbation in the light intensity transverse
to the direction of propagation; i.e. I = Io(x) [T+ acos kyl. This
intensity perturbation will create a perturbation in temperature, which in

turn leads to a variation in density. In the quasi-static limit, the density

perturbation is readily calculated from the energy balance equation, giving

K 1
n = no(x) I: --;2—-;— ] . (20)
* eo

The growth of filamentation is finally obtained by solving the wave

—{o

[

equation with this intensity-dependent density. The maximum spatial gain

coefficient becomes

where we have assumed that kAmfp >> 1 and Z >> 1. Here Vos is the

electron oscillatory velocity in the light wave, Vo is the electron thrrmal

17-



valocity, and Amfp is an electron mean-free-path (ve/vei, where
. . . "
Vei 15 given in Eq. 2).
Thermal filamentation can be quite significant in dense, cold plasmas

produced by irradiation with short wavelenath laser light. It has a greater

V.. Vv
spatial gain than does ponderomotive filamentation provided £ —%é-, where
e
Vi 15 the electron-ion collision frequency. We will estimate a threshold

intensity, IT, by the condition that growth occurs before the 1light is

. L. th .
collisionally absorbed; i.e., by Kg Laps v 1:
e2
I, = 1.6 x 10" K&V (22)
cr xg

If we use 1/4 |, Tight %o irradiate a plasma with a density of .1 and

an electron temperature of 1 keV, IT N2 X 10]4 w/cmz. Note that this

Mer

threshold intensity had very 1ittle dependence on wavelength, since the
electron temperature is expected to decrease as the wavelength decreases.
There have been many indications that filamentation is playing some role
in laser-plasma experiments.u’22 However, the evidence is generally
inoirect and difficult to quantify. Very little is known about the ncnlinear
consequences of filamentation, either ponderomotive or thermal. This remains

a potentially very important area for ongoing research.

Summary

In summary, we have given a brief overview of important laser-plasma
coupling processes and have estimated the intensity-wavelength regime in which

the various processes can be significant. If we use short wavelength laser

-18~




light, collisional absorption is quite potent over a substantial range of
intensities. Recent experiments with shert wavelength Tight and small
underdense plasmas indeed show a significant regime of high absorption.
Minimizing collective effects in reactcor-size plasmas can impose more
substantial restraints on the intensity. There is growing experimental
evidence23 that instabilities can become more potent as the size of the
underdense plasma increases; i.e., as instability thresholds due to plasma
inhomogeneity decrease. However, there still appears to be a promising regime
for target design in which collisional absorption is high and collective
effects are minimized. The crude estimates presented her: indicate that this
regime is accessible with short wavelength (v 1/2 - 1/4 ) laser light at
an intensity of order 10]4 W/cmz. Clearly more calculations and
experiments are needed with larger regions of underdense plasma to more
quantitatively define this very promising intensity-wavelength window for

laser fusion applications.
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Table I:

A partial 1ist of the instabilities which can be driven by laser

light propagating in plasma.

Here wpe is the electrun plasma

frequency, wia is the ion accoustic frequency, and wy

(g,

is the frequency of the incident (scattered) 1light wave.
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Resonant coupling of laser light into two other waves

Filamentation Light atn < n,

lon acoustic decay instability
Two plasmon decay instability
Raman instability

Brillouin instability

TABLE 1

-21-
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