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J. P.

RECINANT ABSORPTION OF LASER LIGHT BY PLASMA TARGETS

by

Freidberg, R. W. Mitcheli, R, L. Morse and L. I. Rudsinski

ABSTRACT

It is proposed that a resonant mechanism shculd
cause significant absorption of energy from intense
laser pulses in plasma targets, and that the energy
should be deposited in such a way as to form a very
aon-Maxwellian high tempersture tail on the electron

velocity distribution.

Current interest in the controlled relesse of
nuclear energy from laser-heated pellets of thermo-
nuclear fuel has drawn interest to mechanisms by
which laser light might be absorbed in the surface
~f such peitets. The large pulsed light intensities
which are required for this heating and are begin-
ning to be available in absorption experiments put
the interaction of the laser radiation with the ini-
tially solid target in the approximately collision-
lesa regime. Binary collisious between electrons
driven by the wave fields and ions (sometimes callad
{nverse bremstrahlung) can cause some absorption and
may be quiie imporiant in allowing a weak precursor
of a pulse to ionize the target and give the aurface
some thickness as assumed below, but as the inten-~
sity increases the fraction of the light emergy
absorbed by collisions becomes smaller.,

In thia letter we propose a resonant, collision-~
lecs absorption mechanism by which an inhomogeneous
target plasma can absorb a significent fraction of
obliquely incident laser light. We then show from
numerical simulations that the energy is deposited
in a very non-Maxwellign tail of the electron velo-
city distribution. Preliminary work or a relativis-
tic absorption mechanism ic also mentioned. If the
electron density of the plasma, L) and therefore
the dielectric constant, ¢, are functicns only of x,
the 1light is incident with tha wave vector k 1in the

_quency.

" tion occurs at the singularity.

%,y Plane at an angle 6 to the x axis, and the E
field 18 polarized in this plane, then the c.w.

.wave equation for the only nonzero component of the

wagnetic field, Bz, is

@B (x) 1 dB, (x)
d* e(x) dx dx

(1)
+ koa (¢ - un’e)nz(x) =0

swhere ko = w/c is the free apace wave number,

B, (x,7,t) = B, (x) exp[- iwt + ikyy] and ky =k,
sin 6. Conaider the familiar dielectric constant
for a cold plasma with a collision frequency v;

w 2 (x) £
c(x)=-1--%—(1+;”¥) . @)
where wpe- (lmnee’/ma)i is the electron plasma fre-
In the collisionless limit, v/w =0, a
resonant singularity appears in the second tern in
Eq. (1) at the point on the éunsity profile where
wpe(x) = @ and, therefore, ¢(x) —» 0. (By contrast
no such resonant singularity appears in the corres-
ponding equation for light polarized normal to the
plane of incidencz.) In this limit a finite absorp-
When Bq. (1) is
integrated with a linear density gradient such that



¢tho density rises linearly from Ype -_0 et x = 0 to
Wpg = O &t X = 1, and the coanecticn formulae at the
gingularity are givem only by v > & and v/w - 0, the
pover absorption coefficients plotted in Fig, 1 zve
obtainzd. The maxime indicate that there is an op-~
timum angle of incidence for absorpticn. FPor k,L =
10 this is seen to be at (koL)” 8in®s = 0.7 or 6 =
239, For large L, 1.e., weaker density gradients,
tho optimum angle iz smaller, i.e., more nearly
normal incidence. Figures 2a, 2b, and 2¢ show real
and imeginary parts of ths nonzero componsuts of the
golution of Eq. (1) when koL = 10 and 6 = 23°, The
phase of the wave, {.e., the choics of real and imag-
inary parts is taken to ba such that B, is pure real
at x = L (Pig. 2a). The gbsorption is ceused by the
nonzero Ey wave field, which only occura when there
is non-normal incidence with this polarization, and
which drives placma oscillatisns ia the x direction
with frequency w. At the critical surface where
pe? the natural frequency of these plasma os-
cillations, their amplitude becomes very laxge, im
fact inversely proportional to v, and as v =~ O the
collisional energy dissipetion swoothly spproaches
ths finite limit plotted in Fig. 1. From Figs, 2e
ond 2¢ tho 1 componsnt of the Poynting vector is a
otop fumetion, £imite and conscant to ths lefr of

O = W

h i J 1
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Pig. 1. Rate of energy sbsorption, A, as a func-
tion of angie of incidence, 6, vaecuum wave
nber, ko, and distance from the fromt -
edge to the critical surfaca, L.
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Fige 2a. By vs x for the cese koL = 10 at the
optimun angle of @ = 230 in the limit
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Fig. 2b. Ex ve x for the cuse kol = 10 at che .
o;;tl.luo angls of 6 w 23° in the liait
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Flg. 2c. ve x for the caxe ky,L = 10 at the

optimum angle of 6 = 230 {: the limit
viw = 0.

x « L and zero to the right with Rauy (Fig. 2¢)
where ReB, (Pig. 28) remains finite, This i3 con~
sistent with a very large real x componstut of the
electron current, Jx, at x = I, which is in phase
with, and therefore absorbe energy from the elec~
tromagnetic part of Rexx. (Imsx ig zero at x = L,
Fig. 2b, except for a delta function there which
does not appear explicitly in the calculations and
does not contribute directly to the absorption in
this approximation,) This part of B‘. which drives
the oscillations in the first place and which 1o
nonginguler at x » L, is veduced to zero by the
changing x projecticn as Eo turns towsrd normal fa-
cidente and is reduced by the increased tunnsling
distance from the classical twwning point where
wp;lw‘ w cos®d to x = L where mp:luia = 1 when @
bacomey large., Hence thore is a maximum absorption
at intermediate values of &, an sxzument which can
be formalized to satimate that the neximum occurs
whare (‘&:OL)g &in0 = (i)g.

The linear density profile is quziitatively
like most of the profiles sxpected ia practice whan
an initially sharp surfacs axpands & bit into the
vacum duricg heating, somstimss baecause of a "eak
pracursor bafore a short mein puisa, Of course tha

magnitude of the absorption will depend somswhat ou
tho details of the profile. For instance a more
necrly flat spot in the profile near the critical
surface can enhance the absorption.

Collisional resonant absorption of obliquely
incident radiation hes been etudied previously by
the model used above, but without numericeal integra-
tions;, in the context of microwave propagation in
the s.onosphere,u) {also other references contained
in Ref. 1). Beseuntizlly the same effect ssems to be
observed in scudies of the infrared irradiationm of
thin metal £1ims,®)

" The preceding linearized treatment {mplicitly
assunes that the amplitude of the x displacements of
the electrons which in steady state is

eE
50x) = o "’par%"’ o] Q)

where B d ia the electromagnetic part of Bx referred
to abova which drives the oscillations, is so small
that it can be neglected.

Howeveir, for any given amplitude of wave field
there is some region around the critical surface
where this 10 not true when v/w = 0 and where, in
fact, the approximate condition for phase syause
breaking, |d%/dx| > 1 is satisfied. 1In this colli-
sionless regime the bresking of the electron plasma
waves or cscillations in the resonant region takes
tha place ol collisions in limiting the smplitude of
the osciliations and thereby absorbing wave ensrgy.
Since in most applications this process oaly liaits
tha electron oscillations near the criticel surface,

_&s does the significant collisional demping when

0 < v/o << 1, thoy appoar casentially tho eamo in the
large and the absorption rates of Fig. 1 can be ap-
plied to collisionless cases as well.

In ordex to reach this understanding of the

‘collisionleass resomsnt ebsorption, which is quite

nonlinesr, it was necesssry to treat the problem by
particle-in-call nuwerical simulation, @) Since the
problem is basically two-dimemsicnal (except for a
version of the problem which 15 infinita but not
periodic in y), a relf-consieiunt trestmsnt required
fully slectromagnatic two-dimensional (in x and y)
simulations which were dune using ths msthod of Ap-
pandix B in Ref. 3 with periodicity in y. The re-
gulgs of these two-dimensicual sinulationg, which



will be published {n a more complete article, show

that the following one-dimensional simulation method

gives a qualitatively correct picture of the colli-
slonlegs resonant electron heating in addition to
affording higher spatial resolutiorn. An oscilla-
ting de(x,t) field is arbitrarily imposed, ar in
Eq. (3) above, with a smooth bell-shaped profile in
x centered at x = I, and broad enough to extend well
on either side ur the region where the vesonant ab=-
sorption occurs. The elections, and the ions if
they ‘are mobile, move in x znd their resulting
charge density is used to compute za additional
electrostatic Ex field from Poisson's equation as

if the system were independent of y. This Ex deter-
mines the motion of the particles., In the dimen-
sionless units of the simulation, Fig. 3, a particle
with unit velocity travels a unit distance in a unit
time, and the frequency of Eu,, which is of course

eaual to the plasma frequency at the critical sur-
face, ie w = 1, i.e., a3 period of the driving

field is 2n.
is such that a free electron would oscillate with a

The maximum amplitude of Egx at x = L

maximum » velocity, Vx’ of one, which is much less
that the resonantly emnanced values seen in Fig. 3.
At t = 0, Fig. 3a, the electrons, which are

cold, and the ions, which are fixed, have a linear
density profile which rises from zero at x = 0 to
twice the critical demsity at x = 2L = 600 with the
The sinusoidal
ogcillations of Egx begin at this time and the os-
cillations buiid up without breaking until at t =
41 through 43, Figs. 3b and 3c, breaking occurs for
the first time,
(3), with transients included instead of v # 0 if

one wishes, shows that oscillations on either side

ecritical dengity at x = L = 300.

A simple analysis like that of Eq.

of x = L should be 180° out of phase with one

T:=00 T=410 T=43.0
+ 60,
vx O - - ..—+— — ﬁY“
-80. l 1 1 i i |-
T= 455 T=47.0 T=101.O
+ €0.
- 80, 1 ) 1 | g | . 1
(o] 300 600 o 300 600 0 300 600
X= (L) (2L) Xs (L) (L) xs= (L) 2L}

Fig. 3.

Electron phase space plot of a one-dimensional simulstion
of the collisionless absorption.
electrons at large energies in 4, e, and £.

Note the few scattered



another with those very close to x = L being 90°
out of phase with both in such a sense that the
total wave motion near x = L appears like a se-
quence of waves growing up on the high cznsity side
and moving toward the lower demsity sidc followsd
by a rarefaction-like motion back to the high den-
sity side ar seen in Fig. 3d at t = 45, Hence, ac
observed kere, the breaking should occur to the
left, i.e., toward the vacuua, and not to the right.
In Fig. 3e, t = 47, the high energy electrons from
the first breaking are moving toward the vacuux
where they will be reflected back to the right by 2
charge separation potential, Fig. 3f. The breeking
process at the critical surface is about to repeat
as it does on every cycle from then on in about the
same way if, as in this code, the hot electrons are
absorbed at the right wall and replaced by reemis~
sion of cold electrons. The energy is then effec-
tively deposited in the interior of the target by
Figure
Plain-

collisionless electron thermal coaductivity.
3f shows the situstion much later at t = 101,
ly the heated electrons are much more energetic than
they would be with the maximum frec electron velo~
city of Vx = 1 and thus constitute & very non-Max-
wellian high temperature tail om arc otherwlse essen-
tial cold electron velocity distribution., Figure 4
shows the distribution of ioms at t = 200 from an
otherwise identical rum but with mobile ﬁ+ ions.
Electron presgure is causiug the front surface ions
to blow off with a rather high energy and is push-
ing ions away from the critical surface, which has

T= 200.0
+1.0
Vx ot
-10 1 L
0 300 600
X= (W) {(2v)

Fige &4: Phase space plot of At fons.

the effect of temporarily partialiy quenching the
resonsnce.

Recent one- and two-dimensional simulations
including relativistic particle dynamics have also
shown that whan the laser wave field is sufficiently
intense a significant fraction of the incident ener-
gy is imparted to the electrons in a mammer similar
to that seen above by the oscillating radiation
pressure, l.e., the V x § force. Here, however,
polarization and angle of incidence are not so im-
portant and the resulting electron energy distribu-
tion shows less of the two-temperature structure
seen above.
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