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Electron Heating due to S-Polarized Microwave (Laser) Driven Parametric Instabilities
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Microwave experiments and simulation calculations for laser parameters are reported
of electron heating and microwave gaser) absorption due to parametric instabilities ex-
cited in the strongly steepened density profile near the critical surface. An approximate
theory is developed that shows that Ts/T should be a function of only the variable gzIX&~/

The microwave measurementsand simulation calculation results agree (+20/) with
this theory.
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The use of high-power lasers to compress and
heat a pellet to thermonuclear conditions is being
intensely investigated. One of the crucial prob-
lems that strongly affects pellet performance is
the generation of high-energy (hot) electrons due
to resonance absorption' and parametric instabil. -
ities. ' The ion-acoustic decay (IAD) instability, '
in which the decay products are electron plasma
waves and ion-acoustic waves, and the oscill. at-
ing-two-stream (OTS) instability' have been
shown to produce hot electrons. Recently, Esta-
brook and Kruer' reported two-dimensional par-
ticle simulation calculations of normally incident
laser light that show that parametric instabilities
are important even in the strongly steepened
plasma. In this Letter, we report results from
microwave-driven experiments and particle sim-
ulation cal.culations that model s -polarized laser
light-plasma interactions near the critical sur-
face.

In the experiments, microwaves (frequency,
~,/2= 1.2 GHz) are incident on an inhomogeneous
plasma in a special section of L-band waveguide
(height, a = 8.25 cm, and width, b = 16.5 cm; Fig.
1). This microwave-plasma interaction section
is bounded transversely by the waveguide (con-
structed of high-transparency, conducting screen)
and axially by a thin ceramic sheet (Fig. 1). The
essentially collisionless (X,„~ 100 cm), low-pres-
sure (0.3 to 0.5 m Torr), argon plasma is pro-
duced in the microwave-plasma interaction sec-
tion by primary electrons emitted from heated fil-
aments. The microwaves are excited far (200
cm) from the microwave-plasma interaction sec-
tion so that higher-order modes are damped and
a wel. l-defined TE]p mode is incident on the plas-
ma.

The s-polarized microwaves are incident at an
angle of about 6. , = 50' (sin6. , = X,/2b, where
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FIG. 1. Schematic of the experimental apparatus.
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X, is the microwave wavelength). Typical pa-
rameters are as follows: n ~ 2n, , where n, is
the critical density, x, =1.8 &&10" cm '; unper-
turbed electron temperature T„=3 eV; and elec-
tron to ion temperature ratio T„/1',,=10. The
maximum available microwave power is 5 k%
(corresponding to v,/v„= 0.7). The microwave
pul. se length and argon gas pressure are adjusted
so that plasma ionization due to hot electrons is
negligibl. e and yet suprathermal electron heating
reaches nearly steady state (pulse width 2.5 to
10 p, sec depending on the microwave power). The
electrons heated along the electric field of the
incident microwaves (y direction) are measured
by an energy analyzer (Fig. 1). A small (diame-
ter a XD,), coaxial, cylindrical Langmuir probe
(Fig. 1) is used to measure the thermal electron
temperature, the plasma density, and the rela-
tive high-f requency electric field strength. The
microwave absorption coefficient f —= P&, /P„ i.s
obtained from the difference between the meas-
ured values of the incident and the reflected mi-
crowave components (the transmitted component
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is negligibly smal. l since the microwaves cannot
propagate into the overdense region).

When the microwave power is above a well. -de-
fined threshol. d value, the simul. taneous excita-
tion of an ion wave (u&,.) and an electron plasma
wave (~,) is observed. ' Frequency conservation
Qpp (Jo + ~,. is satisf ied between these waves. For
weak microwave powers, only the Stokes satel. l.ite
is observed, and the ion wave has a coherent
(sinusoidal) temporal pattern. The ion wave fre-
quency is typically 1 MHz (for microwave powers
near threshold), indicating a wave number, RED,
= 0.23, which agrees with theory. Spatial corre-
l.ation measurements indicate that the ion wave
is propagating along the direction of the micro-
wave electric field with approximately the sound
speed. The spectral width of the electron plas-
ma wave is large (a~/tu, & 3%» ~~, /to, ) fo. r mod-
erate-power microwaves [Fig. 2(a)].

For higher powers, where hot electrons are
produced, we find that the density profile near
the critical surface is strongl. y steepened' as a
result of the ponderomotive force of the plasma
waves, and the ion waves become turbulent. '
The microwave absorption coeff icient increases
linearly with power in the weak power regime
and is approximately constant at f= 20% in the
moderate power regime (P,a 0.2 kW).

Figure 2(b) gives the electron current-voltage
characteristic taken after the microwave-plasma
interaction has reached steady state. A straight
line on this graph indicates a Maxwel. lian energy
distribution. Curve 1 shows the el.ectron distrib-
ution without microwave power. The current of
high-energy electrons increases with increasing
microwave power (curve 2 to curve 4). The su-
prathermal electron distribution has a cutoff at
a relatively low energy, F.,„,= 25k T„(shown by
the arrow on curve 2), for weak microwave pow-
ers. This cutoff energy does not depend strongl. y
on microwave power in the weak power regime
(P, » 0.1 kW, v,/v„» 0.1). This cutoff velocity
is on the order of the phase velocity of the most
unstable waves [v,„,/vugh- (v, /v„)&& kXD, =1.2].
The measured steady-state hot-electron temper-
ature is given closely by T„=66Pp' ' eV, where
Pp is the incident microwave power in kilowatts.
Measurements of the thermal electron tempera-
ture taken inside the microwave-plasma interac-
tion region show that the thermal. el.ectrons are
al.so heated strongly, i.e. , T, = 9P,' eV. The
measured ratio of hot to thermal electron temper-
ature, T„/T, , is therefore a very slow function of
microwave power, T„/T, = 7.3P,".
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The computer simulation calcul. ations are per-
formed with use of the two-dimensional, relativ-
istic, el.ectromagnetic code ZOHAQ, ' with 5&&10'

el.ectrons and ions. The l.aser electric field is in
the plane of the simul. ations. The light is normal-
ly incident onto a plasma with an initially linear
density profile. The initial. plasma density pro-
file is chosen so that the ponderomotive force due
to the high-frequency waves is al.most in equilib-
rium with the force due to the pressure gradient.
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FIG. 2. (a) High-frequency spectrum well above
threshold: curve 1, Po -—0.43 kW and curve 2, &0=1 kW.
(b) Electron current vs energy with microwave power
as a parameter. All electrons with energy above the
abscissa value are collected. Curves 1-4 correspond
to microwave powers of 0, 50 W, 900 W, and 3kW,
respectively.
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z, = (n,/n, )z„/~„, (2)

The thermal electron temperature is typically
T, = 4 keV, and T, /T, =.16. The fractional. absorp-
tion into hot electrons, f„, is typical. ly 11'%%uo to
17% due to the parametric instabilities (thermal. —

electron heating is negligible). High-energy elec-
trons are strongly heated ahong the laser electric
field (perpendicular to the density gradient). The
electrons have a bi-Maxwellian energy distribu-
tion. The hot electron temperature is wel. l. re-
presented by 5~=4.4x10 4I0 3 keg for 3.Q'~~I
S10' W/cm', and T, =4 keV.

We next develop an approximate theory. The
basic idea" is to equate the fraction of the micro-
wave (laser) power flux that produces hot elec-
trons to the rate that the plasma waves heat the
electrons, i.e. ,

f„I= fax v„(Z.2(x))/Ss, (1)

where I is the incident microwave (l,aser) power
flux, vH is the damping rate due to hot electron
production, and (E '(x))'~' is the rms amplitude
of the electron-plasma-wave electric field. The
unstable ion-acoustic waves are saturated as a
result of ion trapping. ' Thus, using the theory
of the IAD instability, ' we find that the saturated
electron-plasma-wave electric field is

Y„(4 pg,
(

f„l
) (q I).

The density scale length near the critical sur-
face, L, , is determined by the balance between
the ponderomotive force and the plasma pres-
sure force. In the microwave experiments, we
find t) 'I, PD, - 50,—almost independent of power
(for high enough powers that hot electrons are
produced). An approximate theory gives t) 'I,/
)j.o —-60 (for T, /T'; = 1) and 20 (for T, /T; » 1).
Using these results in Eq. (5), we obtain

T /T = Ax10 '(f Iy '/T'~') /' (6)

where A = 1.4 for 1;/T,. = 1 and A= 1.0 for T,/T,
»1, and the units ar'eI(W/cm'), X,(pm), and

T,(keV).
The hot electron temperatures from the micro-

wave experiments and from the simulation caI.-
culations for laser parameters are shown in
Fig. 3 as a function of this variable. Note that
the close agreement between these two sets of
results is strong evidence that f„IX,'/T, is a
universal variable. The theoretical predictions

ed in the +y directions. Since the electrons are
predominantly heated in the +y directions, we as-
sume (cos 6) = —,'. Combining Eqs. (3) and (4) (with
v„/(u, = 3n„/n, ), we obtain

where n„ is the amplitude of the ion wave with
wave number k and ~„ is the dielectric for the
electron plasma wave. Since E„ is sharply peaked
near the critical density (because le„(n sn, )I
= v„j~,«1), we assume that n,, and v„are inde-
pendent of position. The integral in Eq. (1) can
be performed [for a linear density profile, n(x)
= n (x/I. )j, and Ecl. (1) is solved for v„ to obtain
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where i)„'=(E„') „./4sn, k T, , and T, is the ther-
mal. electron temperature. The damping coeff i-
cient, v~, is just due to Landau damping of the
hot eI.ectrons evaluated at the phase velocity of
the most unstable wave (kXD, = 4). A direct cal-
culation gives v„/&o, = 3N„/n„where n,„is the
hot electron density.

We can obtain another equation for n„by equat-
ing the fl.ux of hot electrons to the absorbed pow-
el ) l,e. ~

f„I=2n,„v„kT„'(cos0),

where v„= kTs/rn, 6 is the angle between a heat-
ed electron and the x axis (Fig. 1), and the factor
of 2 comes about because the electrons are heat-
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FIG. 3. Tz/T as a function of CIAO /T . The solid
circles are microwave measurements and the open
circles are simulation results. The solid line is the
theoretical prediction [Eq. (6)] for T, /T;=. 1 and the
dashed line is for T /T;»1. The triangle and the
square are simulation results for long (non-self-con-
sistent) plasma density scale lengths (I /A. &

—-6.7
x 1P' and =1.1 x 10 ) with the same laser intensity as
for the open circle shown at the center,
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[Eq. (6)] are also shown in Fig. 3. In the micro-
wave experiments, the ions are heated strongly'
and T,. ~ T, so that the microwave measurements
should be compared to the T,/T, =1 prediction.
The temperature ratio is large in the simul. ation
cal.culations so that the simulation resul. ts shoul. d
be compared to the T,/1', »1 prediction. We see
good (+20%) agreement between theory, micro-
wave measurements, and simulation calcul. ations
for l.aser parameters.

These results only apply to the case that the
density profile is self-consistently determined
by the ponderomotive force. Simulation cal.cu1.a-
tions with sha1. l.ow density profiles that are not in
force equi1. ibrium give quite different results
(triangl. e and square in Fig. 3).

ln summary, we have presented microwave
measurements and simu1. ation calcul. ations for
laser parameters of electron heating and micro-
wave (laser) absorption due to parametric in-
stabilities excited in the strongly steepened den-
sity profile near the critical surface by s-polar-
ized microwaves (laser l.ight). An approximate
theory is developed that shows that T„/T, should
be a function of only the variable f„IX02/T, . The
microwave measurements and simulation results
agree (+20%) with this theory. These results
also are comparable with hot-e1ectron genera-
tion" due to resonance absorption of P-polarized
microwaves" (laser light" ), over the parameter
range that we have investigated.
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