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posed on the electron distribution produced by
resonant absorption and/or parametric instabili-
ties near critical density. On the other hand, at
maximum densities near 3#,, the hot-electron
emission is neither peaked along the two 45° di-
rections, nor is it sensitive to the plane of po-
larization of the incident 10.6-um radiation. The
details of electron emission below the quarter-
critical density will be published elsewhere. How-
ever, the hot electron emission observed near
%7, and %, with S-polarized incident light is
tentatively attributed to stimulated Raman scat-
tering. The effective Maxwellian temperature of
this distribution 27,~10-15 keV.

For efficient acceleration of electrons, the
phase velocity must be of the order of the ther-
mal velocity. If we assume that the ‘“temperature”
of the hot electrons measured here is roughly
$M, VvV, where V, is the phase velocity of the
electron plasma wave, then V,~10'° cm/s. This
is about two orders of magnitude higher than the
phase velocity of the decay waves in the strong-
damping limit (kA ~1, where Apis the Debye
length) where energy coupling into electrons
would be most effective. Thus after trapping and
subsequent acceleration by the plasmons, colli-
sional damping, and not Landau damping, pro-

duces the electrons in the tail of the background
distribution. Finally, we note that the maximum
hot-electron energies and the effective Maxwel-
lian distributions observed in these experiments
are in good agreement with those predicted in
simulations of the two-plasmon decay instability.®
We acknowledge useful and stimulating discus-
sions with Dr. A. Bruce Langdon and Dr. Barbara
F. Lasinski of Lawrence Livermore Laboratory.
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High-power microwaves are observed in two clear frequency bands when an intense
relativistic electron beam passes through an unmagnetized plasma. The high-frequency
band has frequency which scales with w, and resembles radiation from processes in
type-1III solar bursts. Theory indicates beam-plasma stabilization may arise from radia-
tive losses. The lower-frequency band, with frequency independent of w,, may repre-
sent conversion of electrostatic waves near the plasma boundary in inhomogeneities of
size ~0.3 cm. Experiments in a magnetic field qualitatively agree with our models.

PACS numbers: 52.40.Mj, 52.25.Ps

Though the problem of collective emission from
beam-plasma instabilities is old,’”® there is sur-
prisingly little laboratory work.”~° Most theory
has focused on type-III solar radiation bursts,'™*
There are both weak-turbulence and strong-turbu-
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lence models for emission at the first plasma
harmonic and above.*”*2 Though there is some
laboratory work on collective emission by in-
tense beams in a strong magnetic field,”® there
are no definitive observations without a field,
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FIG. 1. Observed frequencies of two emission bands
vs fp , plasma frequency of density along tube axis.
Dashed line is f =f, . Typical spectrum appears in
inset (power in magawatts, frequency in gigahertz).

even though this is more typical of the type-III
regime., This Letter reports experiments de-
signed to explore the collective emission from
strong beams penetrating a meter-long plasma
cylinder, and compare with current theoretical
ideas,®™16

We have observed radiation from an intense (/
~50 kA), relativistic (y=3), hollow (=3 cm)
electron beam fired into a cylindrical, unmag-
netized hydrogen plasma of density n,. The cen-
tral region filled rapidly as the beam moved down-
stream, propagating with high efficiency and
achieving >95% current neutralization. The
microwave horn was located 30 cm from the diode
in a 1-m drift tube and was radially oriented.
Emission fell into two well-defined bands: a low-
frequency band with frequency f independent of »,
and a high-frequency band which scales with »,"*
(Fig. 1). The lower band carried most of the pow-
er (Fig. 2). A Ka-band horn coupled the emission
into a 30-m dispersive delay line used to meas-
ure f. Frequencies up to ~80 GHz were meas-
ured with reasonable accuracy and some emis-
sion appeared above 100 GHz, Further experi-
mental details may be found in Refs. 7 and 8. Val-
ues of plasma frequency w, and n, are given for
the peak of the n,(r) profile, which was nearly
Gaussian. Very little emission appeared between
the two bands, implying two different, spatially
separated processes (Fig. 1, inset). Each point
in our data represents between two and seven
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FIG. 2. Observed power in two bands vs plasma
frequency of the axial density peak.

shots at the relevant »,. We observed isotropic
radiation. The steel of the drift tube jacket (R
=10 cm) scatters radiation well, and so we ob-
serve no details of the emission isotropy. Power
was calculated from observed flux at the horn.

To explain the w~=w, emission (high-frequency
band) we employ the traditional formalism de-
vised to explain type-III solar radiation.’”® Weak-
turbulence theory can apply if the beam is stabil-
ized by modulational instability.® In the usual
picture this instability produces solitons, which
in turn scatter the resonant modes at a frequency
v* which at steady state equals the linear growth
rate,!

Vo= 27w, (ny/n,) [ (A6)2] 1. (1)

Energy moves from resonant modes E, to the
large-% region; again, the steady-state rate is
set by v*=7y,, where the modulational rate is®
yu=w,(m,/3m ) AW, /n, T,)?. (2)

Subscript e (i) refers to the plasma electrons
(ions). However, damping of plasma waves at a
rate v can prevent soliton collapse if v, <v,
while allowing growth if y,>v. In our experi-
ments the collective radiative loss itself is large
enough to fit these requirements, leading to a
picture differing from the type-III case: There
is no significant transfer of waves to high 2, and
W, = (E?) /47 is comparable to the resonant field
energy density, E,2/4n. Details of these calcula-
tions will appear elsewhere.

Emission at ~w, can occur when a plasma
wave scatters from the polarization cloud of an
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ion and becomes electromagnetic. The background
plasma can amplify this process as slow plasma
waves pumped by the beam-plasma instability de-
liver energy to the radiation passing through.

This yields a power!

P(w,)=VJ (w,)e", (3)

where J,(w,) is the volume emissivity, u the
amplification factor, L a mean distance over
which amplification occurs, and V the emitting
plasma volume, about 3000 cm® The spectral
width of the high-frequency band (6w/w = dw,/w,)
sets a spatial limit on the distance an electromag-
netic wave can travel and still be amplified at
~w, () by the background electrostatic waves at
v+ 0r. This leads to L <6 cm. To satisfy y,>v
>Ym, Set y,=€y,, €<1, Using this in Egs. (1)
and (2) we find W,. From type-III-burst theory,?

p=Tw,2W,/24V3 n,mv %k,c, (4)

where k&, is a typical wave number for the spec-
trum (typically 2,~w,/c). Writing the plasma
electron temperature T in electronvolts, peak
plasma density as n,;=7,/(10" cm?®), and n,
=n,/(4x10%° cm?®), we find p=110 n?en,,~3/27 V2,
In our experiments T=5, so that u='=0.18 cm.
Here we chose €= %, a value which satisfies y,>v
>vyy. If the emitting plasma volume is V,= V/(10*
cm?®), then v=10°P/(Tn,V,) sec™?, with P the ob-
served power in megawatts (P~1). Then y,>v
means 1.5 n«Tn,;? V, > P, which is satisfied, and
choosing € =3 means W,/n, T=0.39(enx/y, )% and
so € <1 keeps us within the weak-turbulence re-
gime, W,«n,T. With use of Eq. (3), P~5x107®
Xe"LW, and so our estimate u” !=0.18 cm means
that an amplification length L~5.5 cm will yield
the required P~MW. This agrees with the esti-
mate above that a beam electron moving with a
typical angle A6=30° will excite electrostatic
waves over a distance ~6 cm in the peak plasma
region of radius ~3 cm. However, the power is
not a sensitive check of the theory, since L is not
well known and cannot be directly observed. A
further prediction, however, is borne out: Radia-
tion follows the beam voltage to within the ~5-ns
resolution of the experiment. This follows be-
cause the plasma wave-group velocity, v,=3v%k/
w,~10° cm/sec, is slow, and thus longitudinal
waves are exhausted in amplifying the last of the
escaping radiation. They do not survive to radi-
ate after the beam is gone.

The low-frequency band emission has two dis-
tinct features: (1) The power appears at fre-
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quencies typical of the local plasma frequencies
w, () within the outer 2 cm of the chamber;

(2) power peaks at *~60 GHz, a peak not seen in
the high-frequency band. A cavity mode with
these features is unlikely. We have developed

a theory based on conversion of longitudinal,
beam-driven waves as they strike density grad-
ients near the plasma boundary. Consider ran-
dom, spherical inhomogeneities of dimensionless
magnitude £, volume V, and scale length d,

on, (r) =n,(r)(£V/d?) exp(-x?/d?)

with spherical radius x. Using a fully electromag-
netic Valsov equation, we can calculate the power
emitted from N such fluctuationg!#1®

_ NVEEE20,w, ()
N 187mv,c®

P’ exp|-2(kad)?]. (5)
We take k=v,/w,(r), v, the beam velocity, and
v, the electron thermal velocity. The electro-
static energy density E® we set as qn, T, and esti-
mate that ¢=0.1, The exponential in (5) implies
that radiation is most efficient for wavelengths
exceeding d, i.e., sharp gradients are most ef-
fective. If we scale the combination E*w,*on,”,
Eq. (5) has a peak at a density which varies as
yY2, Using the observed peak at f,* in Fig. 2,

we can estimate d=[(14.2 GHz)/f,*|y"? cm. With
f,*=60 GHz, d=~0.24y"2, Plausible values of y
lie between 1 and 3, suggesting d~0.3 cm. This
agrees with our Langmuir-probe measurements,
which find significant variations on this scale for
¥ >8 cm, Equation (5) then yields a peak power

P'= (sz)4§_12 qT13/2(3 x10%) W ,

where all subscripts indicate ¢.,=10 &, etc., and
T, is plasma temperature in units of 10 eV, The
observed ~10 MW peak power is consistent with
modest values of £_, and q. The low-frequency
band spectrum is nearly independent of n,, the
axis density, indicating that emission occurs
near the steep plasma boundary. To check this
idea we measured emission in an external mag-
netic field large enough (>150 G) to make the
electron Larmor radius smaller than the drift-
tube radius. Power dropped a factor of 1072 with
B>200 G, implying that removal of beam elec-
trons from the outer zone substantially inhibits
emission, probably by reducing the beam-plasma
instability growth rate, which is proportional to
Ny

These deductions are consistent also with the
absence of emission at w=w,(7) typical of regions
3 cm<7<8 cm. The beam expands as it propa-
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gates, so a fall in n, enters into Eq. (3) exponen-
tially through n. Thus no radiation emerges until
the beam reaches the region of significant density
inhomogeneities, » =8 cm, because electrostatic
wave amplitudes are small, The large density
gradients for »>8 cm, however, make possible
significant collective emission.

These experiments appear to make contact for
the first time with the phenomena of type-III-
burst theory, and with earlier work on emission
from inhomogeneities.’ The nonlinear theory
employed points to a regime in which the radia-
tion itself plays an important dynamical role in
the beam-plasma instability. These results are
particularly interesting because they have been
discovered with use of intense electron beams,
which themselves have many applications. Radia-
tion may be an important diagnostic of beam
conditions and propagation, and the nonlinear
states of the turbulence.

This work was done under Army Research
Office Grant No. DAAG29-80-C-0013 and under
National Science Foundation Grant No. PHY 78-
09458. We thank Amnon Fisher for valuable
technical advice, and Martin Goldman for discus-
sions.
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The thermal density fluctuations in a typical tokamak plasma, for a wave vector per-
pendicular to the magnetic field and for a wavelength of the order of the ion gyroradius,
are shown to be maximum at the frequency of the zero—group-velocity ion cyclotron
waves. This frequency is sensitive to the ion- to electron-temperature ratio and the
spectrum remains peaked despite a poor scattering-vector definition and destabilizing
effects such as presence of a current. Possible applications to tokamak diagnosis are

emphasized.

PACS numbers: 52.70.Kz, 52.55.Gb

Diagnosis by charge exchange is currently used
for ion temperature measurement in magnetically
confined fusion plasma but it will become unsuit-
able for the forthcoming large machines. Infra-
red-light scattering® will hopefully be an alterna-
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tive way of measuring T;. However, the only
way considered so far was to scatter from ion
acoustic fluctuations? and, even for the most ad-
vanced source, a CO, laser,’ this technique suf-
fers from the low scattering level and difficulty
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