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cal value for v» can be calculated to an accuracy
of about 1 ppm and hence, together with the use
of our reported experimental value for v»,
should determine the fine-structure constant Q.

to an accuracy of better than 1 ppm.
A more detailed report of our experiment will

be submitted for publication later.
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Anomalous Microwave Absorption Near the Plasma Frequency
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(Received 12 April 1971)

Measurements in a highly ionized plasma of anomalously large absorption and the
threshold field required for its onset are presented as a function of plasma density for
conditions free of electron inelastic effects. In the weak-field limit the measured absorp-
tion is in good agreement with the classical theory for the high-frequency resistivity.

Absorption of intense electromagnetic waves
near the critical density on a plasma profile,
where the electron plasma frequency co~ approxi-
mately equals the wave frequency co, has recently
become important in connection with laser and

rf heating of plasmas. Theory indicates the pos-
sibility of enhanced absorption' when the intense
fields excite high-f requency instabilities. " This
Letter reports such absorption measurements
made on the highly ionized plasma column of the
single-ended Los Alamos Q machine. By oper-
ating over a large range of electric fields and

plasma densities, our measurements yield (l) a
quantitative value for the classical resistivity,

(2) the threshold electric field for the onset of
instability and anomalous dissipation, and (3) an
experimental estimate for the anomalous dissi-
pation under conditions shown to be free of elec-
tron inelastic effects.

In our experiment, potassium ions, produced
by contact ionization on a grounded 2500'K tungs-
ten hot plate (HP), drift along the applied magnet-
ic field B, until they are collected on a cold cop-
per collector biased negatively to the potential
V, . The plasma is limited by a 2.45-cm-diam
aperture near the HP. The electrostatic sheath
at the HP reduces the current of thermionic elec-
trons by the Boltzmann factor exp(ep/kT), where
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y &0 is the potential of the plasma and T is the
HP and electron temperature. The negative
bias applied to the collector reQects R11 elec-
trons whose axial energy is less than U= 8(y- &,).
For our operating conditions, U»kT, the rela-
tive drift velocity between the electrons and ions
is about 10' cm/sec. ' The electron density (or
e~'), varied by changing 7 or the flux of K atoms
incident on the HP, is determined, when possi-
ble, from the resonant-frequency shift &f of a
microwave cavity, and from the density profile
determined with a Langmuir probe. At. the higher
densities the px'obe wRS 1nopex'Rt1ve Rnd QP& 1nfox'-
mation was obtained from + alone using the as-
sumed density profile indicated on the figures.

The experiment determines the absorption by
plasma of microwaves stox'ed 1D R 1I.V-cm-diam.
TM,» microwave cavity. The cavity resonates
near 2 GHz with a Q of 21 000 without plasma,
and ls coaxial with the plasma column fox' 8 6 cm.
The largest of the microwave electric-field com-
ponents is axial and parallel to 8,. A small radi-
al fringe field exists primarily in the 3.8-cm-
diam, 7.5-cm-long cylinders (waveguides below
cutoff) which guard the plasma access holes
against radiation loss. The distribution of both
vacuum electx'ic-field components in the cavity,
known for the actual geometry from numerical
computations, ' is used to relate deaf to ~~'. The
measured increase in inverse Q, h(1/Q), is
equal to the additional energy absox'ption per ra-
diRD cRused by the plasIQR d1vlded by stol ed
cavity energy. In analyzing our data we use the
perturbation-theory results' for &f and &(I/Q)
which ax'e based on the assumption that the vacu-
UIQ fleMs Rl'e not d1sturbed much by the plasma.
In the stable xegime this assumpti. on is valid' be-
cause the collisionless-plasma skin depth, (c/
~)[(~/~)'-I] ' ', is never smaller than the plas-
IQR diameter 1D oux' experiment Undex' unstable
conditions its vabdity remains to be established
because anomalous absorption may shorten the
skin depth.

At each plasma density we measure Q and the
peak microwave fieM &0 fox' R x'Rnge of incident
microwave powers. Such measurements must be
made in times shox't compared to the period of
any shifts in the resonant frequency caused by
ambient density Quctuations. To achieve this ob-
servation speed we modulate the fx'equency of the
microwave source with a linear sweep. This re-
sults in constant power incident on the cavity
with a coasta. nt positive or negative rate of change
of frequency with time, P=a~/dt. The power

/ II

(e)

p«o

FREQUENCY
TIME( = j

&r vs t (5 @see per division) or frequeneyf.
The following psx"Rmeter values apply to (a)-(f), re
spse&ivsly: ~go /~ =&.5y 0 5o &.5, 0.5. , 1.0, l.o; vs/e
=o 05&. &.3&&. &.OQ, 0.3oo, 0.072, O.oso; f= 70, 70,
70, 70, 150, 150 kaz per division.

transmitted thx'ough the cavity, P~, as R function
of ~ or t is monitored by a well-matched, cali-
bxated crystal detector, %'hen displayed on an
osciQoscope it represents the response of the
resonator. Oux' theoretical analysis of Pz in-
cludes the distortion and beats produced when
P R (co/Q)', and yields an unambiguous Q value
for all sweep rates. [For P«(&u/Q)', Q is, of
course, equal to the resonant frequency divided
by the bandwidth of the resonator. ] Although Eo
can be determined from the powex' absorbed in
the resonator, P~ and Q, it is easier to monitor
P~ rather than Pz. Therefore„we determine the
constant e in Pz= eEO by measurements made
at low power levels for each density, and assume
it to be independent of incident power. This is
valid provided the cavity field pattex'n does not
change with power.

Figures 1(a)-1(f) show oscilloscope traces of
the crystal response to P~ for vari. ous experi-
mental conditions. For small m&' [Figs. 1(a)-
1(d)] Pr depends upon ~s/er and upon the alge-
braic sign of P although no evidence of instability
ox' RnoQlalous heRt1Dg 18 obsex'ved. Here 5&
= (AT/m)'l2, vs =eEO/mes, and m is the electron
mass. For P&0 [Figs. 1(a) and 1(b)] the increase
of us/er results in an apparent increase in Q
(as witnessed by the appearance of beats on the
high-frequency side of the resonance), while for
P& 0 [Figs. 1(c) and 1(d)] the opposite is true.
%e believe this is a high-frequency electxomag-
netic pressure effect. According to single-par-
ticle orb1t computations R substant1Rl number



VOLUME 26, NUMBER 26 PHYSICAL RKVIKW LKYTKRS 28 Jvws 1971

0.4—

/cu (THEORY)P

0.43 0.85 l.28

05—

~I-
N, 0.2-
~lal 7 -I

~y 5x 10 sec

I ~

I
ye0

I I I I I I I I I I I

0 40 80 120
CAVITY RESONANT-FREQUENGY SHIFT (MH&)

O. I—

FIG. 2. Thresho1d vslvr values versus nf or &u&o/~ .
Points are measured data. Solid lines are from theory.

of electrons can be reflected by microwave fields
and prevented from entering the cavity when vs/
v~=1. The presence of ions and the require-
ments of quasineutrality may reduce the magni-
tude of this reflection effect, but can not elimi-
nate it. Thus, as strong fields (vs/or=0. 3) build

up in the resonator, ~~' is decreased, shifting
the resonant frequency to lower values. In this
case P&0 sharpens the response curve while P
&0 broadens it as shown, For vs/or=0. 05, the
field is too weak to the field is too weak to affect
the electron orbits significantly, and Pz becomes
independent of the sign of P. Figure 1(d) includes
one response curve which is excessively broad-
ened by a rapid ambient density fluctuation.

For large ~~', instabilities are excited when

Eo exceeds a threshoM. This effect is shown in
Figs. 1(e) and 1(f) for values of vs/vr just below
and above threshold. In these two traces P~
shows a similar increase with time, but for ns/
v~= 0.080 it begins to exhibit Quctuations and
broadening near the maximum while for the
slightly smaller value 0.072 these effects are
absent. This observation is independent of the
sign of P and occurs at a value of vs/vr for which
electron reQection is not important. Significantly
larger threshold values for us/vz, are found to be
required only for densities causing a bf of 80-85
MHz. This is shown in Fig. 2, which is a compi-
lation of measured vs/vr thresholds as a function
of hf. For lower e~' (bf&80 MHz) no instabili-
ties at all are observed, while for higher co~'
the threshold vs/vr saturates at about 0.075 (i.e.,
for E,=15 V/cm).

Figure 2 also compares our measured values
to the theoretical threshold predicted by the ac

two-stream instability theory' for two values of
the growth rate y. Although this theory describes
a uniform infinite plasma, we apply it locally to
the density profile. In this we assume that the
threshold for the finite plasma is the minimum
threshold for the density range encountered on
the profile. For large su~', Df &85 MHz, the
theoretical minimum threshold is due to those
electrons on the wings of the density profile for
which 1.0&(~~/~)'&0. 90, rather than due to
those near the center of the plasma column where
re~ = ~~, and (v»/m)'& 1. The electron collision
rate used in the calculation includes both elec-
tron-ion collisions and an effective collision rate
due to Landau damping. The profile radius is
adjusted so that experiment and theory agree at
~f = 80 MHz. This comparison is not intended to
imply that we have identified the instability as
the ac two-stream instability. Moreover, it is
noteworthy that the parametric excitation of the
ion acoustic waves' (for T, = T,) would require
only half the threshold field computed for Fig. 2.
The parametric excitation of other plasma modes
is also not ruled out by the data presented here.

Examination of the current I„drawn by the
cold collector, discloses the appearance of a
pulse (see insert in Fig. 3) whenever unstable
conditions exist. This pulse is believed to be
due to electrons because its peak amplitude I«0
decreases as the collector voltage t/", is biased
more negatively. The onset of I„„asshown in
Fig. 3, agrees with the threshold found from the
response curves. Although these pulses have U/
AT as large as 30, their axial speed deduced
from the 1-p,sec delay between the application
of microwave power and appearance of the elec-
tron pulse at the collector is characteristic of
electrons with a drift energy of about 7kT. This
indicates a mechanism more complicated than
the free flight of heated electrons.

That enhanced absorption begins at the onset of
the instability is clear from the measurements
of b,(1/Q) which are summarized in Fig. 4 for
four densities. At high densities, 4(l/Q) in-
creases sharply at the threshold described in
Fig. 2. Gekker and Sizukhin' arrive at a similar
conclusion as a result of observing anomalously
small microwave reflection, but for plasma con-
ditions which are not as well understood.

Figure 5 shows b,(1/Q) as a function of (bf/f)'
at low power. We believe that this is the first
report of an observation which can be compared
quantitatively with the weak-field theory for the
high-frequency resistivity. ' This comparison,
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FIG. 3. I 0 vs Pz, (in milliwatts) for two plasma densities. Insert shows electron current collected and Pr vs t .

carried out for three different density profiles,
takes into account the radial variation of density
in the volume integration of the resistive part of
the plasma dielectric coefficient.

We have found no influence upon the threshold
due to electron inelastic collisions with K' ions
or background K atoms. First, by varying T,
with potassium flux E to the hot plate held con-
stant, it is possible vary ~~' although the K-atom
density n remains constant. In this case the
threshold near Lf = 80-85 MHz (Fig. 2) was found
to be identical with the value observed when w~'
is varied by changing I". The sudden increase in
&(I/Q) observed with increasing vs/vr is found
to be strictly a function of co~' rather than n .
Second, Q values for P & 0 and P & 0 showed no

measurable difference. This rules out ionization
as a sudden dissipation source since electron
production during the sweep through resonance
would broaden the resonance for P &0 and narrow
it for P&0.

The expert technical assistance of Mr. F. E.
Wittman is gratefully acknowledged.
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Experimental measurements and numerical simulation show that relativistic electron
beams propagating in a drift tube with a net current less than the Alfvdn critical current
assume an axially dependent equilibrium. The equilibrium of a 40-kA, 3-MeV electron
beam propagating in air at 22.5 Torr has been studied analytically, numerically, and
experimentally. Reasonable agreement among the results of the three approaches has
been found.

Yoshikawa' has recently proposed an axially
uniform, force-free equilibrium for high-inten-
sity electron beams. Although it is conceivable
that one could produce such a beam in the labora-
tory, experiments with the propagation of high-
current electron beams at Sandia Laboratories
indicate that the (quasi) equilibria assumed by
relativistic beams are in general z dependent.
Thus, as an alternative to the axially uniform
equilibria of Yoshikawa, or that of Hammer and

Rostoker, ' we propose an axially varying equi-
librium.

.Figure 1 shows experimental current-density
profiles for a 3-Mev electron beam propagating
in air at a pressure of 22.5 Torr. The profiles
were obtained with an array of Faraday cups
which were located radially at 0, 1, 2, and 3.25
in. and azimuthally at 0', 90', 180', and 270'.'
Measurements taken at a given time and axial po-
sition were averaged azimuthally. The primary
current in the diode was measured to be -45 kA
maximum and the net current in the drift tube
was -22.5 kA. Two pinches (regions of radial
constriction) are visible.

We consider the problem of a beam of elec-
trons injected through a conducting plane. The
beam is assumed to be instantaneously charge
neutralized, and all electric fields are neglected.
Hence, we are considering just the Alfven prob-
lem, ' except that we have done it self-consistent-
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FIG. 3. Experimental profiles of constant current
density (A/em~) during the time of maximum pinching
for a 3-MeV beam propagating in a drift tube filled
with air at 22.5 Torr. The primary current in the
drift tube was 40 kA and the net current was 22.5

kA.

ly. We have approached- this problem in two

ways: the relativistic, temperature-dependent
fluid equations of Toepfer, ' and a computer simu-
lation technique.

The fluid approach is complicated by difficul-
ties with the higher-moment equations, and we
will present only the zero-temperature case (as
done by Yoshikawa).
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