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mined quite accurately as +Ac, (1/Q —1 —k,'p, ')'I'.
If we ignore the outer turning points, then, since
the wave is propagating inside the inner turning
points, the eigenvalue is determined by the quan-
tization conditions

f Q"(Q, q) drt=(n+-,')~, n=o, i, 2. .. , (i5)

where Q(Q, rt) is the real potential. Because of
the presence of outer turning points, the wave
cannot remain trapped and, therefore, no real-0
eigensolution is possible. However, if the tunnel-
ing factor exp(- f Q' 'drt) is small, then it is
possible to consider the eigenvalue Q as deter-
mined by Eq. (15) to be a resonance. For real
Q sufficiently far from resonance, r(Q) +i = 0
(exp(- f Q'I'd t)r) and so R(Q) = O(1); in this case
there is no significant convective amplification.
On the other hand, for 0 very close to resonance,

~
r(Q) + i

~

= O(1) and both the reflection and trans-
mission coefficients are of order exp(&a) which
is assumed to be large. Thus, we can identify
exp(wa) as the convective amplification factor,
which can be estimated using the data of Ref. 8.
Taking m, /m, =1837, L, /L„= 50, and k, 'p, '=0.5,
we find the resonance frequency to be Q =0.55.
%e thus have ra =13.74 and the amplification fac-
tor is exponentia, lly large, O(10')!"

In conclusion we have shown that there are no
unstable drift modes and drift-Alfvd'n modes of
either parity and that the convective amplifica-
tion of the electrostatic drift modes can become
exponentially large. The obvious implication of
the latter result is that we may expect anomalous
transport of a plasma confined in a sheared mag-
netic field due to the convectively unstable drift

modes.
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This enormous amplification indicates that the sys-
tem has eigenmodes with negligibly small damping
rates, which cannot be distinguished from marginally
stable modes by numerical and WKBJ analyses.
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A fully ionized plasma column was heated with a relativistic electron beam. Experi-
ments in which plasma heating was dominated by the beam-plasma two-stream interac-
tion demonstrated a scaling of energy deposition with the beam-to-plasma density ratio
and the beam angular scatter in accordance with a theorectial model of the two-stream
instability. Beam-to-plasma energy-transfer efficiencies exceeding 25+ and plasma
electron temperatures of 600 eV were observed.

The availability of high-power relativistic-
electron-beam (HEB) generators has stimulated
interest in their use for the rapid heating of plas-

ma targets. " Because energy transfer from the
REB to the plasma by means of Coulomb colli-
sions is negligible for the plasma densities and
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dimensions of interest, it is necessary to rely
upon collective processes to provide significant
energy deposition. One of the most promising of
these processes is the two-stream interaction be-
tween the relativistic beam and the target plasma
electrons. Experiments to investigate this in-
stability have injected the REB through an anode
consisting of a thin metal foil. The beam is scat-
tered in passing through this foil, and, conse-
quently, acquires an angular spread in velocity,
even though the actual spread in energy is small.
However, because the two-stream instability is
a longitudinal interaction, only those beam elec-
trons with parallel velocity components greater
than the phase velocity of the most unstable wave
can "coherently pump" the instability and hence
make a significant contribution to the plasma
heating. Thus, this angular spread can seriously
degrade the strength of the two-stream interac-
tion. 4 In this Letter, results of experiments that
verify this theoretically predicted effect are re-
ported. This was accomplished by first establish-
ing a set of beam and plasma parameters for
which the energy deposition was dominated by
the two-stream interaction, and then varying the
beam angular spread by changing the anode foil
thickness.

The experimental apparatus used in this study
has been described in detail elsewhere, "and is
shown in Fig. 1. The hydrogen target plasma was
created by injecting a z-pinch gun plasmoid
through a curved hexapole guide field into a sol-
enoidal 1.8:1 magnetic-mirror trap (B,= 2.6 kG
at the midplane, mirror spacing was 150 cm).
The initial plasma column was 10(Plo ionized,
free of impurities, had a midplane radius of 3.5

cm, electron density in excess of 6 ~10"cm ',
ion temperature of 10 eV, and was separated
from the 20-cm-radius stainless-steel flux-con-
serving interaction-chamber wall by a hard vacu-
um (P» 2&&10 ' Torr). The roughly triangular
radial density profile gradually expanded, and

plasma was lost out of the mirror ends with a
particle loss time of - 400 p, s. The plasma den-
sity, therefore, could be controlled by varying
the delay between plasma formation and beam in-
jection. An initial electron temperature of - 5 eV
is consistent with both the column expansion rate
and the value expected from a simple model of
cooling by electron thermal conduction to the
ends,

The relativistic electron beam was produced
by an oil-insulated Marx generator driving a 5.8-
Q pulse line terminated with a cold-cathode field-
emission diode. The diode was located near the
magnetic-mirror throat, and the extracted beam
expanded along field lines from an initial radius
of 2.5 cm in the diode to a radius of - 3.4 cm at
the midplane. Throughout these experiments typ-
ical beam parameters included a beam energy of
350 keV, beam current of 16 kA, and a 60-ns
pulse width [full width at half maximum (FWHM)].

Both the collisional and collisionless skin
depths in this experiment were much less than
either the beam or plasma radius, and, conse-
quently, large return currents were induced by
the beam. ' As a result, it was possible to heat
the plasma in two different ways, either directly
by the two-stream interaction, or, depending on
the beam and plasma parameters, by Ohmic dis-
sipation of the return current. (In the Ohmic
case, collective interactions contributed to the
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FIG. 1. The Cornell University relativistic-electron-beam plasma-heating experimental facility.
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heating by providing an anomalously large plasma
resistivity. ) Because miniature Faraday-cup
measurements of the REB current distribution
showed a uniform radial profile, ' the instantane-
ous return-current heating power can be ex-
pressed as P„=I„V. Here I„ is the induced plas-
ma return current, and V is the induction voltage
given by V= -I.dI„/dt. I„=I,+ I„ is the net cur-
rent, measured with magnetic probes in the inter-
action chamber, I- is the system inductance, and

I~ is the beam current, measured with magnetic
probes in the diode. The total energy transferred
to the plasma by dissipation of the return cur-
rent, 8'„, can then be calculated by integrating
P„; i.e., W„= I, P„dt. Assuming that W„ is iso-
tropic, two-thirds of TV„contributes to the di-
amagnetic-loop" measurement of the total per-
pendicular plasma energy, W, . These measure-
ments established that at high plasma densities,
np& 5&&10' cm ', return-current heating contrib-
uted less than 10% to the total observed plasma
heating, and thereby suggest that the two-stream
interaction was the dominant plasma-heating
mechanism.

A one-dimensional model of the two-stream in-
teraction, "' relevant for the conditions of these
experiments, predicts that ~W, the energy de-
posited in the plasma (i.e. , that lost by the BEB),
scales as

&W ~ (b,n/n~)1. 5S(1+1~ 5S) ~'yn~m, ~.

scattering theories were used to derive f(8, ~).
For scattering in very thin foils, the screening-
angle theory of Moliere was used. ' ' ' The dis-
tribution for foils so thick that the Moliere for-
mulation was inaccurate was calculated using the
Qoudsmit-Saunder son theory, '4'" which requires
an expansion in Legendre polynomials. Finally,
for very thick foils the age diffusion distribution
derived by Bethe, Rose, and Smith' was used.

Figure 2 shows the experimentally observed
perpendicular plasma energy as a function of the
beam-to-plasma density ratio, n, /n~. This ra-
tio was determined by dividing the number of
beam electrons per unit length (obtained from
the beam current and voltage) by the number of
plasma electrons in the beam channel per unit
length (obtained with 4- and 8-mm microwave in-
terferometry and Langmuir probes). The solid
lines represent the scaling based on Eq. (1). The
agreement between data and theory supports the
supposition that the observed plasma heating was
a result of the two-stream interaction. Thomson-
scattering measurements of the perpendicular
plasma electron energy" give electron tempera-
tures in excess of 600 eV, and exhibit the same
scaling with n&/n~ as the diamagnetic-loop meas-
urements of total perpendicular plasma energy,
but can only account for 25-3(PO of the observed
plasma heating at t = 200 ns after beam injection.

Here m is the electron mass, Pc is the beam
electron velocity, yacc' is the beam electron en-
ergy, and n&/n~ is the beam-to-plasma density
ratio. Evidently, ~R' is characterized by a
strength parameter, S = P'y(n, /2n~)~', and a
scattering parameter, &n/nb. Physically, &n/n,
is the fraction of beam electrons with parallel
velocity components, v„ that exceed the phase
velocity of, and hence can resonate with, the
fastest-growing two-stream wave. This phase
velocity is given by'
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By defining a maximum angle, L9~„ from vo
&& cos8~„=&u, /k, (vo is the beam velocity and 8 is
the angle through which beam electron is scat-
tered), bn/n, can be calculated from

&n/np= f f(8, ~)d8, (3)

where ~ is the foil thickness, and f (8, v') is the
beam angular-distribution function resulting from
scattering in the anode foil. Several multiple-

I IG. 2. Scaling of plasma heating as determined by
diamagnetic-loop measurements (triangles) and Thom-
son scattering (circles), with beam-to-plasma density
ratio, n&/n&. The theoretical scaling law for the two-
stream interaction has been adjusted by a coupling fac-
tor to fit these data (solid curve). Error bars repre-
sent typical scatter, and each datum point represents
the average of thr'ee or more shots.
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and anode foil scattering. Plasma electron tem-
peratures of more than 600 eV were directly
measured with Thomson scattering. Finally, by
decreasing the anode foil thickness, the beam en-
ergy transfer efficiency was increased to over
25/o compared with the 6%%uo achieved in earlier ex-
periments.
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FIQ. 3. Variation of energy transferred to plasma
with foil thickness. The theoretical prediction (solid
curve) is proportional to Dn/n~ and has been normal-
ized to the data for 25.4-pm Ti anode foils. Circles
represent measurements of total perpendicular plasma
energy with diamagnetic loops, and triangles represent
measurements of plasma electron energy with Thom-
son scattering.

This discrepancy is a result of the contribution
of heated ions and an observed high-energy non-
thermal plasma electron component of the total
plasma perpendicular energy. "

Figure 3 shows the energy deposition as a func-
tion of foil thickness for n, /n~ =0.012. The solid
curve wa, s derived from Eq. (3), and normalized
to the ~~ data obtained with the 25.4-p, m foil.
Again, the theoretical scaling for the two-stream
interaction was closely followed by the experi-
mental data. It is observed that by decreasing
the foil scattering, the efficiency of the energy
deposition was increased by over a factor of 4,
and with a total diode energy of 340 J, the maxi-
mum energy transfer efficiencies were in excess
of 25%.

In conclusion, these experiments, performed
in a range of parameters for which the plasma
heating by the return current was weak, demon-
strated an experimental scaling of energy deposi-
tion in agreement with the theory of the two-
stream interaction for variations of both n, jn~
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