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TABLE I. Experimental results and comparison with the Born approxi-
mation (BA} {see text). The angles given for e~;„ in the Born approxima-
tion are the angles OE of the momentum transfer.

Excited
state

E 8

(eV) (deg} Expt ' BA

Ixi ~ min
(deg) (deg)

Expt ' BA Expt ' BA

3 P 77.7
80.0

30
16

0.45 + 0.01 0.231 53 + 2
0.39+0.02 0.290 38+2

50 +2 61.3
53+ 2 57.4

Uncertainties quoted for & and g represent 1 standard deviation.

indicate significant deviations from the predic-
tions of the Born approximation.

Work is continuing to measure the dependence
of A. and y on E and 8, for both excited states.
The results will map out in greater detail than
heretofore possible the deviations of various
electron-atom collision theories from experi-
ment.
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Relativistic Electron Beam Heating of a Fully Ionized Plasma*
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Relativistic electron beams with 0.4& v/y &2.2 have been used in this experiment to
heat a high-density {r~ -(5-8) && 10 cm J fully ionized hydrogen plasma immersed in a
magnetic field. The resulting heating levels are strongly dependent on the effective diode
impedance Z =V/I and, correspondingly, the vly of the beam. Measurements of the to-
tal plasma energy from the plasma diamagnetism and the ion energy distribution from
analyses of charge-exchange neutral atoms are used to determine scaling laws for the
beam-plasma interaction.

Recent experiments' ' using high-energy rela-
tivistic electron beams have demonstrated the
transfer of electrical energy into plasma thermal
energy. The heating mechanism involves collec-

tive beam-plasma interactions, with two candi-
dates being most likely: turbulent heating result-
ing from the beam return current' (v/y &1), and
two-stream instabilities" with v/y- l.
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The Cornell University turbulent-heating ex-
periment'0" has been modified (Fig. 1) to allow
the introduction of a relativistic electron beam
from a 5.8-0 Pocobeam" accelerator capable of
operating at s 500 kV with ~ 86 kA currents for a
nominal 60-nsec pulse. A nonsymmetric magnet-
ic mirror field (-150 em axial length) is ener-
gized by a 120-kJ capacitor bank producing —5-
6 kG at one mirror, -2.7 kG in the mirror well,
and - 5 kG at the plasma-injection end. A set of
hexapole-guide-field rods conducts plasma from
a pulsed hydrogen plasma source through the
(- 5 kG) mirror peak into the trap. Plasma den-
sity has been measured with a 74-GHz fringe-
shift interferometer and by the attenuation of a
neutral atom beam where the microwaves are
cut off. ' The neutral background pressure is
generally less than 4 &&10 ' T except when charge-
exchange neutral-energy analysis is performed
& &2x10 ' T. The low background neutral pres-
sure and the absence of plasma contact with the
vacuum vessel are major differences between
this experiment and previous efforts. ' '

In these experiments a foilless diode, posi-
tioned behind the peak of the mirror field, con-
sisting of a carbon cathode and a cylindrical
anode has been used to obtain impedances as low
as 6 Q. This diode relies on the leakage of low-
density plasma from the mirror into the anode-
eathode region to lower the effective diode im-
pedance and guide the beam into the mirror.
Anode structures with apertures of 2.5 and 5 cm
have been used with appropriate carbon cathodes
in this configuration.

Figure 2 indicates typical voltage, current,
and plasma diamagnetism signals for electron
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FIG. 2. Oscilloscope traces for (a) diode voltage and

current, (b) plasma diamagnetism, E~(35 J, (c), (d)

plasma diamagnetism, E&-35-60 J, and (e) plasma
diamagnetism, E&&60 J.

beam heating. The presence of the injected fully
ionized plasma in the diode region provides a
stable impedance level with no evidence of diode
closure for reasonable gap spacings -1 cm. The
diamagnetic signals displayed indicate the differ-
ent time histories typical of various total energy
levels within the mirror. For diamagnetic sig-
nals less than 35 J there was generally a slow
decay characterized by a single time constant.
Between 35 and 60 J, small discontinuities in the
diamagnetic signal appeared. These were ob-
served at various times following the rise of the
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FlG. 3. (a) Peak plasma diamagnetism and (b) rela-
tive transfer efficiency for relativistic-electron beam
heating using a 5-cm-aperture foilless diode. Each
point corresponds to one machine firing. Peak trans-
fer efficiencies from input energy into the diode to per-
pendicular plasma energy -10- l5fp.

signal, from a few microseconds to over 100
psec. They are attributed to sudden loss of ener-
getic electrons through an instability, and are
usually associated with bursts of hard x rays
from the plasma. Finally, at the highest heating
levels observed (60-100 J), the diamagnetic sig-
nal typically shows a rapid decay from its peak
value followed by a transition to a much slower
decay. This is interpreted as preferential elec-
tron heating at these levels, a view supported by
charge-exchange neutral data discussed below.
The microwave interferometer does not indicate
any significant increase in density during the
first few microseconds following heating. On a
longer time scale (10-200 @sec) the plasma den-
sity increases substantially as cold plasma, and
neutral gas from the plasma source enters the
mirror region and is heated or ionized by impact
with the confined hot plasma. Experiments" with
a foiled diode at low currents determined a thresh-
old for heating occurring at -8-10 kA of diode
current. This is nominally the level at which di-
rect turbulent heating of the plasma occurs, sug-
gesting that the same instabilities may be respon-
sible for both types of heating at this level.

Figure 3 indicates the peak diamagnetic energy
and the relative transfer efficiency measured for
various diode impedance levels using a 5-cm
foilless diode. These data were generated by ad-
justing both the beam firing time and the voltage
level of the Marx generator since diode imped-
ance is a very sensitive function of the timing be-
tween the plasma injection and beam firing. It is
clear that for this type of direct beam-plasma in-
teraction a low-impedance (high v/y) beam pro-
vided the highest energy transfer in the experi-
ments reported.

In a separate experiment the mirror field peak
at the electron beam diode was removed so that
the field was increasing axially the entire length
of the plasma column from the diode to the peak
of the opposite mirror. Diamagnetic signals
(nominally -30 J) had a characteristic lifetime
of -1.5-2 @sec corresponding to plasma diffusion
out one end of the machine as compared to traces
in Fig. 2. The diamagnetic loop is electrostati-
cally shielded with a metal foil and has a re-
sponse time of -—,

' psec. This is taken as evi-
dence that the diamagnetic signals are not due to
trapped-beam primary electrons as the charac-
teristic decay time without a mirror would be
much shorter than the observed times.

Observation of the radial profile of the electron
beam by insertion of slender 0.3-0.6-cm damage
rods indicated that the beam was contained in the
-4 cm diam of the injected plasma column -30
cm from the diode. At this axial position the
magnetic field had decreased from - 5.5 kG at
the mirror peak to -3.6 kG. Possible fluting at
the periphery of the beam was noted. At an axial
position of -67 cm (-2.7 kG) from the diode the
beam usually had either disappeared or produced
a diffuse weak damage pattern (5-10 cm). The
use of even thin damage rods obstructed the flow
of plasma into the diode region, changed the di-
ode impedance and, consequently, the experimen-
tal conditions. This precluded the use of Fara-
day cups or calorimetry to determine beam pa-
rameters. Such behavior suggests that the beam
is guided into the mirror by the injected plasma
column which provides magnetic and electric neu-
tralization for the beam. When one mirror was
removed, as discussed previously, damage rods
indicated that although the beam was weakened
considerab&y it did not blow up.

Figure 4(a) shows the plasma diamagnetic ener-
gy containe0 in the mirror following the beam
heating for various diode currents during a sin-
gle run. Fcr this configuration our plasma den-
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FIG. 4. (a) Perpendicular plasma energy versus
diode current for a fixed beam-plasma injection time,
i.e., -constant impedance diode using a 2.5-cxn-aper-
ture foiless diode. (b) Ion distribution function versus
energy for various beam heating levels ~ Curves 1-5,
E&=82, 74, 40, 30, 13 J, respectively, 1-4 with a 2.5-
cm foilless diode and 5 using a 5-cm foiled diode.

sity per unit axial length A'- (1.5-2) x10" cm '
corresponds to a mean perpendicular energy per
electron-ion pair ~ 5 keV for 30 J in the mirror.
To obtain these data the firing time of the elec-
tron beam relative to the time of plasma injec-
tion was held constant and the energy in the beam
varied by charging the accelerator to different
voltages. Each point corresponds to one machine
firing. Data of the type displayed in Figs. 3 and

4(a) were obtained for both 2.5- and 5-cm foil-
less diodes, and data obtained with anode foils at
low currents (& 25 kA) are entirely compatible.
In Fig. 3 beam voltages were in the range 250-
500 kV, corresponding to a maximum AUvbn cur-
rent of -28.5 kA. It is evident that this is the ap-
proximate threshold region for strong beam heat-
ing which in this experiment corresponds to the
condition v/y &1.

Figure 4(b) presents data acquired using a four-
channel neutral-energy analyzer -42 cm from the
diode. Each curve corresponds to the data from
one machine firing, and the curves labeled 1-4
are representative shots from Fig. 4. Curve 5

is shown for comparison to indicate appropriate
scaling of the ion energy spectrum at low diamag-
netic energies. These data were normalized at
925 eV because the absolute number of neutral
atoms resulting from charge exchange is a sensi-
tive function of the neutral krypton pressure,
plasma density, energy, and expansion velocity,
and therefore only relative levels are important. "

An examination of the ion distribution indicates
that at low energies (E, ~ 40 J= 8 keV) changes in
diamagnetic signal result in large changes in the
ion distribution, while above this level the rela-
tive changes in the ion spectrum are a slower
function of E~. This may be indicative of prefer-
ential electron heating above average energies
of -8 keV or may result from the loss of confine-
ment of ions during the heating process because
of the low magnetic field -3 kG at axial positions
in front of the analyzer. Neutral data taken at an
axial position -120 cm from the diode in a region
well past the axial extent of the electron beam in-
dicated slowly rising neutral signals. This re-
sults from ion heating occurring near the diode
region with subsequent diffusion of hot plasma in-
to the aperture of the analyzer followed by charge
exchange. This is consistent with observations
of electron beam behavior with damage rods.

From the experimental results one concludes
that relativistic electron beams can be used to
heat fully ionized plasmas to energy densities of
interest for controlled fusion. These plasmas ap-
pear to be stably confined immediately following
heating, and it is possible to reliably transfer
10-15/o of the electrical energy supplied to the
diode into plasma perpendicular energy. In order
to ensure maximum energy transfer it is neces-
sary to have a sufficiently large magnetic field
to suppress beam destruction via instabilities.
Electron beams with v/y & 1 appear to be most
desirable for efficient plasma heating suggesting
that the return current driven instabilities may
be the most promising for plasma heating as pre-
dicted by Lovelace and Sudan. '

The authors wish to thank Professor ¹ Rostok-
er and Professor R. Sudan for many valuable dis-
cussions, and Dr. S. H. Robertson and Mr. M. A.
Greenspan for assistance with the neutral-atom
energy analyzer.
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The kinematic shear viscosity and the ultrasonic absorption coefficient have been mea-
sured in the ternary system water-benzene-ethyl alcohol near a critical point ("plait
point") (I', =1 atm; T, =25'C; critical composition in wt/: water, 10.25; benzene, 52.10;
and ethyl alcohol, 37.25), to provide a qualitative test of recent theoretical predictions.
The experimental results indicate a rapid increase of the shear viscosity as a function
of concentration near the plait point and a less pronounced sensibility of the absorption
coefficient.

Recent theoretical works' ' have renewed the
interest in the experimental study of critical phe-
nomena in multicomponent systems. These works
are primarily concerned with equilibrium proper-
ties. A few theoretical predictions concerning
the critical behavior of dynamical properties in
fluid mixtures have been made. ' According to
these predictions we expect shear viscosity to
exhibit always the same anomaly irrespective of
the number of components and the type of criti-
cal point, while ultrasonic absorption should be
less and less affected by critical fluctuations as
the number of components increases. The pur-
pose of the present Letter is to report on recent
experiments which have been made to provide a
qualitative test of these theoretical predictions.
Both kinematic viscosity q/p and ultrasonic ab-
sorption coefficient n have been measured as a
function of temperature and concentration in the
one-phase homogeneous region of the liquid sys-
tem water-benzene —ethyl alcohol (WBE) near a

plait point.
From the historical point of view it may be of

interest to report that an anomalous behavior of
shear viscosity near a plait point of the ternary
system water-benzene-acetic acid was first ob-
served by FriedlNnder' in 1901. His results were
later (1946) confirmed by an extensive work on
twelve ternary systems by Mondain-Monval and
Quiquerez. ' On the other hand, to our knowledge
ours are the first reported measurements on the
behavior of sound absorption near a critical point
in ternary systems.

The mixture %BE belongs to that type of terna-
ry system in which the mixing of the three com-
ponents leads to the formation of one pair of liq-
uid layers in equilibrium, each one containing a
proper amount of every component. Water and
benzene are partially miscible but each can dis-
solve in all proportions in ethyl alcohol. There-
fore, if we gradually add alcohol to an appropri-
ate heterogeneous water-benzene mixture, the
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