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PLASMA HEATING WITH A RELATIVISTIC ELECTRON BEAM

P. Korn, F. Sandel and C. Wharton

Cornell University, Ithaca, N.Y., U. S. A.

ABSTRACT

Significant plasma heating due to the interaction of an intense
relativistic electron beam with a plasma column has been observed in a
new experiment.  The threshold for the onset of heating and the dependence
of total perpendicular energy on beam current are similar to the cases
for direct turbulent heating in the same plasma geometry.

1.  Description of the Experiment

The experiment geometry is sketched in Fig. 1.  The portion to the
right of the electron gun cathode is the original THM turbulent heating
apparatus, whose performance is well known(1,2).
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Fig. 1  Cornell THM installation modified to permit plasma

heating by an intense relativistic electron beam. The chamber

diameter is 40 cm; distance between electrodes is 180 cm.
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All the diagnostic instruments and the same plasma conditions before heating
have been retained, permitting a direct comparison between conventional
turbulent heating and heating with the electron beam.  A hydrogen plasma
column having a density of 3 to 6x1013 cm-3 and a diameter of 5 cm is
supported by a magnetic mirror field of 2000 to 5000 gauss (central) ina vacuum of 3 to 5x10-6 torr.  The absence of background gas around.the
plasma column is important to the performance of the beam-plasma interaction.

The electron beam has an energy of 500 keV at a current of up to
83,000 amperes (6 0 water-filled energy storage line) and a pulse duration
of 60 nsec.  The maximum energy in the beam is thus 2500 joules, which is
somewhat more than that available for direct turbulent heating.

Two types of diode structures were used, one with a 2.54 x 10-3 cm
thick titanium anode foil, and one without.  The plasma heating indicated
by the diamagnetic loop was similar for both configurations as long asplasma was allowed to enter the anode region.  The main disadvantage of the
foil anode was that the foil ruptured after 5 to 20 firings requiring that
the experiment be opened for anode replacement.  That procedure caused delays
and unavoidable vacuum contamination leading us to adopt the foil-less diode
for most experiments.  The beam diameter was matched to that of the plasma
column, with the diode immersed in the magnetic field at the peak of the
mirror.

2.  Diode and Beam Characteristics

The foil-less diode impedance was found to depend on several features,
but was most sensitive to the presence of magnetized plasma in the anode
region.  Without magnetized plasma (to neutralize spacecharge) the impedance
was high, and very little current could be extracted.  The current that was
extracted did not propagate very far in the vacuum magnetic field.

Without magnetic field the impedance was low due to direct electron
transit to the anode ring, followed by "gap closure" from metal vapors
filling the anode-cathode space.  Considerable anode and cathode erosion
occurred unless the proper geometry and conditions were found.  With plasma
present, in a strong magnetic field (B 2 6000 gauss), a brass tubular anode
and a carbon ring (sharp-edged) cathode were useful for -500 firings.

In one experiment the cathode emitting surface was annular, but the
beam filled in to a solid cross section within -20 cm in the plasma column,
as evidenced by damage patterns on a slender plastic rod inserted in the
plasma column.

Foil-anode diodes have been discussed by numerous authors in a wide
variety of configurations.  Our experiments did not show any new effects
except that the presence of plasma against the outside of the foil seemed to
lengthen its lifetime before rupture, presumably by diverting some of the

I return current.
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3.  Plasma Heating

For direct turbulent heating we found that the onset-threshold was
at a plasma current of -8000 amperes. (1) The same value of threshold was
found for the relativistic electron beam current in these preliminary ex-
periments.  This evidence suggests the possibility that the reverse current
induced by passage of the primary beam through the plasma is responsible
for the heating, ( 3) since other mechanisms would not have the same thres-

hold.  Fig. 2 shows the sudden onset of heating and the steep dependence of
total perpendicular energy Wl on current.
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Fig. 2  Dependence of total perpendicular energy Wi on diode
current. Carbon cathode and 0.0025 cm Ti.foil anode used in
diode.  Magnetic field 3000 gauss at the diode.

Wl was obtained with a diamagnetic loop.  The values shown were read just
after the heating pulse, before the decay due to confinement losses.  The
time-dependence of the diamagnetic signal was very similar to that for
direct turbulent heating.  At the end of heating the maximum Wl was about

30 joules, corresponding to an energy of 25 keV per electron-ion pair.  A
rapid drop, with T-6 Msec, was followed by a slower decay with T-5 0 t o
100 psec.  We associate the initial decay with loss of electron energy
(e.g. by thermal conductivity to electrodes) and the slower decay with loss
of energetic ions by scattering and charge exchange.  The decay time of the

electron density, as read by a 4 mm X microwave interferometer, is longer
than either of the above.  There is the possibility that the long decay was
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due to trapping of primary beam electrons, but we have no evidence that
this is the case.

Because we held the diode voltage pulse constant at -500 kv, the
various currents were obtained by changing the diode impedance (mis-matching).
No evidence of heating saturation is seen in this figure.

4.  Ion Energy Spectrum

Ion heating has been observed with a 4-channel energy analyzer for
fast neutral hydrogen atoms arising from charge exchange.  We have insuffi-
cient data at this time to draw valid conclusions regarding the spectral

shape, the average energy or the isotropy, but it is clear that there are
hot ions present after heating, and thus at least a portion of thd dia-
magnetic signal is undoubtedly due to ion heating.  In experiments to date
this heating occurs near the diode region, since the beam does not propagate
the full length of the plasma column.  That result is not unreasonable in
the modest magnetic fields employed.
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