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Ion Heating by an Intense Relativistic Electron Beam

J. P. VanDevender, J. D. Kilkenny, and A. E. Dangor
Impevrial College, London SW7 2BZ, England
(Received 24 July 1974)

A high-current electron beam is used to produce a plasma from neutral hydrogen.
Doppler—line-broadening and Thomson-scattering measurements show that the ion ener-
gy is 100 £15 eV compared with only 12 +2 eV for the electron energy. It is shown that
this ion energy can be supplied by an inverse pinch effect. It is suggested that much
higher ion energies will result for electron densities 7, lower than 10' ¢m™ measured

here.

Several experimenters!™” have reported that
when a high-current relativistic electron beam is
injected into a plasma, a fraction of the beam en-
ergy is transferred to the plasma through the ex-
citation of streaming instabilities. The energy is
transferred primarily to the plasma electrons.

In this paper we report measurements which show
that direct energy transfer to the ions can occur
if the self-magnetic field of the beam is not com-
pletely neutralized by the counter-streaming plas-
ma current—for, in such a situation, there ex-
ists a force fx_ﬁ, associated with the plasma cur-
rent and the magnetic field due to the net current,
which accelerates the plasma radially outward.
This is the main force acting on the plasma since
the coupling between the beam and plasma elec-
trons is weak. The energy for the radial motion
is of course provided by the beam.

The experimental arrangement is shown in Fig.
1. A 36-kA, 350-kV, 100-nsec electron beam is

compressed by a cone to a current density of 20
kA/cm? and injected through a Mylar foil into a
test chamber, which is filled with neutral hydro-
gen. There is no external magnetic field. The
current and energy of the beam are reproducible
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FIG. 1. Diagram of the apparatus. The line-broaden-
ing measurements are made by using the laser scatter-
ing ports.

689



VOLUME 33, NUMBER 12

PHYSICAL REVIEW LETTERS

16 SEPTEMBER 1974

100

(eV)

SO

t (107s)

FIG. 2. Electron temperature (T',) from Thomson
scattering. Effective atom temperature (I, from
Doppler broadening of the Balmer lines by both macro-
scopic and microscopic motion. Injection is into 100-
mTorr H, and time is relative to the start of the beam.

to within 10%. The beam radius »,, measured by
the damage pattern on a witness plate, is 81
mm throughout the test chamber. The plasma
produced by the beam is diagnosed by (1) line
broadening of the hydrogen Balmer lines along a
line of sight perpendicular to the beam, (2) ruby-
laser scattering with the scattering vector also
perpendicular to the beam, (3) streak photogra-
phy, and (4) the net current Iye;=Tpeam = Ipiasmas
measured with the Rogowski coil shown in Fig. 1.
Measurements (1), (2), and (3) are made 8 mm
from the entrance foil.

There are two contributions to the line widths:
Stark and Doppler broadening. The tabulated
Stark broadening of Hj is an order of magnitude
larger than for H,.® Experimentally it is found
that the widths of the two lines are comparable.
Thus the atom velocity distribution along the line
of sight can be obtained by analysis of the line
widths.® The average energy per atom deduced
from the data is shown in Fig. 2, for injection in-
to 100-mTorr hydrogen. The charge-exchange
mean free path for H* in 100-mTorr H, is typical-
ly 1 mm and so the atom energy is a measure of
the ion energy.

Also shown in Fig. 2 is the electron energy ob-
tained from the laser-scattering measurements.
Note that at the end of the electron-beam pulse
the plasma-electron energy is 12 eV, an order
of magnitude less than the atom and ion energy.

Figure 3 is a streak photograph of the diameter
of the plasma channel for injection into 100-
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FIG. 3. Streak photograph of a plasma diameter con-
trasting injection into 100-mTorr H, where the radius
of the plasma channel changes, with 10-Torr H, where
the radius is approximately constant.

mTorr and 10-Torr neutral hydrogen. For the
10-Torr case the diameter of the channel is ap-
proximately constant. At 100 mTorr the plasma
is first seen expanding at 100 nsec, reaching its
maximum radius of 2 cm, twice that of the elec-
tron beam, at 130 nsec. The initial light at the
walls is due to electrons which are expelled from
the plasma to give charge neutralization. After
the beam the plasma pinches to the axis.

The net currents for 10 Torr and 100 mTorr
are shown in Fig. 3. At both pressures the net
current is found to start decaying at a time later
than 100 nsec, the beam pulse length. In general,
it is found that the net current continues to in-
crease for a longer time and that the net change
is greater as the pressure is reduced.

The continuum plasma light emission is shown
in Fig. 4 together with the plasma current J;,¢ma.
For injection into hydrogen at pressures greater
than 100 mTorr the light emission follows the
plasma current. However at lower pressures,
the light emission drops quickly during the beam
pulse.

The results presented above—(1) the Doppler
broadening, (2) the size of the plasma at 130
nsec, (3) the increase of the net current after the
beam, and (4) the absence of light emission dur-
ing the beam pulse at low pressure—are consis-
tent with radial motion of the plasma. The pinch-
ing observed after the beam pulse suggests that
the radial motion is associated with the force
j.Bg on the plasma.

During the beam pulse the plasma current j,,
is opposite in direction to the net current, which
produces the azimuthal field Bg. Thus during the
beam, the force is radially outward. After the
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FIG. 4. Time history of the continuum light emission
near 6940 A (solid line) and the modulus of the plasma
current (broken line) in arbitrary units. (a) 2 mTorr,
(b) 30 mTorr, (c) 60 mTorr. Notice the correlation at
60 mTorr and contrast the rapid drop in plasma light
at lower pressure.

beam the only current in the system is the plas-
ma current and therefore, the plasma pinches.
A measure of the radial acceleration can be ob-
tained from the equation of motion

pdv,/dt=-j,,Be. (1)

Taking p as the mass density of the neutral gas,
Jpe the plasma current density as (Ine; = Tpeam)/
mr,?, and Bg equal to 3 the maximum value at the
beam radius, we obtain the equation dv,/dt ~ 10
m sec”®. Thus in 100 nsec, a velocity v, of 10°

m sec ! and a plasma expansion of 1 cm are ex-
pected. This is in agreement with the measured
Doppler velocity of 1.3 Xx10%° m sec™! and the ob-
served radius of the plasma.,

After the beam pulse the plasma current re-
verses, and the force j’xﬁ on the plasma is radi-
ally inward. For a plasma of zero resistivity the
sum of the magnetic (3L1,,? and kinetic energies
is then constant. As the plasma is decelerated
the energy in the mass motion is transferred to
field energy so that at the end of the pulse and be-

fore the plasma motion is reversed,

dlpet | _ 11 dL/dt
dt 2 L

Since the channel is still expanding dL/dt is nega-
tive and so dl.,/dt is positive, in agreement with
the net-current measurements.

As the force fxﬁ on the plasma expels the plas-
ma from the channel the plasma number density
within the channel drops if additional ionization
cannot compensate. This is consistent with the
drop in light emission from the plasma during
the beam pulse at very low pressures.

The effect is important because of the energy
transfer from an electron beam to the ions in a
plasma. Consider an infinitely long system. The
axial component of Ohm’s law is

Njp=E,+v,B

provided div7=0. The rate of increase of the
plasma energy density is j,.E, of which 7j,.2 is
the resistive heating and - v, Bgj,, is the rate of
energy transfer to the heavy particles. Accord-
ing to Eq. (1) the acceleration dv,/dt is propor-
tional to p™!. Thus at lower filling pressures,
the energy input to the ions will dominate the
electron heating even more than it does for this
experiment at n,=10"® cm ™3, An approximate cal-
culation shows that ion viscosity can easily ran-
domize this energy.

In summary, measurements of a plasma pro-
duced by an electron beam in neutral hydrogen
have shown that the neutral and ion energies are
an order of magnitude greater than the electron
energy. This new result has not been observed
before as most other experiments have been per-
formed with a much larger mass density. We
have not examined the role of a guide field, and
also this effect depends on incomplete magnetic
neutralization. However, the injection of a beam
along a z-pinch column, which has a significant
B g, would produce this energy transfer mecha-
nism.
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Dissipative Trapped-Electron Instability in Cylindrical Geometry*
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We show that the essential ingredients of the trapped-electron instability can be present
in a cylindrical geometry. A linear instability theory, a simple physical explanation, and
the results of an experiment are presented to support this.

The dissipative trapped-electron instability like [ UNIFORM FIELD SOLENOID ]
all other trapped-particle instabilities has always ] ]
been discussed in toroidal systems.!”® In toroi- R =)
dal systems magnetic field properties such as in- MIRROR CELL LPLASMA
: . . X MIRROR COIL X
homogeneity, curvature, and helicity are all in- [ =
terrelated and the resulting zero-order particle LSOURCE

trajectories of drifting bananas are very com-
plex. These geometrical complexities also make 8

experimental identification difficult. This Letter /\ k
considers the simplest magnetic field sufficient

for the instability and clarifies the underlying oy oy o s nad
physics. We also report the results of an ex-
periment which demonstrates that a dissipative
trapped-electron instability can be excited in a

FIG. 1. .Schematic of the mirror cell in cylindrical
geometry (above) and the axial magnetic field intensity
. . (below) for mirror ratio R=38. The plasma source
cylindrical geometry. which produces a radial electron-temperature gradient

It is well known that collisionless trapped-par- is an E XB source (Ref. 5).
ticle instabilities are driven by magnetic-curva-
ture drift.® But dissipative trapped-particle in-

stabilities are similar to collisional drift waves mirrors (Fig. 1). A density gradient, say in the
in the sense that the excitation of both classes radial direction, is always necessary for a drift-
depends on collisions. In the case of the trapped- like mode and finally, an electron-temperature
electron instability one needs an appropriate gradient coincident with the density gradient is
electron collision frequency which should be essential.'! We will show that the cylindrical sys-
higher than the wave frequency.’ Therefore one tem shown in Fig. 1 is capable of sustaining the
can conceive of the dissipative trapped-electron dissipative trapped-electron instability.
instability in an essentially straight magnetic For electrons trapped between the mirrors,
field, but to produce a trapped population of par- we write the drift kinetic equation in cylindrical

ticles one needs at least two localized magnetic l coordinates », 8, z with the Krook model for the
collision term as

of, 9f, e dp dF, c 8¢ dF <e<p )
i RS SN dibalt R Sl A —LF -
at " VF oz +me 9z dv, B,7v 90 ar vel®) kTeFt Te), @

where f and ¢ are the perturbed electron distribution function and potential, respectively; v,, 1,(v),
and F are the axial velocity, velocity-dependent electron collision frequency, and equilibrium distribu-

692



,-~, 100 mTorr

t (107s) t 107s)

FIG. 3. Streak photograph of a plasma diameter con-
trasting injection into 100-mTorr H, where the radius
of the plasma channel changes, with 10-Torr H, where
the radius is approximately constant.



