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Evidence of Anomalous Interaction between a Relativistic Electron Beam and
a Solid Target
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The dynamic behavior of the plasma produced from a thin foil target irradiated by a
focused intense electron beam is observed optically by shadowgraphy and interfero-
metry. Evidence of anomalous stopping of intense electron beam on the surface of the
low-~ target is shown experimentally.

The investigation of the deposition mechanism
of intense relativistic electron-beam (REB) ener-
gy to the pellet is an important keypoint for REB
inertial-confinement fusion (ICF) research. The
size and structure of the pellet for the optimum
implosion strongly depend on the energy deposi-
tion mechanism of REB electron on the surface
of the target. Enhanced energy deposition may
reduce the target shell thickness, and the beam
energy and power required for breakeven may be-
come much smaller.

Several enhanced-deposition models have been
proposed. They are classified into two categor-
ies. In model I, by the elongation of the electron
path, or a stagnation, in the target due to the
magnetic field and/or distorted electric field,
the deposition rate of the beam energy is en-
hanced. " In this case the transfer mechanism
of the beam energy to the target is binary classi-
cal collisions in the target of solid density.

In model II, the beam is coupled to the plasma
by a hot-beam, two-stream instability which
transfers the energy efficiently from the REB to
the plasma in the corona region where the growth
rate is higher than the collision frequency of the
plasma electrons and ions. ' In this model the
characteristic stopping length L may be given
roughly as L-Av, /y, where v, is the group veloc-
ity of the wave, A is a numerical factor of the
order of 10, taking into account the smallness of
the initial plasma oscillation, and y is the growth
rate of the instability. y is described roughly as
z-v~(n~/n~), where &u~ is the plasma frequency,
n~ is the plasma electron density, and n, is the
beam electron density. ' The necessary condition
for growth of the plasma wave is described as y
& v„,where v„.is the collision frequency of the
ions and electrons in the plasma. So the effec-
tive energy-deposition region of the REB to the
target is in the corona of the plasma where the
density is below 10"cm ' and the temperature
is several hundred electron volts.

High-Z material is necessary to stop the ener-

getic beam electrons if the deposition process is
according to model I. In model II, in contrast,
low-Z material is favorable to stop the electrons,
because the plasma instability may be suppressed
by the higher collision frequency of the higher-Z
plasma. In this Letter, experimental evidence
for an anomalous deposition in accordance with
model II is reported.

The REB generator "Reiden III" was employed
to perform the experiment. The typical operat-
ing parameters were 500 keV, 100 kA, and 80-
nsec pulse length. To enforce the pinching and to
get reproducibility in focusing position, a tung-
sten rod of 1 mm in diameter and 14 mm in
height was set at the center of the cathode as
shown in Fig. 1. The focal-spot size on the tar-
get was 1.05 mm, which is obtained from the
high-energy x-ray images in pinhole cameras
from the lateral side of the target. The fraction
of the focused current to the total diode current
was up to 0.8, which was reported elsewhere. '
The target was set at the bottom of a tapered hole
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FIG. 1. The schematic description of the interferom-
etry experiment. K is the cathode, A is the anode,
and T is the target. The target is suspended from the
anode by the brass block which has holes for the path
of the light ray.
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located at the center of the anode. The diameter
of the hole was 20 mm at the top and 10 mm at
the bottom, and its depth from the anode surface
was 7 mm.

Foils of polyethylene, tantalum, and nickel
were used as targets. The targets were suspend-
ed by a brass block from the anode. Holes were
drilled in the block perpendicular to the beam di-
rection to allow for the laser path and x-ray pin-
hole camera. The target plasma and its dynamic
behavior were measured optically using a N, la-
ser of 4-ns pulse width from the horizontal direc-
tion along the target surface.

The density profile of the blowoff plasma pro-
duced on the front and rear sides of the target
was observed by the method of optical interfer-
ometry. The expansion velocities of the plasma
from the target wer e measured by two-channel
shadowgraphy of successive laser pulses with an
optical delay of 25 nsec. The timing of the laser
pulse to the voltage pulse was monitored with use
of a biplanar photodiode. The experimental setup
is shown in Fig. 1 in the case of interferometry
measurement.

Typical results of the interferometry for the
polyethylene foil of 100 pm in thickness and nick-
el foil of 10 pm in thickness are shown in Figs.
2(a) and 2(b), respectively. Timing of these pic-
tures is at 100 ns after the voltage pulse rise co-
inciding with maximum pinch. It is clearly ob-
served for the polyethylene target that the target
plasma was expanding only to the front at this
time. The density gradient of the rear side still
remained in a cold state. Almost the same ten-
dency was obtained even if polyethylene of 25 pm
in thickness was used as the target. In the case
of a nickel foil target the blowoff of the target
occurred equivalently on the front and rear sur-
face.

The classical stopping range for a beam elec-
tron of energy several hundred kilo-electron-
volts is about 0.1 g cm '. The values of pt of the
polyethylene foil of 100 p,m and the nickel foil of
10 pm in thickness are almost the same and equal
to 0.01 g cm ', where p is the mass density and
t is the thickness of the target. When the energy
deposition is simple classical collisions, the
beam electrons penetrate the target of 100-pm
polyethylene and 10-pm nickel freely and deposit
a small fraction of their energy uniformly over
all the volume of the target. Consequently, si-
multaneous and equivalent blowoff was expected
on the front and rear sides of the target of pt
-0.01 g cm '.
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FIG. 2. Typical results for the interferometry:
(a) 100-pm polyethylene foil target, (b) 10-pm nickel
foil target. Time of results is 100 ns after voltage
rise.

In our experiment the effect of the distorted
electric field may not play a significant role be-
cause the target does not protrude into the diode
gap as is considered in model I. The magnetic
effect may be conceivable because the skin depth
of the field may be comparable to the thickness
of the blowoff plasma in the case of Fig. 1 if the
plasma temperature is about 10 eV. But the dif-
ference of the behavior between the polyethylene
and nickel target can not be explained because
the pt of both targets is almost the same.

According to model II, the experimental data
could be interpreted as follows. The beam ener-
gy may be transferred into the blowoff plasma so
efficiently that the beam electrons can not pene-
trate the target but deposit their energy mainly
in the front side of the low-Z target such as poly-
ethylene. So in the case of polyethylene target,
the plasma expansion occurred on the front sur-
face while the rear surface remained in a cold
state. When a high-Z material such as nickel is
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FIG. 3. Typical results for the shadowgraphy with diode voltage and current: (a) 100-pm polyethylene foil target,
(b) 20-pm tantalum foil target. Time of results of (a) is 130 ns and 155 ns after voltage pulse rise and (b) is a1most
the same. Diode voltage wave forms are corrected byL dI/dt shown as the broken line.

used for the target, the instability growth may be
suppressed due to the strong collisional damping.
In the case of the nickel target simultaneous and
equivalent expansion of plasma occurred on both
sides.
. Two successive shadowgrams of the blowoff
plasma of the polyethylene of 100 pm in thickness
and tantalum of 20 pm in thickness are shown in
Figs. 3(a) and 3(b), respectively. Figure 3 also
shows the diode voltage and current of each shot.
There are no significant differences in the x-ray
images between each shot.

The electron density of the plasma at the edge
of the shadow was estimated to be about 5&& 10 "
cm ' by comparing with the result of the inter-
ferometry. The velocities of the shadow edge ob-
tained from Fig. 3 are shown in Figs. 4(b) and
4(c) by the solid line. For the polyethylene tar-
get, from extrapolation of the data for different
times, the blowoff occurred only on the front
side during the first 100 nsec from the voltage
pulse rise. At about 50 nsec after the beginning
of the blowoff of the front side, the blowoff of the
rear side of the target occurred. This delay of
the beginning of the blowoff is explained by the

surface absorption of the REB energy, which is
also according to model II.

For tantalum foil of 20 pm in thickness the
blowoff occurred at almost the same time on both
sides. This might be due to the beam penetration
through the target, which implied the interaction
was the same as in the nickel target.

For the polyethylene target the radius of the
plasma on the front side is much larger than that
on the rear side. But for the tantalum target,
the radii of the plasma on both sides are almost
the same. The plasma size on the front side for
both targets was much larger than the focal-spot
size observed by the x-ray pinhole camera.

This fact is explained as follows. In the case
of the tantalum target both sides of the target
are heated directly by the penetrating beam so
that the plasma of each side produced by thermal
conduction along the target surface from the focal
spot could have the same size. But for the poly-
ethylene target the beam heats up only the front
surface so that the thermal origin on the rear
surface may not exist until the thermal wave
reaches the rear side.

Behaviors of the blowoff of targets were simu-
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FIG. 4. (a) The incident power for the simulation.
(b), (c) The target time history of the experiment and
simulation for the polyethylene foil of 100 p m thickness
and tantalum foil of 20 pm in thickness, respectively.
Solid lines show the experimental result obtained from
Figs. 3(a) and 3(b); broken lines show the simulation
result.

80% of the beam energy deposition was in sever-
al outer meshes where a plasma density of 10"-
10" cm ' is assumed, which corresponds to mod-
el II. For the tantalum target the simulation is
performed assuming that 40%%uq of the beam energy
is deposited uniformly in the target volume,
which corresponds to the simple classical depo-
sition model.

The space-time diagrams of the contour of the
plasma of density 5~ 10"cm '. , as obtained from
the simulation, are shown as broken lines in Fig.
4. The simulation results correspond quite well,
to the experimental results. The blowoff veloc-
ities obtained from the experiments as shown in
Figs. 4(b) and 4(c) were estimated at the center
of the focal spot to minimize the edge eff ect for
comparing with 1-D code. The blowoff velocities
of the rear side of the tantalum target obtained
from the simulation is two times higher than that
obtained from the experiment. This may be due
to the profile of deposition of the beam energy
which is dissipated during the traveling in the
solid target.

Authors wish to thank Dr. K. Nishihara for his
helpful discussion about the computer simulation
and Mr. Hosokawa and Miss Ohgaki for their help
in computer run.

lated with use of 1-D Lagrangian hydrodynamic
code including the self magnetic field which worked
as the pressure to the plasma outer edge and
beam kinetic pressure. Simulations were per-
formed for the polyethylene foil of 100 p.m in
thickness and the tantalum foil of 20 pm in thick-
ness. The input power to the target in both cases
is shown in Fig. 4(a). This power wave form was
determined to fit the power wave forms obtained
from the measured diode voltage and current
wave form, beam focal-spot size, and pinched
beam behavior which are reported elsewhere. '

In the simulation for the polyethylene target,
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