VoLuMmE 38, NUMBER 10

PHYSICAL REVIEW LETTERS

Enhanced Relativistic Electron-Beam Deposition

M. M. Widner and J. W. Poukey
Plasma Theory Division, Sandia Labovatorvies, Albuquevque, New Mexico 87115

and

J. A, Halbleib, Sr.
Theovetical Division, Sandia Labovatories, Albuquevque, New Mexico 87115
(Received 12 November 1976; revised manuscript received 10 January 1977)

A two-dimensional electron transport model is used to study relativistic electron-beam
(REB) deposition in thin metal anodes in the presence of strong, macroscopic electric
and magnetic fields. Enhancement in power per mass deposited is calculated under cer-
tain conditions for high-current beams, which has important implications for REB fusion.
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Requirements for enhanced deposition are discussed, and a possible diode design is

given.

Calculations of beam requirements for rela-
tivistic electron-beam (REB) driven fusion tar-
gets indicate that from 8x10™ to 3.6x10™ W of
deposited power is needed for achieving break-
even.!'? The target radius and shell thickness are
largely determined by the electron penetration
depth in the material and the specific power de-
posited (power per mass) in the target shell. As
has been postulated,?® if there were some means
of reducing the electron penetration depth and/or
enhancing the specific power deposited, then the
beam requirements could be relaxed, since tar-
gets with less mass could be used. Several meth-
ods of obtaining deposition enhancement have been
proposed and include magnetic stopping in macro-
scopic B fields,’ ® scattering from micromagnet-
ic turbulence,” electrostatic reflexing,® '° and
beam stagnation.'!

We present here calculations of electron depo-
sition in thin, planar Au foils, specifically in-
vestigating the effects of the electric and magnet-
ic fields on the deposition. The examples con-
sidered are for beam conditions of the HYDRA
accelerator'® (800 kV, 250 kA, 80 nsec).

The electron-transport calculations involve a
collisional Monte Carlo model similar to that
developed by Berger.'®> Energy loss is accounted
for in the continuous-slowing-down approxima-
tion' (CSDA) and the theory of Goudsmit and
Saunderson’® is used to describe multiple elastic
scattering. Macroscopic electric and magnetic
forces, which are not self-consistent with the
particle motion, act on the particles between
scattering events. The model here was previous-
ly reported'® and is similar to the model of Zina-
mon, Nardi, and Peleg.'” Comparison calcula-
tions with a more recent version of the model of
Ref. 6 have given good agreement using 1600 his-
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tories per deposition calculation.

Figure 1 plots specific power deposited in the
focal region P, (W/g) vs foil thickness pA (g/cm?)
of a planar Au foil for a variety of beam and field
conditions. The current-density profile J(») (A/
cm?) is chosen to be a truncated Gaussian profile,
i.e., J(r)=dJ,exp(-+>/a®) for <y, and J(») =0 for
¥ =7, where J,=const, ¢a~1.20r,, and »,=beam
radius [J(»,) =J,/2]. The beam density is as-
sumed proportional to J. We define P  as the de-
posited power within »<#,, divided by the focal
mass M=pAny,’. Since, for the cases of interest,
significant target expansion occurs on the time

T T T T T “
al A=0.01cm
3L —

/"—\
2L - 4
e’ b
1r -

POWER DEPOSITED IN FOCAL REGION (W/gm) x 1012

0 L___L L L

S I
0 004 008 012 016 020
PA (gm/cm?)

FIG. 1. Specific power deposited in the focal region
vs a real foil density pa. The symbols represent the
following: ) B fields in the diode, foil, and behind
the foil; (O)) B fields in the diode and behind the foil;
and (O) B fields in the diode only.
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scale of the REB pulse duration, expanded foils
are considered with thicknesses A =0.01 ¢cm (up-
per graph) and A =0.05 cm (lower graph). In both
cases a uniform foil density p is assumed. We
further consider an azimuthal magnetic field B
consistent with J(»); and we chose »,=0.2 cm.
An axial electric field E,=10° V/cm is assumed
in the diode region while E,=0 (i.e., charge neu-
tralization) within and behind the foil. Electrons
are launched on the front surface of the foil with
isotropic incidence. Finally, we consider the
three extreme cases of B penetration: (1) B only
in the diode region; (2) B in the diode region and
the region behind the foil; and (3) B in the diode,
the foil, and the region behind the foil. The par-
ticle energy is V=800 kV and the total pinch cur-
rent 1 =90.6 kA within », giving J,=10° A/cm?.

As can be seen in Fig. 1, for pA <0.1 enhance-
ment of P occurs for the cases with B either on
_both sides of the foil and/or in the foil (the upper
curves in each respective graph) over those with
diode B only (lower curves). This pA condition
is equivalent to a collisionless condition for the
beam electrons which, for the case of B penetra-
tion from the diode, is pa< (pl), for A<¥ or pr,
<(pl), for A>y; where (pl),=4.13Ay*8*/Z* InA
(g/cm?®) =the 90° deflection length,® A is the atom-
ic mass (amu), Z the atomic number, y=1
+V(5.11x10%)7!, V=diode voltage (V), B=(1-1/
y2)¥2 A the ratio of maximum to minimum scat-
tering angle, and »; =Larmor radius (cm) for a
beam electron in an “average” B field. For the
case where B is on either side of the foil, but not
in the foil, the condition is again pA< (pl),. For
the conditions of Fig. 1, (pl),=0.062 for InA =10,
Other relevant lengths are the CSDA range ~0.58
g/cm?® and the practical range (the depth at which
most of the energy is deposited)=R,~0.19 g/cm?.
For pA>R, there is little enhancement.

We have also performed P, vs pA calculations
(not shown) for unexpanded foils (p =19.3) in the
range pA=0.01. Agreement within ~10% with the
curves in Fig. 1 with A =0.01 is observed. Anoth-
er feature of Fig. 1 is that as pA— 0, with diode
B only, we approach the thin stopping power limit
P =I(A)xp *eE/8x(V em?/g)/nr,% cos6=1.68
x 102, where ¢ =average angle of incidence = 60°
for anisotropic distribution. Also seen in Fig. 1
is the reduction in enhancement for the expanded
target A =0.05 cm over that for A =0.01 for the
case with B in the diode and behind the foil., This
is a result of electrons exciting the focal volume
radially due to their initial angular spread and to
scattering.

A second condition for enhanced deposition due
to B fields is either (1) the presence of the B
field to at least a depth of 7, in the material (»,
<6, where 0 is the resistive skin depth) or (2) the
presence of B in front and back of the foil. Im-
plicit to this first case is the requirement that
the magnetic Reynolds number is small, R,
=1.26x10"%0v,,, 7| < 1, where o=material con-
ductivity (mho/cm) and Vexp = €Xpansion velocity
(cm/sec). The second case requires a region
with no current neutralization behind the foil.

We should also note that for the cases of field
penetration, while P, is large for thin foils (pA
~0.02), the fraction of the total power deposited
is small ~12% with the remaining power being
carried primarily by transmitted electrons. The
transmitted electrons are found to have a large
velocity component v, parallel to By, and drift
in the +z direction (the beam direction) as a re-
sult of centrifugal forces. The VB drift, on the
other hand, requires large v, and is in the - Z
direction (opposite the beam direction) for »<»,.
The transmission loss for » <, can thus be
thought of as beam electrons scattering in the
foil into a “loss cone” in velocity space (v,
zV2v,).

Estimates of deposition enhancement can be
made by noting

ﬁs =I1(p"10E/ox)px/pAS,

where ﬁs is the local specific power deposited, T
is the current incident on area S, px the areal
density along the electron path (counting multiple
passes), and pAS the mass of the material vol-
ume. In the limit as x and A~ 0, this becomes

B =(x/K)Mp 'eE/ox,

and for straight, normal paths (x=A) we recover
the thin stopping limit. The simplest physical in-
terpretation of the deposition enhancement is that
it results from an increased particle path length
(x>A) within the material, due to the gyromotion
of the particle. A more quantitative definition is
to note that x/A=jfv/u,, where f is a factor of or-
der unity, v is the electron speed, and u, the
drift velocity component normal to the incremen-
tal area S defined above. For the problem we
are considering, we can show that the enhance-
ment v/uy<1/1,, for I>1,, where I, =170008y
and where u, is given by centrifugal and VB
drifts. Thus we would expect P oc] 2, provided
P <P, =VI/M.

To test this hypothesis we vary I holding other
parameters fixed—pA =0.01706, A =0.01, V=0.8
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FIG. 2. Computer simulation of an 800-kV, 250-kA
reflex-pinch HYDRA diode, showing several equipoten-
tials and one electron (e) orbit. Dots show electron
position moving towards axis, x’s show electron posi-
tion moving away from axis. Self-magnetic field is
perpendicular to plane of figure. Cathode radius is
6.35 cm, total A-K gap is 1.2 cm.

MeV, truncated Gaussian beam and current-den-
sity profile with ,=0.2 cm, penetrating B fields,
and isotropic incidence. We find that for I ~10°
A, P oc]? and that P,<P . . Inthe range of I
Z5x10° A P ] since the beam is being depleted,
i.e., P,~P ., =3.13x10%I. As the fraction of the
beam deposited becomes large, however, the as-
sumed B on the back side of the foil is not con-
sistent with the transmitted current.

A way in which a diode might be constructed to
achieve enhanced deposition is shown in Fig. 2,
A 6.35-cm-radius, flat-faced cylindrical HYDRA
cathode (K) is placed close to a flat anode (A),
and a thin foil (F) (also at anode potential) is
placed between. The cathode may be the leading
edge of an expanding plasma. For the case of
Fig. 2, V is 800 kV and the current reaching the
anode is 250 kKA. The solution was obtained using
the steady-state diode code,® assuming no ion
flow, and no space charge neutralization in either
the K-F or F-A gap. In this “reflex-pinch” con-
figuration the electrons drift radially toward the
axis making an average of about twenty foil cross-
ings per particle. Note that the negative poten-
tial “hills” on each side of the foil near the axis
“trap” the electrons between them, and cause a
reflection in radial velocity. No electrons cross
the F-A gap near the axis, so the electrons reach-
ing the anode are not pinched. Both scattering
and energy loss are neglected in this diode calcu-
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lation, which should be valid for NpA/cosa

< (pl),, where N is the number of passes and o
an average angle of incidence on the foil. The
electron density is peaked near the axis at the
foil.

The solution shown in Fig. 2 will not persist
indefinitely, because as the foil is heated ad-
sorbed gases will be released, a plasma will
form, and ions will be emitted. The time for ion
flow to begin will depend on the properties of the
foil, but will probably be a few tens of nanosec-
onds at most. We repeated the calculation includ-
ing space-charge-limited ion emission in both
directions from the foil. As expected,’® the ions
cause the electrons to pinch substantially in the
K-F gap. As suggested by a number of workers,
this indicates that foils or injected plasma can
be used to decrease the pinch formation time in
large diodes. The well depth, particularly in the
F-A gap, is decreased, and the average number
of foil crossings per electron is about half, com-
pared to the no-ions case. The electron current
is reduced somewhat, but because of the pinching
the electron energy will now be deposited in a
smaller area of the foil; the electron (and ion)
density is still peaked on axis.

In summary, we have studied enhanced REB
deposition in thin foils resulting from macro-
scopic electric and magnetic fields. The condi-
tions necessary for magnetically enhanced depo-
sition include the following: (1) that the beam
electrons are collisionless, (2) the presence of
B either to the depth of at least | in material or
on either side of the foil, and (3) a sufficiently
high current beam such that v/u,> 1. Calcula-
tions indicate that the enhancement is proportion-
al to I/1,, for I>1, with the deposited power given
approximately as P ~ (/I ,){I/mr,%)p *0E/0x, for
P_<VI/M. Magnetically enhanced deposition
should thus becone increasingly important for
higher-current beams. We have seen that an in-
teresting diode configuration for obtaining en-
hanced deposition is the “reflex-pinch.” Future
studies are underway to assess more carefully
the role of self-consistent beam and diode elec-
tric and magnetic fields.
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A consideration of the dynamics of a vortex tangle leads to a new equation describing
turbulence in superfluid helium. The equation is seen to be remarkably successful in pre-
dicting the steady-state properties of dissipative counterflow.

At sufficiently small velocities, superfluid he-
lium will flow through a channel without any mea-
surable dissipation. Above certain critical veloc-
ities, however, dissipative behavior sets in as
small amounts of quantized vortex line grow by
interacting nonconservatively with the normal
fluid and with the walls of the channel. Although
interest has centered primarily on the critical
velocities themselves, numerous experiments
have also been performed to study the turbulent
state generated when the superfluid is driven far
into the dissipative regime.'"®

It was suggested by Vinen in his admirable pa-
pers on the subject that steady-state superfluid
turbulence will consist of a random tangle of quan-
tized vortex lines maintained in equilibrium by
competing growth and annihilation processes. He
proposed an equation governing the total line
length L per unit volume in the presence of coun-
terflowing normal and superfluid velocity fields
-fI,, and TJS. Although this equation has proved ex-
tremely useful, it is essentially phenomenologi-
cal in character. That is, the theoretical argu-
ments which were used to derive the Vinen equa-
tion were based on a number of erroneous prem-
ises, the most important of which was that the
important characteristic velocity acting on the
vortex tangle is the random interline velocity.

Our purpose here is to present a new theory of
superfluid turbulence, obtained by considering
the actual dynamics of a vortex tangle. The pre-
dictions of the theory are compared with the de-
termination by Vinen' of L as a function of U, - U,
and T, and the recent measurements by Ashton
and Northby® of the average drift velocity of the
vortex tangle. Additional calculations, as well
as details of the derivation and of the numerical
integration technique, will be given in later pa-
pers.

The vortex tangle must be treated in some ap-
proximate statistical fashion. If we describe the
vortex line by the parametric form T(s,¢), the
local self-induced velocity 37(s,¢)/dt measured
with respect to U is given by®

¥, = = (k/4n)¥ ¥ [In(ar”) +0 (1)], 1)

where primes denote differentiation with respect
to the arc length s, »”=[T1"|, k is the quantum of
circulation, a is the core cutoff parameter, and
O(1) represents nonlocal corrections of order 1.
Since the behavior of a local line element is de-
termined primarily by this velocity, we charac-
terize the vortex tangle in terms of a distribution
inv,, or, equivalently, a distribution in ¥,/v, and
the local radius of curvature R =(»")"*. Although
it seems to be a reasonable simplification to con-
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