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________________________________________________________________________

An intense, pulsed, relativistic electron beam can heat a thin
metal plate to a plasma state as it traverses. This rapid heating
creates a large radial temperature gradient in the material. As heat
flow is primarily by electron motion, currents arise because of the
thermal gradient. This effect magnetizes the target material during
the course of the beam. If this magnetization exceeds that of the
vacuum field of the electron beam then it dominates beam dynamics
within the material. Plasmas of interest easily cancel the space
charge of the electron beam, so target magnetization would either
add to the self-pinch of the electron beam, or cancel it and cause
beam expansion. The analysis described here finds that target
heating causes beam expansion.
________________________________________________________________________

A previous report described how an electron beam can heat,
magnetize, and accelerate target material from a thin metal plate, see
Reference 1. In that analysis the electron beam was taken simply as
a current density and pressure source in the equations of target
material dynamics. Here we ask, how does the expanding,
magnetized plasma affect the electron beam?

The governing equations of the material taken as an ideal fluid
were derived in Reference 1 and are:
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Here vvvv, BBBB, r, and p are the velocity, magnetic induction, density
and pressure, respectively. An equation of state p(r) completes the
set. The conductivity is s, and e and m are the permittivity and
permeability; t is time, and r0 is a source charge density. The current
density of the electron beam is jjjj0 = curl(BBBB0/m), where the source
induction BBBB0 is simply an alternate representation of the electron
beam within the material. The current density in the material
exclusive of the electron beam is jjjj = curl(BBBB - BBBB0)/m.

Hydrodynamic calculations (Reference 2) show that a 6 kA, 20
MeV, 60 ns FWHM, 1 mm diameter beam through a 1 mm thick
tantalum plate will cause target material to bulge outward nearly 1
mm on each side of the plate by the end of the pulse, and to heat up
to 2 eV on the surface and 11 eV in the interior. The material
traversed by the electron beam has expanded by over 30% during
the course of the pulse. Even so, the density remains quite high and
it is reasonable to consider this a steady, incompressible, neutral
(r0 = 0) flow. Equations (1) Ñ (4) now become:
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Because the plasma is dense, hot, and multiply ionized, the
gradient of conductivity can be assumed parallel to that of
temperature, and smL2, the characteristic magnetic diffusion time for
length scale L, is assumed large. Given this assumption, the terms to
the right in equation (8) are seen to be comparable and small, and
the system reduces to:
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The nonuniform conductivity has the effect of producing a
charge distribution, which in turn establishes an electrostatic field
-Ñf, and flow is a -Ñf ´ BBBB drift. The energy density
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(11)

changes along the flow as a result of the curvature force of the
magnetic induction and the body force introduced into the material
by the electron beam.

Equation (10) also shows that the gradient of the energy
density of the material, which is primarily thermal, exerts a body
force on the electron beam jjjj0. Assume that BBBB×ÑBBBB = 0, for instance a
purely azimuthal induction that only varies axially, then equation
(10) is

ÑU = - jjjj0 ´ BBBB, (12)

which shows that BBBB must be in the opposite sense to BBBB0 for an energy
density that increases toward the axis. The nonuniform energy
density of the material forces the electron beam to expand. When the
curvature force is absent, the velocity and magnetic induction are
seen to be:
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and the electrostatic potential is given by equations (7) and (9) as



4

Ñ
2
f = - jj

jj
s

 ×
Ñs
s

. (15)

The velocity can be reduced to a more primitive form by
eliminating BBBB between equations (13) and (14),
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This shows velocity components aligned with the current source and
the gradient of energy density. Figure 1 shows how the vector fields
in the target plasma can be related when the velocity is outward.
Heat pushes plasma away from the axis and generates currents that
magnetize the target. When the gradient in energy density becomes
sufficiently large, it can overwhelm the self-pinch force jjjj0 ´ BBBB0 of the
electron beam and cause it to expand. An example in Reference 1
shows that BBBB can grow larger than BBBB0 early in the pulse.

The rapid and nonuniform heating of the target by the electron
beam creates a magnetized plasma that carries the electron beam
along as it expands.
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FFFFiiiigggguuuurrrreeee    lllleeeeggggeeeennnndddd

1) VVVVeeeeccccttttoooorrrr    ffffiiiieeeellllddddssss    iiiinnnn    tttthhhheeee    ttttaaaarrrrggggeeeetttt    ppppllllaaaassssmmmmaaaa.... This schematic shows
how jjjj0, jjjj, BBBB, ÑU, and Ñf are related if the velocity vvvv is outward.
An axisymmetric arrangement is implied by the centerline
symbol. The dotted lines indicate isotherms, while the thin
solid lines radiating from the interior indicate equipotentials.
The energy density U, pressure p, and conductivity s are also
assumed to be largely uniform along isotherms.
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