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the net frequency shift observed in the laboratory
is a combination of this red shift plus a blue shift
due to the overall expansion of the upstream plas-
ma. The increased red shift may be sufficient to
yield a net red shift in the frequency of the re-
flected light.

For simplicity we have discussed backscatter,
but similar results should also obtain for side-
scatter (the momentum transfer is less by a fac-
tor of W2). It should be noted that 2D effects
could further reduce the time over which a large
ref lectivity can occur. For example, the inci-
dent light may form narrow filaments, expelling
the plasma laterally. '-'

%e are grateful for recent discussions of light
reflection with L. Goldman, B. Langdon, and
M. Lubin.

*Work performed under the auspices of the U. S. En-

ergy Research and Development Administration.
C. S. Lui, M. N. Rosenbluth, and B.B.White, Phys.

Fluids 17, 121$ (1974).
D. Forslund, J.Kindel, and E. Lindman, Phys. Rev.

Lett. 30, 739 (1973).
3W. L. Kruer, K. Q. Estabrook, and K. H. Sinz, Nucl.

Fusion 13, 952 (1973).
4H. H. Klein, W. N. Nanheimer, and E. Ott, Phys.

Rev. Lett. 31, 1187 (1973).
~A. T. Lin and J. M. Dawson, Phys. Fluids 18, 201

(1975).
~N. Lubin, E. Goldman, J. Sources, L. Goldman,

W. Friedman, S. Letzring, J.Albritton, P. Koch, and
B.Yaakobi, in Plasma Physics and Controlled Nuclear
Pusion {international Atomic Energy Agency, Vienna,
Austria, 1974), Paper F4-2.

7B. H. Ripin, J. M. McMahon, E. A. McLean, W. M.
Manheimer, and J. A. Stamper, Phys. Rev. Lett. 33,
634 (1974).

P. Lee, D. V. Giovanielli, B. P. Godwin, and G. H.
McCall, Appl. Phys. Lett. 24, 406 {1974).

A back reflection of as high as 83%0 has been ob-
served in recent laser-plasma. experiments at Liver-
more (E. Storm, private communication) .

A discussion of many laser-plasma experiments can
be found in Laser Interaction and Related Plasma Phe-
nomena, edited by H. Schwarz and H. Hora (Plenum,
New York, 1975), Vol. 3.

J. Q. Meadors, J. Appl. Phys. 40, 2510 (1969).
'2G. L. Tang, J. Appl. Phys. 37, 2945 (1965).
3K. G. Estabrook, E. J. Valeo, and W. L. Kruer,

Phys. Lett. 49A, 109 (1974), and University of Cali-
fornia Radiation Laboratory Report No. UCBL-75613
(to be published); D. Forslund, J'. Kindel, K. Lee,
E. Lindman, and R. Morse, Phys. Rev. A 11, 679
{1975).

4R. L. Dewar and E. J. Valeo, presented at the Sixth
Conference on Numerical Simulations of Plasma, Berk-
eley, California, 1973 (unpublished); K. G. Estabrook,
Phys. Fluids 15, 2026 (1972).

5A. B. Langdon and B. F. Lasinski, Phys. Bev. Lett.
34, (1975).

Ion-Induced Pinch and the Enhancement of Ion Current by
Pinched Electron Flow in Relativistic Diodes*

Shyke A. Goldstein
University of Maryland, Col/ege Park, Maryland 80742

Roswell Lee
Naca/ Research Laboratory, Wastungton, D. C. 20375

(Received 21 July 1975)

A new model for time-dependent and steady-state ion and electron Qow in large-aspect-
ratio diodes is constructed The elec. tron trajectories are computed with use of the self-
consistent fields calculated during the initial ion motion. The dynamic formation of a
tightly pinched electron flow is qualitatively explained. Very large ion currents, nearly
equal to the electron current, are predicted for flat solid cathodes, when steady-state
flow is achieved.

Dynamic formation of pinched electron flow has
been observed in large-aspect-ratio diodes with
hollow' and solid cathodes. '"4 In the hollow-cath-
ode geometry a ring of electrons hitting the anode
plane is observed to collapse radially, with typ-

ical velocities of -0.3 cm/nsec, forming a pinch
of 1-3 mm diameter. Very similar phenomena
are also observed when solid cathodes are used. '
In early time, before the anode plasma has been
formed, only electron flow will exist and its
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properties are well described by the laminar
flow model of Goldstein, Davidson, Siambis, and
Lee' (GDSL). This model predicts only weak
pinching of the electron flow, for solid cathodes,
and is in agreement with experimental observa-
tions' of the electron flow before the pinch col-
lapses. At later time, the electrons stiiking the
anode plane generate a plasma by a complicated
process which is not yet fully understood but
which is experimentally observed. ' Earlier the-
ories" have relied on the direct action of this
anode plasma to focus the electron flow to a tight
pinch. Since the anode plasma expands with a
typical velocity of only a few centimeters per
microsecond, the above-mentioned models are
unable to explain the experimentally observed
fast velocities of the collapsing pinch. The anode
plasma, however, acts as a source of ions which
are quickly accelerated into the diode region by
the large electric field. We incorporate the dy-
namics of these ions into a new model which de-
scribes the initial time-dependent emission of
ions from the anode plasma and their effect on
the electric field near the anode. The modifica-
tion of the electric field results in a radial drift
of the electron orbits. This radial drift, com-
bined with the gradual generation of plasma on
the anode, explains the transition from laminar
to pinched electron flow. Finally, an estimate of
the ion current density for steady-state flow pre-
dicts a geometric enhancement of the total ion
current above the Langmuir results for bipolar
flow.

Consider the electron and ion flow in a flat-
faced, axisymmetric diode (see Fig. 1) with
large aspect ratio, R/D»1, where R is the cath-
ode radius and D is the distance between the
cathode and anode plasmas. The GDSL model
predicts the current density distribution of the
electron emission from the cathode plasma and
the current density of the relativistic electrons
hitting the anode plane. At large radii, the elec-
trons graze the anode plane with P,/P„-O(D/R)
where P is the electron mechanical momentum
and the net force on an electron near the anode
plane is E+ (v && B)/c = O(D/R)E. The fraction of
the total current emitted from beyond the radius
R, is (y, —1)/y„where R, is the radius at which
the outermost electron hits the anode plane and

y,
—= 1 —eV, /m, c', with V, the diode voltage. Thus,

for V, = 2 MV, 80% of the current is emitted from
large radii. The electrons striking the anode
plane generate a plasma which acts as a source
of ions. The heating of the anode material is
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FIG, 1. Diode geometry with schematic electron {-)
and ion {+) trajectories.

more efficient at large radii because of the graz-
ing incidence of electrons on the anode plane.
A dense anode plasma is thus expected to form
there first. The initial motion of the ions, ac-
celerated from the anode plasma, forms an ion
sheath which modifies the electric field. We
will follow the dynamics of the ion sheath as a
function of time and show that the electric field
drops (linearly in the sheath) from its value giv-
en outside the sheath by GDSL to zero on the
anode plasma. This linear drop of the electric
field across the ion sheath is in sharp contrast
to the steady-state Child situation where the elec-
tric field goes to zero as x'", where x is the
distance from the anode plasma. This is not sur-
prising since the initial ion motion is far from
steady state.

While the anode plasma contains a diamagnetic
electron flow which excludes the magnetic field,
no such effect exists in the ion sheath, allowing
for the full penetration of the magnetic field.
When an electron enters the ion sheath with graz-
ing incidence (i.e., P,/P„«1) it will be reflected
back into the diode by the unaffected magnetic
field but reduced electric field. These electrons
then move radially inwards until they reach a

1080



VOLUME 35, NUMBER 16 PHYSICAL REVIEW LETTERS 20 OCTOBER 1975

radius where no dense anode plasma has yet been
produced. There, the enhanced electron flow
hits the anode plane until enough ions are formed
to allow further radial drift of the electron flow
from large radii. The necessary ion-sheath
thickness to.provide such electron reflection is
reached in times which are short enough (&1
nsec) to explain the fast collapsing pinch. Also,
a qualitative explanation for the collapsing hol-
low ring, as observed experimentally' for hol-
low cathodes, is provided by the above picture.
The following quantitative analysis applies only
for solid eathodes at large radii.

The dynamics of the ion sheath and electron
orbits is now computed under the following as-
sumptions. Using the electrostatic approxima-
tion to so1ve for the time-dependent electric
field as a function of the distance x from the
anode plasma with E(x= 0) = 0 we find, for t & 0,
E(x,t)= J, 4mp(x', t)dx', where t =0 is the time of
anode-plasma generation. This plasma is as-
sumed to be dense enough to provide a sufficient
reservoir of ions so as to reduce the diode elec-
tric field to zero in the anode plasma. The elec-
tric field in the diode is of order -1 MV/cm and
thus prevents anode-plasma electrons from fol-
lowing the ions. We follow the ion motion only
for short times so that the ion front x~(t) «D.
Since the electric field is zero on both the cath-
ode and anode plasmas, the total charge of the
ions is nearly equal to the charge of the electrons
present in the diode gap. The fraction of the
electron charge in the @cry thin ion sheath is
thus neglible compared to the ion charge. Out-
side the ion sheath, the electron charge domi-
nates and results in an electric field E(x ) which
is nearly constant in time. The total number of
ions in the sheath during its early expansion is
thus fixed. Solving the dynamics of N test ions,
with equal intervals of space charge between
them, one finds for the ith ion that x,.(t) = x,. + v,Ot.
+ 2a,.t2 ~-,a,.t2, where a,.=(i/A)ZeE(x~)/M, and
the ions are ionized Z times and have mass M.
At a given time, therefore, the ion distances are
spaced in proportion to i which means a uniform
ion density, n, for 0-x~x~(t). This density de-
creases as a function of time, Zen =E(x~)/4wxz,
where x~(t) =x„(t). An estimate for E(x~) is pro-
vided by GDSL and is

i/2

yp

It is easy to see that inside the constant-density
ion sheath the electric field drops linearly to

zero from its value E(x ).
We follow the orbit of an electron that enters

at x„with velocity v, /c «1 and large radial mo-
mentum. For a thin ion sheath we may neglect
relative changes in the radial momentum and the
magnetic field along the electron trajectory. The
magnetic force is thus eE —(x„). The electron
also undergoes little change of potential energy;
hence, y=yp. The axial force equation for an
electron is thus

y, n2, dv, /dt= eE(x~)(a+ x~ —D)/x~, (2)

which can be readily integrated. Electrons en-
tering the ion sheath with an axial velocity vp

will be reflected if their turning point lies inside
the ion sheath. The turning-point distance is
easily computed from Eqs. (1) and (2) and is less
than x~ when

V
2

x &D~ ' . ~3~E c (~ 2 ])1/2]n[~ + (~ 2 ])1/2j (

This ion-sheath thickness is achieved for typical
diodes during -1 nsec for v, /c & @and D - 0.5
cm. The electrons then follow complicated or-
bits inside the diode, drifting radially inwards
with multiple reflections until the diode axis is
reached and a tight pinch results. Thus, at small
radii, the electron flow pattern includes accumu-
lation of charge and the GDSL model does not ap-
ply any more. The electron and ion motion, be-
fore steady state is achieved, is presently under
investigation using a time-dependent computer
code.

As yet no analytic theory exists describing the
evolution of the electron and ion flow towards
steady state. We can, however, draw a few con-
clusions about the flow properties in steady state.
When calculating the ratio of ion current to elec-
tron current in the steady state the following con-
siderations apply. The current for each species
is equal to the amount of its charge inside the
diode divided by its average crossing time. For
space-charge-limited flow the total charge in-
side the diode is nearly zero. The current ratio
is, therefore, inversely proportional to the cross-
ing times. Por strict one-dimensional motion
of electrons from cathode and ions from anode,
the crossing length is equal to D, the anode-cath-
ode gap, and the ratio of crossing times depends
only on the species velocities, giving T, /T,
= (D/v, )/(D/v;) = (m, /M)'/' which is the .well-
known Langmuir result for nonrelativistie elec-
trons. Now, for strongly pinched electron flow,
the ion crossing length remains equal to D, while
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the electrons move radially inwards and their
crossing-length scale is of the order of the diode
radius (R). The crossing time for the electrons
is thus longer by a factor R/D relative to the
one-dimensional flow. The ratio of the ion cur-
rent is thus enhanced by the factor R/D, giving

.(4)

I, ((v,./c) ') '
2nr D (6)

This 1/r dependence (excluding r&R~, of course)
gives the ratio of the ion current emitted from a
disk of radius r to the total electron current:

I,(r)/I, ) (r/D). ((v,./c) ') (7)

For a nearly constant electric field that drops to
zero near the cathode and anode on a distance
scale much smaller than D, the ion velocity
scales as v,. -(D —z)'" and this gives I,/I, )2(R/D).
x(2eV, /Mc')'12. If the accelerated ions are pro-
tons and V, ~2 MV then a diode with aspect ra-

which may clearly be above unity. If a very hol-
low cathode is used, D is then the gap distance in
the hole, and the ion current is reduced. A more
rigorous computation of the electron-ion current
ratio is given by finding a lower bound for the
ion charge density as a function of radius. For
space-charge-limited flow from the cathode and
the anode the electric field is zero at both sur-
fa.ces and hence I, p, dz =. |,' I p, i dz.

We have shown that the electrons emitted at
large radius reach the anode plane at small ra-
dius within the pinch. These electrons consti-
tute the major contribution to the electron cur-
rent. For radii r)R~, where R~ is the radius
of the pinch on the anode, the current flux through
a cylinder of radius r and length B is

D D

I,=, 2srp, v, „dz =2wrc J, (p,v, „/c)dz. (5)

Since Iv,„/cl & 1 (in reality this fluid velocity may
be much smaller than c) we have I, &2@ref, Ip, l

x dz. For steady-state ion flow, the axial ion
current density J,. is only a function of radius.
This gives the ion charge density, assuming no

trapped ions (no virtual anodes): f, p, dz = f, (Z, /
U;)« =&;(D/&;) . From the above one finds

tio R/D ~20 will generate an ion-to-electron cur-
rent ratio of the order I,/I, .)0.65. The total di-
ode current consists of the sum of the electron
and ion currents and is self-limited by the total
magnetic field. For the above numerical exam-
ple the total current is above 1 MA giving about
0.5 MA of ion current.

The above estimates clearly indicate the pos-
sibility of using high-power electron-beam ac-
celerators to generate ion beams efficiently. A

plasma jet will, of course, be formed if these
MeV ions are extracted through a meshed cath-
ode and may be focused geometrically by use of
a hemispherical diode. Two such diodes could
provide a source of megampere ion currents,
e.g. , 5 MV-8 MA, which could be used to irra-
diate high-Z pusher-tamper spheres containing
deuterium and tritium. Ion beams deposit their
energy efficiently and the above power level is
near breakeven. ' Subsequent to the completion
of this work we learned of the unpublished work
of J. W. Poukey who found similar ion currents
in computer simulations of diodes.

The authors are highly grateful to Dr. G. Coop-
erstein, Dr. A. E. Blaugrund, and Dr. R. C. Dav-
idson for very helpful discussions.
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