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A Mechanism for Ion Acceleration Near the
Anode of a Magnetically Insulated Ion Diode

Isak 1. Beilis, Member, IEEE, A. Fruchtman, and Yitzhak Maron

Abstract— We propose a theoretical model for the ion accel-
eration near the anode in the anode plasma of a magnetically
insulated ion diode (MID). The applied diode voltage is screened
by the anode plasma. We assume that as a result of the strong
magnetization of the electrons and nonmagnetization of the ions
in the anode plasma, a narrow space charge sheath is formed
near the anode, of a width close to the electron Larmor radius.
The potential drop that is formed across the sheath accelerates
the ions born inside the sheath into the plasma. We solve a system
of equations for the sheath and derive an approximate expression
for the potential drop across the sheath. This expression exhibits
the dependence of the ion energy on the magnetic field intensity
and on the electron temperature and density. We also discuss an
influence of the sheath width to the electron Larmor radius ratio
as a parameter. The theoretical results are found to be in good
agreement with the experimental measurements.

Index Terms— Anode plasma, drift velocity, Hall current, ion
acceleration, jon diode, magnetized electron, sheath.

I. INTRODUCTION

TUDYING the properties of electrode plasmas in elec-
trical discharges, in particular the plasma expansion, is
highly important for understanding various key phenomena in
such systems [1]. In this paper we attempt to explain part of
the findings obtained in investigations of the anode plasma in a
magnetically insulated ion diode (MID) {2]-[5). These studies
showed that a plasma 1-2 mm wide is formed near the anode
surface within first 30 ns of the 100-ns-long voltage pulse. The
plasma is seen to be fully penetrated by the magnetic field (=7
kG) externally applied into the anode-cathode gap parallel to
the anode. Ions are extracted from the plasma into the anode-
cathode gap and accelerated in the ~0.3 MV applied voltage
toward the cathode. The applied voltage is screened by the
plasma. Throughout the applied voltage pulse ions are seen to
move from the anode surface into the plasma with a Kinetic
energy of a few tens of eV [3], a kinetic energy much lower
than the energy they later acquire while they cross the gap, but
higher than the electron temperature, 7-10 eV. The are ions
found to acquire this energy of a few tens of eV within ~30
pm from the anode surface [5].
Recently, it was suggested that the ions acquire this energy
through the expansion of a relatively dense plasma that is
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formed in a region a few-tens of um wide near the anode
[6], into the rest of the plasma. In this model, the electron
temperature in the dense plasma was assumed to be higher
than in the plasma. During the expansion, the electron thermal
kinetic energy is converted into ion-directed kinetic energy.

In this paper we explore a different mechanism for the ion
acceleration in the plasma. As in the previous model [6], we
assume also here that ions that are born near the anode surface
are accelerated toward the anode plasma by an electric field
that is formed in a narrow sheath that is adjacent to the anode
surface. However, here we assume that the electrons are drawn
by the sheath electric field toward the anode surface, rather
than being pushed by the pressure gradient away from the
anode surface, as we assumed in the previous model [6]. We
note that the voltage that is formed across the sheath is not
related to the large applied voltage across the anode-cathode
gap, a voltage that, as mentioned above, is screened by the
plasma. The assumptions of this second mechanism are also
consistent with the measurements [2]-[5). Moreover, as we
will show in Section III, the scaling of the ion energies with
the magnetic field intensity, that is predicted by the present
model, is also consistent with the experimental results [4].
The mechanism we explore here is similar to that described
by Zharinov [7] and Morozov [8] for the plasma acceleration
with a closed Hall current.

In Section I we present the model and in Section I we
solve the model equations and compare the solutions to the
experimental results. :

II. THE MODEL

We first describe qualitatively the mechanism of the ion
acceleration. Fig. 1 is a schematic of the anode plasma con-
figuration. A planar anode lies in the y-2z plane. The plasma is
immersed in an external magnetic field that is parallel to the
z direction. For the parameters mentioned above, a magnetic
field of =7 kG, ion energies of few tens of eV, and electron
temperature from 7 to 10 eV, the plasma width from 1 to 2
mm is smaller than the Larmor radii of the various plasma
ions, and much larger than the electron Larmor radius re,
which is =10 um. We therefore treat the ions in the plasma
as unmagnetized and the electrons as magnetized.

Following Zharinov [7], we assume that the magnetic field
causes a sheath to be formed near the anode surface, in which
a relatively high electric field normal to the anode surface
(the = direction) prevails. This electric field is much larger
than the electric field in the rest of the plasma (but much
weaker than the applied electric field in the gap). The sheath
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Fig. 1. Schematic of the experimental configuration.
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Fig. 2. Schematic of the near-anode electrical sheath and the potential and
electron density profiles.

width Ly, is assumed to be comparable to the electron Larmor
radius r. (=10 um). This is consistent with the experimental
measurements mentioned above [3], that indicate that the ion
acceleration in the plasma occurs within 30 um from the
anode. Though it is marginal, we also treat the electrons in
the sheath as magnetized. An electron drift (Hall current) is
formed in the y direction, normal to both the electric and the
magnetic fields. The mobility of the electrons across the sheath
is small, thus causing the plasma to be charged negatively
with respect to the surface. The potential difference across
the sheath depends on the plasma parameters, such as density
and temperature, and on the magnetic field intensity. Ions
accelerate as they cross the sheath where they acquire the
energies that are observed inside the plasma.

The motions of both the ions and the electrons are assumed
to be determined by the electric field, thus the ions and
electrons move in opposite directions (this is contrary to the
assumption made in [6] that due to the electron pressure both
ions and electrons move in the same direction). A schematic
of the sheath is shown in Fig. 2.

We assume that all the quantities only depend on z. The
continuity equations for the ions and the electrons are then

djiz/dz = ZeS;(z) (1a)
and

ez [dz = —€Se(z) (1b)

respectively, where S;(z) and S.(z) are the ion and electron
source functions, j; and j. are the ion and electron current
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densities, —e is the elementary charge and Ze is the ion charge,
Integrating (1) we obtain

Jiz(2) = Jiz(0) + Ze /Oz Si(z') da’

jex(-z') = jez(L;h) - C/LI Se(.'l:l) dz’.

(2a)
(2b)

The anode surface is located at z = 0, and the boundary
between the sheath and the plasma is at £ = Lg,.

We now turn to the electron momentum equations. We
assume that Lg, is order of the electron Larmor radius so
that we can neglect the electron inertia. A similar assumption
is made in analyzing the magnetron [9]. We also neglect the
electron pressure. The electron motion in the magnetic field
is thus determined by the electric field and by collisions. We
obtain the following expressions for the components of the
electron current:

. cE

Jey = €Neley = enc’y_z (3a)
and

. . cE

Jez = Jey/Pe = ene'ﬂ"ﬁ (3b)

(]

where E. is the electric field in the z-direction, H is the
intensity of the magnetic field, c is the velocity of light in
vacuum, v., is the electron drift velocity in the y direction,
N, is the electron density, and 8, = we/v = w.7T. is the
Hall parameter. Also, w. = eH/cm, is the electron cyclotron
frequency, where m,. is the electron mass, and 7. is the
electron-ion collision time, which is assumed to be [10]
4.10%. T?
Te = 7 n, . 4

Here, T. is the electron temperature in eV, n. is expressed in
cm™3, and 7, is obtained in seconds. It is seen in (3b) that,
as was said above, the electrons move toward the anode, in a
direction opposite the direction of the electric field.

Because the ions are collisionless and unmagnetized in
sheath, we can write the Poisson equation with (3) as [6]

o _ = Sy(z')da’ ZM\? Hp.
dz? = 4"/0 (sa(w')--<p<z))1/2(2e) A

-1 T
X (__d_tp) [—e Se(z') dz’ +je=(Lsh)]' ®)
dx Llh

Here z’ is the coordinate where the ion was born, ¢ is the
electrlcal dpotential and M is the ion mass and the relation
= —2£ was used.
We now make several approximations: we assume that

Se(z')dz’
Llh

jez(Lsh) e
and
Jiz(0) € Ze/ Si(z') dz’.
0

We assume that ionization is dominant and, consequently,
ZSi(z) = S.(z) = S(z). These two assumptions imply that
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the ion and electron ﬂuies exiting the region are equal
jiz(Lsh) = jez(0)~ (6)

The function S(x) is not know. We, therefore, are not able
to solve accurately for ¢(z) and we derive an approximate
solution. First we replace o(z’) in integral (5) by (z = 0) =
¥a, the potential at the anode surface. Following the above
approximations, Poisson’s equation becomes:

d?p < M

1/2 pz
Y __ - ’ ’
dz? ° 2Ze(<pa—<p)> /o Sle) de
HB. (dy “1/2 / ’
+ 4re - (dx) L.hS(z)da:. @)

For simplicity, we further assume that the ion and the electron
currents are constant across the sheath, and have the equal

average value
) Lo 8(2') do’
J=e / —-——-—-—-( 2) . 8
0

This is only an approximation, since the ion current is zero
at the anode while the electron current is zero at the plasma
boundary. With approximation (8), (7) becomes

do M Y2 HB, (do\ 7
EF“‘”%(wd%—w) (&) | o

Integration of (9) gives

(&)~ (%)
= ~16m7j [— (%(% - w)) . + -—ﬁ"'-x] (10)

Again, for simplicity, we assume that at the anode surface
(z = 0) and at the external sheath boundary (z = L,p) the
electric field is small, i.e., {- =~ 0 and p(z = Lgn) = @(Lgn).
Thus, from (10) we obtain the relation

BeH Loy,
o = 0(0) - olln) = o (HE2)" o
or
2
B =z (12

As mentioned above, following [7], for simplicity we make
the further assumption that Ly, = k.7, where k, is coefficient
of proportionality. Equation (12) becomes

Gan = K2ZB2 TS mle (13)

In order to expose the explicit dependence of the sheath
potential on the various parameters, we use expression (4) for

.
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Fig. 3. Experimental data of the ion energy versus magnetic field intensity
(taken from [3]).

the collision time. The anode sheath potential drop becomes

K2 2.7 1020 H2T?

ZAn? 19

Psh =
where A; is the atomic number, H is expressed in Gauss, and
sh obtained in volts.

III. RESULTS AND DISCUSSION

Examination of expression (14) shows that the anode poten-
tial drop ¢,n and, consequently, the ion velocity are strongly
dependent on the plasma parameters (7, and n. ). The potential
¥sh varies as T2 and as n_2,

We note that the anode plasma in the experiment is com-
posed of several ions. However, hydrogen is ionized slower

than carbon and it is likely that the protons are mostly born

in the plasma and not in the sheath, as is demonstrated in [5].
We, therefore, assume that all the plasma ions in the sheath
are carbon ions.

In our model all the ions are at the same-charge state.
The ion energy eZyp,, calculated using (14) turns out to
be independent of Z. In the experiment, both CII and CIII

~were present. For such a plasma, that is composed of ions of

more than one charge-state, our model only gives an average
energy: This calculated average energy, that we further discuss
below, is smaller than the CIII energy and largerthan the CII
energy that we would have calculated had we used a model
that takes into account the presence of two charge states.
Incidentally, the measured CII and CIII energies are found to
be similar (see Fig. 7 in [3]), probably because CII is ionized
into CIII only at the plasma edge of the sheath. However,
the two simplifications in the model, the assumption of only
one-charge-state ions and the assumption that all the jons are
accelerated across the full sheath voltage, do limit the accuracy
of our calculations.

Fig. 3 (taken from [3]) shows the measured CIII energy as
a function of the intensity of the applied magnetic field for
five different times after the application of the voltage. The



998 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 26, NO. 3, JUNE 1998
45
40 1
—— A=02 Clli
35 1 s A=0.3
— A=0'4
30 | - Exp-55ns -
x Exp-75ns
—
% e Exp-95ns
'
>
o
|
o
c
w
0 ‘ ‘
3 4 5 6 7 8 9 10 1

Magnetic Field, (kG)

Fig. 4. Comparison of the dependence of the CIII energy in a CIII plasma on the magnetic field intensity predicted by our model with that obtained
by the measurements. The dotted curves (Exp-55 ns, Exp-75 ns and Exp-95 ns) are the measured results also shown in Fig. 3. The calculated results

are for different values of A = 0.2, 0.3, and 0.4.

experimental measurements are shown (in form of approxima-
tion lines) again in Fig. 4 for the three earlier times in Fig. 3.
Fig. 4 also show CIII energy as a function of the intensity of
the magnetic field calculated by (14), which is presented in
the form

eZpsn = A- H? (15)

where A = 2.25 - 10255222 and the magnetic field s in kG,
T. in eV, and n. in cm™3. The calculated results are presented

for three values of A (0.2, 0.3, and 0.4). It easy to see from

Fig. 4 a good agreement with the experimental data for those
values of A. The influence of the coefficient A corresponds to
the influence of the combination of the electron temperature
T., the density n. and the coefficient k.. For example, when
ne = 1.5- 10 cm™3 and k, = 1 the electron temperature
T, = 11.9 eV, 13.2 eV, and 14.2 eV for A = 0.2,0.3, and
0.4, respectively, when n, = 2 - 105 cm™? and k, = 3 the
electron temperature T, = 7.9 eV, 8.8 eV and 9.4 eV for
A = 0.2,0.3, and 0.4 respectively, and when n, = 110
cm™3 and k, = 2 the electron temperature T, = 6.7, 7.4, and
7.9 eV for A = 0.2,0.3, and 0.4, respectively.

Plotted in Fig. 4 is the ion energy Zewsy, versus H, where
Z for CIII is two. As mentioned above, the potential gy, is
calculated by using (15), assuming that the plasma is only
composed of CIII and therefore A; = 12. We see in the
Fig. 4 that by an appropriate choice of the electron density and
temperature, which are approximately the measured values,
our model predicts the measured ion energy. For example,
k.- =1and n. = 1-10'® cm™3, a calculation with T, = 9.7

eV (that corresponds to A = 0.2) yields approximately the
experimental curve at ¢ = 95 ns, and a calculation with
T. = 11.5 eV (that corresponds to A = 0.4) yields a curve that
is similar to the experimental curve at t = 55 ns. This suggests
the possibility that the observed decrease of ion energies
in time is a result of the decrease in time of the electron
temperature and increase of the electron density. We note that
the values of T, and n., for which there is an agreement
between the measured and the calculated ion energes depend
on the sheath width to electron Larmor radius ratio k, (for
k. = 3 and n. = 1-10' cm™> the electron temperature
decreases up to ~5.6 eV). For T, and n. to be in range of
measured values k, should be of order unity.

In the model presented here ions that are born near the anode
are drawn toward the plasma. The plasma quasineutrality is
nevertheless preserved in the experiment, despite the fact that
the electrons that are born near the anode do not follow
the ions, but rather move to the anode. The plasma may
remain quasineutral due to the following reasons. First, in the
experiment an ion current is drawn from the plasma into the
diode gap and toward the cathode, reducing the accumulation
of a positive charge in the plasma. Second, the source of
the plasma ions is not only the ions born in the sheath.
but also ionization in the plasma, an jonization that provides
the plasma with both ions and electrons. Finally, the large
diamagnetic electron current in the plasma [11] may add net
negative charges to the plasma that neutralize part of the ions
charge. We note that the sheath model presented here is time-
independent. This seems to be a good approximation since the

o
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on transit time across the sheath is about 1 ns, much shorter
han the voltage pulse duration.

-1t is clear from the model that if the electron density and
mperature are constant the ion energy increases monoton-

onmonotonic dependence of the CIII energy on the magnetic
eld intensity and the existence of a maximum were observed
n the experiments at the end of the discharge pulse (¢ ~ 100
s, Fig. 3). In the frame of the Hall model this observed
onmonotonic dependence may be due to the plasma density
nd electron temperature variation with the magnetic field
tensity, more sensitive after the discharge pulse.

ACKNOWLEDGMENT

The authors would like to thank C. Litwin, N. Hershkowitz,
. B. Bailey, A. B. Filuk, T. Mehlhorn, L. Perelmutter, and Y.
Krasik for their highly valuable comments.

REFERENCES

k[1] G. A. Mesyats, A. M. Iskol'dskii, and S. P. Bugaev, “Investigation of the
pulsed breakdown mechanism at the surface of a dielectric in vacuum,”
Sov. Phys. Tech. Phys., vol. 12, no. 10, pp. 1358-1369, 1968; see also
R. B. Miller, An Introduction to the Physics of Intense Charged Particle
‘ Beams. New York: Plenum, 1982.

‘(2] C. Litwin and Y. Maron, “Role of neutrais in plasma expansion in ion
: diodes,” Phys. Fluids, vol. B1, pp. 670-674, 1989.
¥[3] Y.Maron, E. Sarid, O. Zahavi, L. Perelmutter, and M. Sarfaty, “Particle-
velocity distribution and expansion of a surface-flashover plasma in
~ the presence of magnetic fields,” Phys. Rev., vol. A39, no. 11, pp.
B 5842-5854, 1989.
i{4] Y. Maron, L. Perelmutter, E. Sarid, M. E. Foord, and M. Sarfaty, “Spec-
i troscopic determination of particle fluxes and charge-state distributions
in a pulsed-diode plasma,” Phys. Rev., vol. A4l, no. 2, pp. 1074-1095,
1990.
§ (5] L. Perelmutter, G. Davara, and Y. Maron, “Plasma properties near
| the anode surface of an jon diode determined by high-resolution laser
spectroscopy,” Phys. Rev., vol. ES0, no. 11, pp. 113984113993, 1994.
(6] R. E. Duvall, A. chhtman Y. Maron, and L. Perelmutter, “A model
for energetic ion generation in an anode plasma,” Phys. Fluids, vol. BS,
N no. 9, pp. 3399-3407, 1993.

[7] V. Zharinov and Y. Popov, “Acceleration of plasma by a closed hall
F  current,” Sov. Phys. Tech. Phys., vol. 12, no. 2, pp. 208-211, 1967.
[ [8] A. Morozov, “Focusing of cold quasineutral beams in electromagnetic

fields,” Sov. Phys. Doklady, vol, 10, no. 8, pp. 775~780, 1966.
[9] M. A. Lieberman and A. J. Lichtenberg, Principles of Plasma Discharges
B and Materials Processing, New York: Wiley, 1994.
{110] S. Braginsky, “Transport processes in a plasma,” in Review of Plasma
© Physics, M. Leontovich, Ed. New York: Consultants Bureau, vol. 1,
p. 205, 1965.

11] Y Maron, E. Sarid, E. Nahshoni, and O. Zahavi, “Time-dependent
‘ spectroscopic observation of the magnetic field in a high-power-diode
plasma,” Phys. Rev., vol. A39, no. 5, pp. 5856-1962, 1989.

ally with the increase of the magnetic field. However, a -

Isak L Beilis (M'98) received the M.Sc. degree
from the Moscow Institute for Steel and Alloys,
Russia, in 1966, the Ph.D. degree in 1973, and
the Dr.Phys. degree in mathematical sciences from
the Institute for High Temperatures and Institute for
High Current Electronics of the U.S.S.R. Academy
of Science, Moscow, Russia, in 1990.

From 1969 to 1991, he worked in the Institute
for High Temperatures of the U.S.S.R. Academy
of Sciences, while also holding a position of Vis-
iting Scientist in the Institute of Mechanics of the
Moscow Lomonosov University, Russia. Since January 1992, his investi-
gations at the Faculty of Engincering at Tel Aviv University, Tel Aviv,
Israel. His research is concerned with the electrical discharges in vacuum
interrupters, MHD-generators, plasma accelerators, arc cathode spots, vacuum
arc plasma jet expansion in magnetic fields, plasma-wall transition (sheath and
presheath), dusty plasma transport in ducts, nonstationary and nonequilibrium
macroparticle charging phenomena, and processes in hot electrode arcs. In
1995, he held a vxsmng position at the Max Plank Institute of Plasmaphysics,
Berlin, Germany. He is a coauthor of the books MHD Energy Conversion.
Physical and Technical Aspects (1982) and Handbook of Vacuum Arc Science
and Technology (1995)

A. Fruchtman received the B.Sc. degree from .
Tel Aviv University, Tel Aviv; Israel, in 1973 and
the M.Sc. and Ph.D. degrees in physics from the
Hebrew University, Jerusalem, Israel, in 1978 and
1983, respectively.

He was a Weizmann Postdoctoral Fellow and
a Research Scientist at the Courant Institute from
1983 to 1986. He then joined the Faculty of the
Weizmann Institute. As an Associate Professor, he
moved in 1995 to the Center for Technological
Education Holon, Holon, Israel. During 1994-1995,
he spent a sabbatical at the Plasma Physics Laboratory, Princeton University,
Princeton, NJ. His research interests include the interaction of magnetic fields
and plasmas in pulsed plasma devices such as ion diodes and plasma opening
switches, free-electron lasers, particle beams, electric propulsion, and plasma
sources for materials processing.

Yitzhak Maron received the physics degree from
the Weizmann Institute of Science, Rehovot, Israel,
in 1977. ,

From 1980 to 1984, he worked on ion diodes at
the Laboratory of Plasma Studies at Cornell Univer-
sity, Ithaca, NY. Since 1988, he has been a Professor
of Physics and the Head of the Plasma Laboratory
at the Faculty of Physics at the Weizmann Institute
of Science. This laboratory specializes in the use of
spectroscopy in the diagnostics of pulsed power sys-

S tems and in developing theoretical models required
for the data analysis and interpretation.



	Page 995
	Page 996
	Page 997
	Page 998
	Page 999

