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The self-magnetic-pinch diode is being developed as an intense electron beam source for pulsed-power-

driven x-ray radiography. In high-power operation, the beam electrons desorb contaminants from the

anode surface from which positive ions are drawn to the cathode. The counterstreaming electrons and ions

establish an equilibrium current. It has long been recognized, however, that expanding electrode plasmas

can disrupt this equilibrium and cause rapid reduction of the diode impedance and the radiation pulse.

Recently developed numerical techniques, which enable simultaneous modeling of particle currents with

1013 cm�3 densities to plasmas of near solid density, are applied to a model of the self-magnetic-pinch

diode which includes the formation and evolution of anode surface plasmas. Two mechanisms are shown

to cause rapid impedance loss, anode plasma expansion into the anode-cathode (A-K) gap, and increased

ion space-charge near the cathode surface. The former mechanism dominates for shorter A-K gaps, while

the latter dominates for longer gaps. Model results qualitatively reproduce the time-dependent impedances

measured for this diode.

DOI: 10.1103/PhysRevSTAB.14.024401 PACS numbers: 41.85.Ja, 52.25.Fi, 52.65.Rr, 52.65.Ww

I. INTRODUCTION

The self-magnetic-pinch (SMP) diode [1–4] is being
developed as an intense electron beam source for pulsed-
power-driven x-ray radiography. The diode is composed of
a thin cylindrical cathode with a hollow, rounded tip, as
illustrated in Fig. 1. As the electron beam emitted from the
cathode traverses the gap to the planar anode, it pinches
due to its self-magnetic force, which is balanced by its
repulsive self-electric force. The anode is composed of a
thin Al foil placed on top of a high-atomic-number mate-
rial which efficiently converts the beam electrons into
x rays via bremsstrahlung.

During operation, the electron beam deposits sufficient
energy to quickly heat the anode, desorbing hydrocarbon
contaminants and creating an anode surface plasma. A
space-charge-limited (SCL) ion current is drawn from
this plasma which counterstreams with the electron beam
toward the cathode. The ion space-charge partially neu-
tralizes the beam, thereby enabling an increased pinch. A
new equilibrium is established with these counterstreaming
currents, resulting in a larger diode current than in monop-
olar flow [5]. The diode operates as a current-limited
device with the equilibrium current determined by a criti-
cal value of [2,6]

Icrit ¼ 8:5�
rC
g
ð�2 � 1Þ1=2 ½kA�; (1)

where � ¼ 1þ eV=mec
2 is the relativistic factor, rC is the

cathode radius, g is the anode-cathode (A-K) gap width,
and � is a scale factor used to account for the current
increase due to ion space charge. Estimates of � range

from 1.6 to 2.8, depending on the diode geometry and the
beam and ion space-charge profiles.
It has been observed, however, that the SMP diode

current increases beyond predictions for the critical cur-
rent, resulting in a decreasing diode impedance [4,7,8].
The proposed mechanism for the impedance reduction is
electrode plasma expansion into the A-K gap [3,9].
An example of the falling impedance of the SMP diode

is shown in data from Sandia National Laboratories’
Radiographic Integrated Test Stand (RITS-6) pulsed-
power accelerator [10]. With a 40-� magnetically insu-
lated transmission line, the diode nominally produces
150 kA at 7.5 MV. The time-dependent impedances for

FIG. 1. Cross-sectional diagram of the SMP diode. The diode
geometries considered here are distinguished by their ratio of
anode-cathode (A-K) gap to cathode radius (g=rC).
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the diode for different aspect ratios of A-K gap width-to-
cathode radius (g=rC) are shown in Fig. 2. From Eq. (1) the
diode impedance is expected to increase with g=rC. At
relatively early times (< 35 ns), this trend is observed in
the measured impedances shown in Fig. 2. At later times,
the smallest and largest values g=rC (1.63 and 2.08) show a
rapid fall in impedance, dropping below 10 � before the
end of the pulse. In contrast, the impedances for the
intermediate values of g=rC (1.76 and 1.92) fall at a
much much slower rate. (A stable-impedance history pro-
vides for a longer duration radiation pulse.) These dramatic
changes in impedance histories occur over a relatively
small range of g=rC values. Understanding the physical
mechanisms governing this small, stable-impedance
parameter window is important to extending the diode
operation to higher powers.

A recent publication highlights new simulation tech-
niques for electrode plasmas [11] which are applied here
to the SMP diode. A hybrid particle-in-cell (PIC) technique
enables efficient, simultaneous modeling of the dense
(& 1018 cm�3) electron and ion populations associated
with electrode surface plasmas and the lower-density
(� 1013–1015 cm�3) populations occurring in bipolar
flow. The dense populations are modeled as inertial
Eulerian fluids. As the fluid particles accelerate above a
prescribed kinetic energy threshold, they transition into a
kinetic-macroparticle treatment. The hybrid algorithms
have been incorporated into the implicit electromagnetic
PIC code LSP [12]. To improve understanding of the im-
pedance behavior of the SMP diode, detailed simulations
are performed using LSP which include the creation and
evolution of an anode plasma.

The parameters used in the diode simulations are dis-
cussed in Sec. II. Simulation results are discussed in
Sec. III with emphasis on the mechanisms which lead to
the observed falling diode impedance. Conclusions are
summarized in Sec. IV.

II. MODEL PARAMETERS FOR THE SMP DIODE

The parameters used in simulations of the SMP diode
using the hybrid, implicit PIC code LSP are described here.
The diode dimensions and peak power are chosen to emu-
late the experiments recently performed on RITS-6 [4].
The value of rC is fixed while g=rC is varied from 1.12 to
2.08. A voltage pulse with 7.5 MV peak amplitude and an
8-ns rise is used to drive the diode. (The actual pulse rise on
RITS-6 is closer to 15 ns, which does not significantly
delay anode heating.) The simulations are conducted in 2D
cylindrical coordinates ðr; zÞ with 80-�m grid resolution.
Figure 3 shows the simulation geometry which is axially
truncated from the actual hardware in order to reduce the
size of the simulation space and, therefore, the computa-
tion time.
SCL electron emission [5,13] is modeled along the

cathode in the region outlined in Fig. 3, with an electric
field threshold of 150 kV=cm. A region of anode plasma
formation is also outlined in Fig. 3, indicating the extent of
electron beam heating. Recent spectroscopic measure-
ments on RITS-6 have observed the formation of an anode
plasma prior to the measured radiation pulse, which mi-
grates into the A-K gap during the pulse [14]. A cathode
plasma begins to appear during the radiation pulse, well
after the anode plasma and with less intensity. For this
reason, a cathode plasma is neglected in this model.
The anode plasma is generated using a two-step method

which minimizes nonphysical sheath formation at the in-
jection plane. First, a neutral gas is desorbed from the
anode surface and allowed to migrate some prescribed
number of grid cells away from the conductor (two to three
cells are used here). Then the neutral gas fragments into a
plasma. Two mechanisms are simultaneously used to de-
sorb neutral particles from the anode surface. One is
stimulated desorption in which neutral particles are liber-
ated from the anode surface by individual high-energy
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FIG. 2. The SMP diode impedance measured on RITS-6 for
four values of g=rC.

FIG. 3. The simulation geometry of the SMP diode. The
forward-going voltage wave is injected at the upper left. The
region of electron SCL emission is outlined on the cathode.
Desorption of the anode plasma occurs in the region outlined on
the anode.
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electrons. This is also referred to as electron-induced de-
sorption. The second is thermal desorption, in which neu-
tral particles desorb due to an increase in the anode
material’s surface temperature.

In the stimulated desorption model, neutral desorption is
initiated by electron impact at a rate of �nn ¼ ne�nML,
where ne is incident electron density, � is the stimulated
desorption cross section, and nML is the number of mono-
layers (ML) of surface contaminants. The value of � used
here is 1:25� 10�19 cm2, consistent with Refs. [15–17]. A
monolayer is assumed to have 1015 cm�2 areal density.
Experiments have shown that under vacuum, an electrode
surface can accrue over 45 monolayers of contaminants in
24 hours after cleaning [18]. Since cleaning is not per-
formed on RITS-6, 40 monolayers are assumed here.

In the thermal desorption model, ion emission is a
function of the surface temperature. The temperature in-
crease (�T) is calculated from the energy deposited per
length (dE=dx) by the impacting electrons with charge q
via �T ¼ dE=dx q=ðe�NavCp cos�Þ, where � is the ma-

terial density, Nav is Avogadro’s number, and � is the
electron angle of incidence. The ion emission rate is [19]

dnn
dt

¼ �thnMLe
�Qa=½RTaðtÞ�;

where �th � 1013 s�1, Qa is the binding energy (Qa �
23 kcal=mol), and R ¼ 1:9858� 10�3 kcal=mol=K.

The anode plasma is expected to be primarily composed
of water and hydrocarbon surface contaminants and ab-
lated target material [20,21]. The surface contaminants
serve as a source for protons which are commonly found
in experiments involving intense electron beam impact
[21–23]. Simulations modeling a hydrogen anode plasma
as described above show depletion of the plasma density as
protons are drawn into bipolar flow, and plasma expansion
does not occur. This is consistent with the initial desorption
rates (< 1 ML=ns) and the proton current predicted from
the ratio of the ion-to-electron SCL bipolar current den-
sities in Ref. [5],

Ji
Je

¼ me

mi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�2
e � 1

p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�2
i � 1

q
:

At 7.5 MV, Ji=Je ¼ 0:07 for protons which approaches
1 ML=ns, depending on the beam radius. Since the desorp-
tion rates are not considered functions of the ion mass, the
smaller currents associated with heavier (singly ionized)
ion species are less likely to deplete the desorbed plasma.
Spectroscopy results from RITS-6 for the SMP and para-
xial diodes show dominant populations of carbon and
aluminum ions in the 1014–1015 cm�3 range for an alumi-
num covered anode target [14]. Therefore, the anode plas-
mas studied here are composed of singly ionized carbon or
aluminum.

III. MECHANISMS FOR
DIODE-IMPEDANCE LOSS

The impedance lifetime of the SMP diode can be viewed
as having three stages. The first is monopolar flow, when
(after cathode plasma formation) electrons are emitted
from the cathode but have not sufficiently heated the anode
to desorb surface particles. The second stage is the bipolar
flow described in Sec. I. In the third stage, the current rises
above bipolar flow at a rate apparently determined by the
A-K gap width, as indicated in Fig. 2.
In simulations without an electrode plasma, only the first

two stages of diode impedance occur. The diode current
evolves only to bipolar flow, as described by Eq. (1). An
example of the time-dependent impedance for this case is
shown in Fig. 4(b) (in green). This simulation uses the
Fig. 3 geometry with g=rC ¼ 1:12. Alþ ions are emitted
from the anode after roughly 7 ns when the surface tem-
perature increases by 400 K. After ion emission, the
impedance remains constant. The scale factor � used in
Eq. (1) is determined to be 2.1, but increases to 2.2 for the
larger g=rC considered.
When an anode plasma is included in the diode model,

all three stages of the impedance lifetime are observed. The
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FIG. 4. The simulated time-dependent impedance of the SMP
diode for single-species (a) Cþ and (b) Alþ anode plasmas.
Results for four values of the diode aspect ratio are shown. The
diode impedance shown in green in (b) is from the case of Alþ
ion emission without an anode plasma at g=rC ¼ 1:12.
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time-dependent diode impedances for values of g=rC from
1.12 to 2.08 are shown in Fig. 4(a) for the case of a carbon
(Cþ) plasma. The monopolar flow exists for the first 7 to
9 ns of the pulse (during the pulse rise), after which the
impedances drop to bipolar equilibrium values consistent
with Eq. (1). The impedance drop after this stage depends
on g=rC, with the most rapid drop for g=rC ¼ 1:12. The
diode impedances for the aluminum (Alþ) plasma, in Fig. 4
(b), show the most rapid drop for g=rC ¼ 2:08. While both
plasma species exhibit the highest impedance stability for
the midrange values of g=rC, there is a charge-to-mass
ratio (q=m) dependence to the rates of decline for the larger
and smaller values. While the trends observed in Fig. 2 are
qualitatively reproduced in Fig. 4, the experimental ion
species fraction and distribution of q=m are not well
known.

Simulations show that the impedance decline at the low
end of the g=rC range is governed by different dynamics
than at the high end. The impedance lifetime for smaller
values of g=rC is dominated by plasma expansion into the
gap, where a higher q=m for the plasma ions leads to faster

expansion. The dense plasma advects the anode potential,
effectively reducing the gap width and lowering the diode
impedance.
The impedance stability for larger values of g=rC is

affected by the dynamics of the ions drawn from the anode
plasma. As the anode plasma expands into the gap, the
angle the plasma front surface makes with respect to
the anode may increase. Ions are liberated perpendicular
to the plasma front, and may, therefore, have sufficient
transverse momenta to exceed rC before striking the cath-
ode. These ions create greater space charge along the
cathode’s outer diameter and the electron current increases
in response to this space charge. Both mechanisms for
impedance loss are discussed in more detail below.

A. Impedance loss for small g=rC

The electron beam desorbs contaminants from the anode
which ionize creating a surface plasma. In the hybrid
simulations, the plasma ions thus created have low kinetic
energy (1 eV) and are treated as a fluid. Ions accelerated

FIG. 5. Snapshots of ion density and electric potential in the SMP diode for a Cþ anode plasma. The kinetic (� 200 keV) ion density
is shown in (a) at 44 ns and (b) at 50 ns. The plasma density, approximated by fluid ions, is shown in (c) at 44 ns and (d) at 50 ns. The
potential is shown in (e) at 44 ns and (f) at 50 ns. The density contours are plotted on a log10 scale from 1010–1016 cm�3. The potential
is plotted on a linear scale from 0 to �4 MV.
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above 200 keV are transitioned into a kinetic particle
description. The low-energy ions and associated electrons
(treated as a fluid) expand into the gap over the course of
the driving pulse at a rate related to the ion thermal velocity
(a function of q=m) and the gap potential. This expanding
plasma advects the anode potential, changing the effective
A-K gap width and, therefore, the diode impedance.

While this effect is present for all plasma species and
values of g=rC, it is easily seen in the example of the Cþ
anode plasma for g=rC ¼ 1:12. Figure 5 shows 2D snap-
shots of the kinetic and fluid ion densities, and the potential
integrated from Ez, for this simulation. The snapshots are
at 44 and 50 ns into the pulse, well into the period of
impedance loss, as shown in Fig. 4. The kinetic ions in
Figs. 5(a) and 5(b) form the bipolar current, with densities
of 1013–1014 cm�3. The low-energy, fluid ions in Figs. 5(c)
and 5(d) have �1016 cm�3 density and are seen to expand
nonuniformly in 2D at a time-dependent expansion rate.
The potentials integrated from Ez in Figs. 5(e) and 5(f)
show that the plasma is at the anode potential.

The widths of the effective gaps formed by the anode
plasmas are estimated using Figs. 5(e) and 5(f) by mea-
suring the distance from the cathode tip to the closest
potential maximum. The actual diode impedances in the
Fig. 5 snapshots are approximately equal to values calcu-
lated using Eq. (1) with the effective gap widths substituted
for the original values. The procedure for determining the
effective gap is applied to other small-gap simulations to
derive a range of diode-impedance versus effective-gap
points, which are plotted in Fig. 6. The impedances for
monopolar and bipolar flow, before plasma expansion, are

also shown. The bipolar values, for both the original and
effective gaps, are seen to lie close to the impedance
function calculated from Eq. (1) with � ¼ 2:2 and V ¼
7:5 MV. The lightest ion species exhibit more rapid gap
closure and, for anode plasmas composed of a mixture of
ions, the lightest species dictates the gap-closure rate.
The effective-gap points in Fig. 6 are generated from

simulations with (original) g=rC � 1:76. While simula-
tions of larger values of g=rC also exhibit plasma
expansion, competing impedance-loss effects are more
significant than the decrease in the effective gap. These
effects are discussed next.

B. Impedance loss for large g=rC

Once bipolar flow is established in the SMP diode, the
ions partially neutralize the beam charge, enabling a
stronger magnetic pinch on axis [1]. The electron beam
heats the plasma locally, drawing more current from the
central (on-axis) portion of the plasma and distorting the
contour of the plasma front. The shape of the plasma front
is thus dependent on the angle of the beam pinch. This
effect is seen in the density contours in Figs. 5(c) and 5(d)
for the smallest aspect ratio, g=rC ¼ 1:12. Ions are emitted
perpendicular to the plasma front, following the potential
gradient, and may have a significant transverse momentum
when the plasma front angle is large with respect to the
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FIG. 7. Snapshots at 40 ns of kinetic (� 200 keV) ion density
for the SMP diode with an aspect ratio of (a) g=rC ¼ 1:76 and
(b) g=rC ¼ 2:08. Ions are drawn from an Alþ anode plasma
which fills the space between the ions and the anode. Arrows
indicate the approximate trajectory of ions drawn from the
plasma. The density contours are plotted on a log10 scale from
1010–1016 cm�3.
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anode. High density contours of kinetic ions emitted from
the plasma front near the axis can be seen in Figs. 5(a) and
5(b). The particles thus emitted in these figures are con-
strained to the interior of the diode due to the small aspect
ratio. If their ratio of transverse-to-axial momentum ex-
ceeds rC=g, ions may reach the outer surface of the cathode
cylinder where their density may become non-negligible.
This occurs in simulations of the Alþ anode plasma for
g=rC � 2, where the larger aspect ratios contribute to both
the larger plasma front angles and the reduced transverse
momentum requirement.

An example of increased ion density outside the cathode
cylinder is seen in the density contour in Fig. 7(b). This
example is taken from the g=rC ¼ 2:08 configuration at
40 ns, after the impedance has begun to fall. The approxi-
mate trajectory of ions drawn from the plasma is indicated
by an arrow. The ion density outside the cathode in this
figure reaches levels of 3� 1013 cm�3. In contrast, the
kinetic ion density contours for g=rC ¼ 1:76 at 40 ns,
shown in Fig. 7(a), show a negligible ion density surround-
ing most of the cathode cylinder.

An increase in ion space-charge around the cathode
draws more electrons from the length of the cathode cyl-
inder. This is shown in the current density recorded along
the cathode in Fig. 8, which is larger for g=rC ¼ 2:08 than
g=rC ¼ 1:76. This increase in electron current leads to the
fall in diode impedance shown in Fig. 4(b) for the larger
aspect ratio. Like the gap-closure effect described in
Sec. III A, this impedance-loss mechanism is not depen-
dent on ion species in particular but on the combination of
the operating parameters.

IV. CONCLUSIONS

Experiments have shown that the SMP diode impedance
decreases during the driving voltage pulse, with the most

dramatic changes occurring at high and low values of g=rC.
Using a hybrid, implicit PIC technique to model anode
plasma formation and evolution, two mechanisms are seen
which can explain these falling impedances. The first
mechanism is the expansion of the anode plasma into the
diode A-K gap. The second is increased ion space-charge
along the cathode.
In the first mechanism, the plasma formed on the surface

of the anode expands into the diode A-K gap carrying the
anode potential. The A-K gap width becomes time depen-
dent, defined by the moving potential maximum. The diode
impedance, which is proportional to the gap width, de-
creases in time. Simulations using different ion species
have shown a predictable thermal velocity mass depen-
dence to the expansion rate. This mechanism dominates for
smaller A-K gaps.
In the second mechanism, ions with transverse-to-axial

momentum in excess of rC=g may escape the region of
dense electron space charge and form a non-negligible ion
density outside the cathode. The increase in ion space
charge along the cathode increases the electron current
and decreases the diode impedance.
The application of the hybrid, implicit PIC technique has

qualitatively reproduced the impedance behavior of the
SMP diode observed in experiment. Future model im-
provements will include the effect of cathode plasma evo-
lution and will determine the role of 3D instabilities. More
detailed measurements of the ion species present, their
ionization states, relative mixtures, and spatial extents
would aid in confirming whether the two mechanisms
presented here are responsible for the measured time-
dependent impedances.
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