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Abstract—The merits of several high-resolution, pulsed-power-
driven, flash X-ray sources are examined with numerical simu-
lation for voltages up to 10 MV. The charged particle dynamics
in these self-magnetically pinched diodes (SMPDs), as well as
electron scattering and energy loss in the high-atomic-number
target, are treated with the partic by coupling the output from
LSP with the two-dimensional component of the integrated
tiger series of Monte Carlo electron/photon transport codes,
CYLTRAN. The LSP/CYLTRAN model agrees well with angular
dose-rate measurements from positive-polarity rod-pinch-diode
experiments, where peak voltages ranged from 5.2–6.3 MV. This
analysis indicates that, in this voltage range, the dose increases
with angle and is a maximum in the direction headed back into
the generator. This suggests that high-voltage rod-pinch experi-
ments should be performed in negative polarity to maximize the
extracted dose. The benchmarked LSP/CYLTRAN model is then
used to examine three attractive negative-polarity diode geometry
concepts as possible high-resolution radiography sources for
voltages up to 10 MV. For a 2-mm-diameter reentrant rod-pinch
diode (RPD), a forward-directed dose of 740 rad(LiF) at 1 m in
a 50-ns full-width at half-maximum radiation pulse is predicted.
For a 2-mm-diameter nonreentrant RPD, a forward-directed
dose of 1270 rad(LiF) is predicted. For both RPDs, the on-axis
X-ray spot size is comparable to the rod diameter. A self-similar
hydrodynamic model for rod expansion indicates that spot-size
growth from hydrodynamic effects should be minimal. For the
planar SMPD, a forward-directed dose of 1370 rad(LiF) and a
similar X-ray spot size are predicted. These results show that
the nonreentrant RPD and the planar SMPD are very attractive
candidates for negative-polarity high-resolution X-ray sources for
voltages of up to 10 MV.

Index Terms—Bremsstrahlung, coupled electron–photon trans-
port, electron beams, flash X-radiography, high-power diodes, ion
beams, Monte Carlo, particle-in-cell.

I. INTRODUCTION

I NTEREST in pulsed-power-driven flash radiography is cur-
rently being fueled by the desire to radiograph dense objects

that are rapidly accelerated by high explosives [1]. The charac-
teristics of the radiographic system are dictated by properties
of the object to be radiographed including the spatial scale of
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the features to be resolved, the high-speed motion, and the areal
density. Because the object is moving rapidly (several kilome-
ters per second), a flash X-ray source of duration no longer than
50-ns full-width at half-maximum (FWHM) is desired to mini-
mize motion blur in the image. In addition, the areal density of
the object is equivalent to tens of cm of lead and so that a large
flux of 3–5-MeV photons is required to penetrate the object and
still produce a measurable signal at the detector. An accelerating
voltage of 10–15 MV is required to produce a significant flux of
these photons. Information theory has been applied to determine
the dose and spot-size requirements that are necessary to ob-
tain high-quality images [1]. This analysis indicates that a dose
of 1000 rad(air) at a distance of one meter from a 2-mm-diam-
eter, uniformly radiating disk will produce images of sufficient
quality. Unless otherwise noted, doses in the remainder of this
article are quoted at one meter from the source with equilibrated
lithium-fluoride (LiF) detectors. The spectral differences in the
responses of air and LiF dosimeters are negligible over the range
of photon energies of interest.

Currently, the only sources that approach these requirements
are produced with linear induction accelerators (LIA) [2]. These
machines are currently capable of producing doses of many hun-
dreds of rads in a 2-mm-diameter uniform disk for a duration of
approximately 50 ns. Because LIAs are many times more ex-
pensive than an equivalent pulsed-power machine, the Atomic
Weapons Establishment (AWE), Aldermaston, U.K., has chosen
a magnetically insulated, inductive-voltage adder (IVA) tech-
nology for their Hydrodynamic Research Facility (HRF). The
design parameters for the IVA currently envisioned for the HRF
are 14 MV and 140 kA [3]. One of the biggest challenges with
pulsed-power-driven radiography is to demonstrate that both the
dose and spot-size goals can be achieved at these voltage and
current levels.

Pulsed-power-driven radiographic source development is
currently being pursued with three different types of elec-
tron-beam diodes. The immersed-B diode uses an external
10–50-T magnetic field to guide electrons emitted from a
millimeter-sized cathode needle onto a high-atomic-number
(high- ) target where an intense X-ray source is formed [4]–[6].
In the paraxial diode, electrons are electrostatically accelerated
onto and through a thin, low-mass anode foil. After exiting the
foil, the beam enters a gas-filled focusing cell where conduc-
tivity generated by the interaction of the beam with the gas in
the cell provides space charge and current neutralization. When
the beam current and space charge are completely neutralized,
the electron beam focuses ballistically onto a high- target
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Fig. 1. Diode geometries for high-resolution flash X-ray sources.
(a) Positive-polarity reentrant RPD. (b) Negative-polarity reentrant RPD.
(c) Negative-polarity nonreentrant RPD. (d) Negative-polarity planar SMPD.

where a small diameter X-rays source is formed [7]–[11]. The
third type of diode being developed relies on the self-generated
magnetic field of the electron beam to focus electrons onto a
high- target. Diodes in this category are the subject of the
present article and include the rod-pinch diode [12]–[17] (RPD)
and the planar self-magnetically pinched diode (SMPD) [18].
Since self-pinched diodes rely on a strong self-magnetic field,
they typically operate with two-to-three times lower impedance
( ) than the immersed-B or paraxial diodes. The present
IVA design for the HRF has the flexibility to be converted to
lower impedance to drive either a RPD or a SMPD [3]. In this
mode, the IVA will operate at about 10 MV and 200 kA.

The positive polarity version of the RPD is shown in Fig. 1(a).
It consists of a small diameter, blunt or tapered, high- anode
rod that protrudes a few centimeters beyond a thin annular
cathode. When the rod is tapered, the last 10-mm portion of the
rod that extends beyond the cathode is tapered down to a point.
Experiments and simulations show that tapering the anode
rod has little effect on the diode impedance but considerably
reduces the observed X-ray source size. This geometry will be
referred to as “reentrant” because the anode rod extends through
the annular cathode. The electron spatial distribution from a
PIC simulation of a positive-polarity, reentrant RPD with a
tapered anode rod is shown in Fig. 2. The strong self-magnetic
field, along with ion emission from the rod, guides and focuses
the electron beam onto the end of the rod. An intense X-ray
source is formed at the rod tip with a spot size comparable to
the diameter of the rod when viewed along the axis of the rod.
[15] Recent RPD experiments on the ASTERIX generator at

Fig. 2. Electron positions from a particle-in-cell simulation of the
positive-polarity reentrant RPD with a tapered anode rod.

the Centre d’Etudes de Gramat (CEG) in France have produced
35 rad(air) at 6 MV in a 2-mm-diameter spot [19], [20]. The
uniformly filled-circle definition of spot size developed by
AWE is used throughout this article [8].

The ASTERIX results and related numerical simulations in-
dicate that the angular dose distribution from a RPD is peaked
in the backward direction and most of the radiation in posi-
tive polarity is headed toward the generator along the length of
the rod [21]. This suggests that high-voltage RPD experiments
should be performed in negative polarity to maximize the ex-
tracted dose [22]. One such negative-polarity geometry is the
reentrant geometry shown in Fig. 1(b). This geometry is topo-
logically similar Fig. 1(a) but configured to be driven in negative
polarity. A second negative-polarity RPD geometry considered
in this article is the nonreentrant RPD in which the anode rod
does not protrude through the plane of the cathode as shown
in Fig. 1(c). The length of the rod can be much shorter in this
geometry reducing both the ion-current fraction and the absorp-
tion of photons as they pass through the rod. However, the elec-
trostatic fields in this geometry are lower than in the reentrant
geometry which reduces the SCL current. This makes it more
difficult to obtain self-magnetic fields that are large enough to
obtain a tightly pinched electron beam. A final negative-polarity
geometry considered in this article is the planar SMPD which
consists of a hollow cylindrical cathode and a high- planar
target, as shown Fig. 1(d). Electrons accelerated from the hollow
cathode are pinched by the self-magnetic field onto the planar
anode to form a small spot-size X-ray source. Recent SMPD ex-
periments at 4.2 MV have demonstrated 65 rad in a 2.8-mm-di-
ameter X-ray spot [18].

The remainder of this article presents a comparison of the
on-axis X-ray dose and spot size obtained from numerical
simulations of the four diode geometries depicted in Fig. 1. The
analysis is performed by coupling the output from the PIC code
LSP [23], [24], which is used to simulate the charged particle
dynamics in the diode, to the integrated tiger series [25] (ITS)
of electron/photon transport codes, which is used to compute
the radiation field. A brief discussion of the physics of SMPDs
is presented in Section II. Detailed comparisons between the
numerical simulations and recent angular-dose measurements
from positive-polarity RPD experiments on ASTERIX are also
presented in Section II. In Section III, the LSP/CYLTRAN
model that is benchmarked in Section II is used to evaluate
the relative merits of the four geometries depicted in Fig. 1
as high-voltage, high-resolution radiography sources. Some
practical considerations are discussed in Section IV. The con-
clusions of the article are presented in Section V.
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II. RADIATION CALCULATIONS FOR POSITIVE-POLARITY

REENTRANT ROD-PINCH DIODES

A full discussion of the RPD physics is given elsewhere [13],
[14]. A small portion of that work is repeated here to allow the
reader to more easily follow the discussions of each diode. The
electron flow in a RPD can be divided into three regimes. A low-
voltage, low-current regime characterized by space-charge-lim-
ited (SCL) flow, a high-voltage, high-current regime character-
ized by strongly pinched, magnetically limited (ML) flow, and
an intermediate regime where the flow is weakly pinched [13].

A. SCL Regime

When the voltage is low, the current is too small to generate
a sizable self-magnetic field and the electron flow in the diode
is SCL. In this regime, electrons flow perpendicular to equipo-
tential lines and are spread out over a large area of the anode.
The nonrelativistic form for the single-species SCL current ap-
propriate for cylindrical diodes was first derived by Langmuir
and Blodgett [26] and is given by

kA (1)

where kA , eV is the diode
voltage normalized to the electron rest mass energy, is the
magnitude of the electron charge, is the electron rest mass,

is the speed of light in vacuum, is the effective cathode
length, and can be expressed in a power series in
where and represent the cathode and anode radii. Since
(1) does not include two-dimensional (2-D) effects, the effec-
tive diode length is larger than the physical length of the
cathode and takes into account the spreading of current as elec-
trons approach the anode. Empirically, it has been found that
this effective length can be approximated by ,
where is the length of the cathode and is the
A-K gap spacing. The additional factor of accounts for an
approximate 45 spreading of the electrons upstream and down-
stream of the cathode.

The emission of ions from the anode is also important for
high-power RPDs. The presence of ions allows for an increase in
the electron SCL current. The electron current in bipolar cylin-
drical diodes increases by a factor of 1.86 for (i.e.,
planar geometry) [27] and by a factor of to 5.5 for

over the single-species SCL current. [14] To maintain the
impedance range appropriate for radiography sources,

where the electron current increases by a factor of 3.1. This
is sufficient to allow the electron flow to enter the ML regime
for voltages above 1 MV.

B. Magnetically Limited Regime

At sufficiently high voltage, the current is large enough to
generate a self-magnetic field that limits the current. To enter
this regime, the diode must first draw enough SCL current to
exceed critical current. In the ML regime, electrons
drift along equipotential lines and cross to the anode in a re-
gion where the magnetic field is small. The rapid propagation
of electron flow down the rod requires ion emission along the

Fig. 3. (a) Proton-current fraction and (b) the total current from PIC
simulations of positive-polarity, reentrant, RPDs with 1- and 2-mm-diameter
blunt and tapered anode rods.

length of the rod which produces a concentration of the electron
beam at the rod tip.

The form of critical current appropriate for the RPD geometry
is given by [13]

kA (2)

where eV is the relativistic factor. Recent research
shows that depends on ion space-charge, electron kinetics, and
2-D effects [28]–[30]. PIC simulations show that the factor is
also sensitive to the position from which ion emission is enabled
along the anode [31]. Proton emission from the anode rod is al-
lowed in the simulations from a position extending from one
A-K gap upstream of the cathode aperture to the end of the rod.
With this assumption, PIC simulations show that varies from
2.1 to 2.8 as the aspect ratio ( ) varies from 1 to 20 [14].
A comparison of the total current from LSP simulations of 1-
and 2-mm-diameter tapered and blunt tungsten rods is shown in
Fig. 3(b). This figure shows that the diode current depends only
on the geometry in the vicinity of the anode-cathode (A-K) gap
and does not depend on the rod-tip geometry. The factor is
2.75 for the 1-mm-diameter rods and is 2.55 for the 2-mm-diam-
eter rods. These factors are consistent with those previously
published that did not include electron scattering in the anode
rod [14].

Ion currents in the ML regime are enhanced over the bipolar
value due to the increased electron path-length in the diode as
their orbits are influenced by the self-magnetic field [32], [33].
Since the electron and ion space charges must be approximately
equal, the increased electron path length in the ML regime leads

David
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Fig. 4. Current flow pattern from a PIC simulation of the positive-polarity,
reentrant, RPD with a 2-mm-diameter blunt anode rod.

to an enhancement in the ion current over the bipolar value.
This enhancement is proportional to the ratio of the electron
and ion path lengths. For the reentrant RPD, electrons travel the
length of the rod while ions travel across the A-K gap so that
the ion-current enhancement is about ( ) [14]. For
large-aspect-ratio diodes with , the ion current can
be a large fraction of the total diode current.

Experiments have shown protons to be the dominant species
in these diodes [34] so protons are taken to be the ion species
in the simulations presented in this article. The proton-current
fractions from LSP simulations of the positive-polarity reentrant
RPD with 1- and 2-mm-diameter tapered and blunt tungsten
anode rods and voltages between 2 and 10 MV are shown in
Fig. 3(a). The proton current is 25%–35% of the total current at
2 MV and increases slowly with voltage to about 40%–50% at
10 MV. In a magnetically limited diode, it is the total current that
is limited (i.e., ). Therefore, ions reduce the number
of electrons that to flow to the rod tip and, since ions do not make
X-rays, they represent inefficiency in RPD and SMPD sources.
X-ray output can be increased by reducing ion currents. Nega-
tive-polarity geometries that significantly reduce the ion-current
fraction will be examined in Section III.

Contours of constant for a 2-mm-diameter blunt reen-
trant RPD at 4 MV are shown in Fig. 4. The direction of current
flow is parallel to the contours and there are equal amounts of
current between adjacent contours. Twenty equally spaced con-
tour levels are used in all the contour plots presented in this ar-
ticle. Also shown is the position of the virtual cathode ( )
defined by the contour where the electric-field magnitude has
dropped by two orders of magnitude compared with the average
field in the A-K gap. The electrons drift down the rod
along the virtual-cathode contour and cross to the anode near
the tip of the rod. Particle plots (not shown) indicate that proton

emission is distributed over the entire portion of the rod that ex-
tends beyond the cathode while electrons connect with the rod
only over the last 3–5 mm. Therefore, the current that connects
with the last 3–5 mm of the rod is primarily from electrons. A
significant fraction of the current flow is also bent around the
end of the rod and enters the rod perpendicular to the end. Side
viewing X-ray images from the ASTERIX experiments also in-
dicate that a significant fraction of the electrons are concentrated
on the end face of the blunt rod [35]. The flow pattern shown in
Fig. 4 is representative of the flow patterns in the ML regime at
higher voltages.

C. Analysis of ASTERIX Angular Dose-Rate Measurements

The angular distribution of the radiation from a RPD is cal-
culated with a combination of LSP and ITS. The approach is
similar to that used to calculate the forward-directed (0 ) dose
for voltages up to 4 MV [24]. First, LSP is used to model the
complex electron and ion dynamics in the diode for a number
of steady-state voltages. Included in these calculations are in-
teractions of the electrons with the tungsten anode rod. Elec-
tron interactions in the tungsten rod are followed in LSP by in-
corporating electron scattering, energy loss, and bremsstrahlung
production algorithms from ITS. The relevant electron interac-
tions in the rod include collisional energy loss to ionization and
excitation, the production of bremsstrahlung, and K-shell and
L-shell ionization events that produce characteristic X-ray flu-
orescence lines and Auger electrons. The tungsten rod used in
the LSP simulations protrudes through a hole in the cathode and
extends 16 mm beyond the plane of the cathode. The cathode
length ( ) is 3 mm and, to achieve the impedance range of in-
terest, the cathode diameter is changed in proportion to anode
diameter to maintain a constant aspect ratio of .
Once a steady-state voltage is achieved, a list of electron posi-
tions and momenta incident on the surface of the high- anode
rod is generated. The electron list is post processed with the ITS
code CYLTRAN to calculate the angular distribution of the ra-
diation spectrum emerging from the rod. A second method of
calculating the radiation spectrum utilizes the capability of LSP
to generate a list of photons that contains their energy, direc-
tion, and location in the rod as they are created. The angular
distribution of the radiation spectrum can then calculated by
using CYLTRAN to model self absorption in the rod. The rele-
vant photon interactions followed by ITS include Compton scat-
tering, photoelectric absorption, and pair production. The two
methods provide an excellent cross check and both methods pro-
duce essentially the same results.

The angular dose distribution is calculated from the radiation
spectrum using

(3)

where is the incident electron charge on the rod, is
the spectral response of the detector [dose per photon flux],

is the attenuation by filters between the source and the
detector, and is the angular distribution of the photon
flux spectrum at the detector per incident electron charge cal-
culated from the coupled LSP/CYLTRAN simulations. The
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Fig. 5. Number of passes electrons make in 1- and 2-mm-diameter blunt and
tapered tungsten anode rods from PIC simulations of the positive-polarity,
reentrant, RPD.

CYLTRAN simulations are divided into 18 angular bins so that
photon statistics are collected and averaged over 10 bins. The
forward-directed angular bin is defined to be
and the backward-directed bin is . Both
the detector response and the filter attenuation are calculated
using tabulated attenuation/absorption coefficients [36]. This
approach avoids the problem of poor photon counting statistics
associated with the small solid angle subtended by the detec-
tors incurred with direct modeling of the detectors with ITS.
However, (3) omits radiation scattered in the filters that can
subsequently reach the detector. It can also overestimate the
energy absorbed in the detector if it is not properly equilibrated.
Both of these effects are small in this experiment and the
forward dose predicted by (3) agrees with that calculated in
[24], where the detectors are modeled directly with ITS.

To compare with experimental results, the incident electron
charge on the rod in (3) must be related to at least one measur-
able quantity. This is accomplished by

(4)

where is the total charge transferred in the diode (i.e., the
integral of the diode current including both electron and ion cur-
rent), is the number of passes the electrons make in the
high- target, defined as the ratio of incident electron charge
to absorbed electron charge, and is the ion-current frac-
tion. The quantities and are obtained from LSP (see
Fig. 3), and can be obtained from either CYLTRAN or
LSP. To apply (3) to time-dependent experiments, (4) is used to
eliminate and the dose-per-charge is interpreted as the dose
rate divided by the total current so that

(5)

where is the dose rate and is the total diode current. This
relationship assumes that the charged-particle flow in the diode
remains in a quasi steady state at all times.

for 1- and 2-mm-diameter tapered and blunt rods are
shown in Fig. 5. It is important to note that a backscattered elec-
tron is indistinguishable from an electron that passes through

Fig. 6. (a) Angular variation of the dose rate and (b) the dose-rate efficiencies
from coupled LSP/CYLTRAN simulations of the positive-polarity, reentrant
RPD with a 2-mm-diameter tapered anode rod.

the rod. This is why at low voltages where the
rod diameter is large compared with the electron continuously
slowing-down-approximation (CSDA) range. For blunt rods,
electrons make two-to-four passes through the rod and
is nearly independent of voltage. For tapered rods, is
larger and increases with voltage primarily due to electrons
reflexing through the rod tip.

Results from angular dose calculations for a 2-mm-diameter
tapered rod are shown in Fig. 6. The values of in Fig. 6 are the
centers of the angular bins and the data points are average dose
rates obtained from photons collected around the centers of
the bins. Fig. 6(a) shows that the dose rate is nearly independent
of angle for voltages below 4 MV. At higher voltages, the dose
rate increases monotonically with polar angle except near 180
where it decreases sharply due to photon self-absorption in the
rod. The simulations predict that the dose rate at 6 MV is more
than a factor of two larger at 165 than at 5 . This result sug-
gests that, to maximize the extracted dose, RPD experiments at
or above 6 MV should be performed in negative polarity [22].
In addition, steps should be taken to minimize photon absorp-
tion in the rod by using low- , low-mass supporting materials.
Fig. 6(b) shows the dose-rate efficiency ( ) as a function of
voltage for several angles. The forward-directed dose-rate effi-
ciency becomes insensitive to changes in the voltage for volt-
ages above 6 MV. This insensitivity and the peaking of the dose
rate at large angles is due to electron angles of incidence on the
rod approaching 180 at high voltage which increases the X-ray
emission at large angles relative to smaller angles. Power-law
fits to the dose rates at various angles of the form are
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Fig. 7. Schematic of the positive-polarity, reentrant, rod-pinch-diode
geometry used in the ASTERIX experiment.

Fig. 8. Schematic showing the locations of the pin diodes and TLDs used in
the ASTERIX experiments.

also shown in Fig. 6(b). These fits are valid for voltages up to
6 MV and are used in analyzing the ASTERIX angular dose
measurements where peak voltages ranged from 5.2–6.3 MV.

For the ASTERIX experiments, [19]–[21] tungsten or gold
anode rods of 1.0-, 1.6-, 2.0-, and 3.0-mm diameter are used with

ranging from 11 to 16. The anode rod extends 16 mm
beyond the 3-mm-thick cathode annulus and, for most shots, is
tapered to a point over the last 10 mm. The tip of the rod is
positioned near the center of a 10-cm-radius, 1-cm-thick hemi-
spherical aluminum shell so that the radiation measurements at
different angles are attenuated through 1 cm of aluminum, as
shown in Fig. 7. Peak voltages of 5.2–6.3 MV and peak cur-
rents of 105–135 kA are measured. The angular distribution of
the dose is measured at several angles using an array of five
LiF thermoluminescent dosimeters (TLDs) and an array of six
silicon pin diodes as shown in Fig. 8. The silicon pin diodes,
mounted in lead collimators, provide time histories of the radi-
ation. These radiation diagnostics are described in more detail
in [19].

The measured dose increases with angle and the dose at
large angles is sufficient to cause saturation effects in the pin
diodes [19]. There is no evidence of saturation effects in the

smaller signals from the detector at 20 . The time-histories of
the radiation at the various TLD locations is inferred by scaling
the 20 pin diode pulse shape so that the time-integral is the
TLD dose at that location. This scaling is appropriate because
the measured TLD dose was observed to scale linearly with
the pin diode dose in a previous ASTERIX experiment [17].
Also, for low-dose shots without saturation, no significant dif-
ferences are observed in the pin diode pulse shapes at different
angles.

Calculated and measured dose rates for a 2-mm-diameter ta-
pered rod are compared in Fig. 9. The calculated dose rates are
obtained using the measured current ( ) and voltage ( ) wave-
forms, shown in Fig. 9(a), in conjunction with the power-law fits
from the simulations, shown in Fig. 6. The diode voltage is de-
termined by applying an inductive correction to an electrolytic
resistive divider located upstream of the diode [20]. This results
in a substantial correction of up to 20% to the peak voltage and
introduces some uncertainty in the voltage waveform. The cur-
rent is the average of three B-dot loops located near the diode
load. The variation of the individual B-dots from this average is
small indicating less than uncertainty in the current. Both
the shapes and magnitudes of the calculated dose rates are in
good agreement with the measured dose rates at all five angles
[see Fig. 9(b)–(f)].

Fig. 10 shows a comparison of the calculated angular dose
distribution with the angular dose distribution measured by
the LiF TLDs on ASTERIX for three 2-mm-diameter ta-
pered-anode shots. The peak voltages, currents, and FWHM
of the radiation signals are similar for these three shots. The
dose distributions for these shots are also similar indicating
that the measurements are highly reproducible. The average
peak voltage, current, and FWHM of the radiation pulse for
these three shots are 6 MV, 110 kA, and 44 ns, respectively (see
Fig. 10). The calculated dose is obtained by first multiplying
the dose-rate efficiency at the average peak voltage by the
current to obtain a peak dose rate. The dose is then calculated
by multiplying the peak dose rate by the average FWHM of
the radiation pulse. The magnitude and shape of the measured
and calculated angular dose distributions agree to within exper-
imental uncertainty. Similar agreement is obtained for a shot
with a 1-mm-diameter tapered tungsten rod.

The calculated forward and backward dose-rate efficiencies
from the positive-polarity reentrant RPD with 1-mm- and
2-mm-diameter tapered and blunt rods is shown in Fig. 11.
In these calculations, photon absorption in the rod at 180 is
minimized by using tungsten only for the last 3 mm of the
blunt rod and only for the 10-mm taper for the tapered rod. The
remainder of the 60-mm-long rod is aluminum. The dose-rate
efficiencies are significantly higher for blunt rods than for ta-
pered rods. This indicates that blunt rods take better advantage
of the larger electron angles of incidence as the voltage is in-
creased. The dose-rate efficiencies for blunt rods at 10 MV are
15 times larger at 175 than at 5 . The peak dose-rate efficiency
at 10 MV is 80 krad/A-s for the 2-mm-diameter blunt rod and
69 krad/A-s for the 1-mm-diameter blunt rod. Therefore, for the
reentrant RPD with a 2-mm-diameter [1-mm-diameter] blunt
rod with a peak current of 185 kA [208 kA], a dose of 740 rad
[720 rad] in a 50-ns FWHM radiation pulse is feasible.
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Fig. 9. Comparison of the angular variation of the dose rate from coupled LSP/CYLTRAN simulations with experimentally measured dose rates on ASTERIX
for the positive-polarity, reentrant RPD with a 2-mm-diameter tapered anode rod.

Fig. 10. Comparison of the angular variation of the dose from the coupled
LSP/CYLTRAN simulations with the measured angular dose variation from
three similarly configured ASTERIX shots.

III. CHARACTERIZATION OF RADIATION SOURCES

FOR VOLTAGES UP TO 10 MV

In the previous section, coupled LSP/CYLTRAN simula-
tions were successfully benchmarked against angular dose
measurements in positive polarity. The simulations indicate
that the largest dose is toward the generator and not readily
available for radiography. The simulations also indicate that the

Fig. 11. Forward (5 ) and backward (175 ) dose-rate efficiencies from the
coupled LSP/CYLTRAN simulations for (a) 1-m- and (b) 2-mm-diameter
tapered and blunt anode rods.
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Fig. 12. Current-flow patterns from PIC simulations of negative-polarity
SMPD geometries. (a) Reentrant RPD. (b) Nonreentrant RPD. (c) Planar
SMPD.

dose is severely limited by a large proton-current fraction. In
this section, the on-axis dose and the X-ray spot size from nu-
merical simulations of the negative-polarity SMPD geometries
shown in Fig. 1(b)–(d) are compared. All of the geometries
analyzed in this section have forward-directed doses compa-
rable to or greater than the peak backward-directed dose in the
positive-polarity RPD. This is accomplished by reducing the
proton-current fraction and/or decreasing photon absorption.
The A-K gap spacing for each geometry is chosen so that each
diode operates at about 10 MV and 200 kA.

Fig. 13. Proton-current fraction from PIC simulations of the diode geometries
depicted in Fig. 1.

The detailed geometry and the current-flow patterns for each
of the diodes analyzed in this section are shown in Fig. 12.
X-ray emission in the forward direction is filtered through a
thickness of aluminum that represents the beam stop and any
structures that exist between the source and the object to be ra-
diographed. For the reentrant RPD [Fig. 12(a)], X-rays are at-
tenuated through a total of 44 mm of aluminum. For the non-
reentrant RPD [Fig. 12(b)], the X-rays are attenuated through a
total of 20 mm of aluminum. For the SMPD [Fig. 12(c)], X-rays
are attenuated through a total of 15 mm of aluminum. A tan-
talum target is used in all of the negative-polarity diode simu-
lations to minimize variations associated with the high- target
material.

The negative-polarity reentrant geometry [Fig. 12(a)] fea-
tures a 2-mm-diameter anode rod and a 16-mm-diameter
cathode giving an A-K gap of 7 mm. The value of was
reduced from 11 to 8 to reduce the impedance to nearly 50 . To
reduce the absorption of photons in the rod, the anode consists
of a 1.3-mm-long tantalum tip on a 34-mm-long aluminum rod.
The tantalum thickness is chosen to be about 1/3 of the electron
CSDA range at 10 MV [37]. Because the rod extends through
the cathode aperture, this geometry has the advantage that the
electric field is larger over a large portion of the anode which
leads to larger SCL currents than the other two geometries.
This allows the diode to pinch at a lower voltage compared
with the other two geometries. The simulations show that the
electrons are pinched in this geometry for voltages at or above
2 MV. The current-flow pattern at 10 MV shows that current
connects with the anode rod over a relatively long length of the
rod. Similar flow patterns are observed for voltages at or above
2 MV. Particle plots show that the electron flow is concentrated
on the high- tip. Therefore, the current flow along the length
of the rod is attributed primarily to protons. In this geometry,
significant proton current flows from the last 20 mm of the
anode rod.

Proton-current fractions for the four diode geometries in
Fig. 1 are shown in Fig. 13. The negative-polarity reentrant
geometry has the highest proton-current fraction ( at
10 MV) due to the long length from which proton emission
occurs. It is even higher than the positive-polarity reentrant case
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because was lowered from 11 to 8 for the negative-po-
larity reentrant simulation. The forward-directed dose-rate
efficiencies for the three negative-polarity diodes and the
forward-directed dose-rate efficiency for the positive-polarity
reentrant RPD are compared in Fig. 14. The dose-rate efficiency
for the negative-polarity reentrant RPD at 10 MV is about 13
times larger than the positive-polarity reentrant RPD. Most of
this increase is due to a peak in electron angles of incidence
along the axis of the rod that causes a peak in the radiation in
the forward direction. The forward-directed dose-rate efficiency
for negative-polarity reentrant RPD diode is similar to the back-
ward-directed dose-rate efficiency from the positive polarity
reentrant RPD. However, the negative-polarity reentrant RPD
diode is configured to extract useful dose out the front of the
generator. At 10 MV and 200 kA, the coupled LSP/CYLTRAN
simulations predict about 740 rad in a 50-ns FWHM pulse for
the negative-polarity reentrant RPD.

The nonreentrant geometry [Fig. 12(b)] uses a 2-mm-diam-
eter anode rod and an 8-mm-diameter hollow cathode. The
anode rod consists of a 1.3-mm-long tantalum tip on the end of
a 10-mm-long aluminum rod. The distance ( ) from the plane
of the cathode to the tip of the anode is 5 mm. Because the
rod does not extend through the cathode aperture, the electric
field in the A-K gap is reduced compared with the reentrant
geometry [Fig. 12(a)] and extends over a smaller length of the
anode rod. This leads to smaller SCL currents so that a signif-
icantly larger voltage is required for pinching. Only electron
flows at or above 4 MV are pinched. The critical current for the
nonreentrant RPD can be estimated from the cylindrical critical
current formula [(2)] with the cathode radius, , replaced with
an effective cathode radius that is the distance between the
outer edge of the cathode and the center of the anode and given
by . For the RPD used in the simulation,

mm giving kA at 10 MV which is in
good agreement with the simulation. The current-flow pattern
at 10 MV [Fig. 12(b)] shows that the majority of the current is
concentrated on the end face of the 2-mm-diameter blunt anode
rod. Similar flow patterns are observed for voltages at or above
4 MV. Since nearly all of the electrons strike the end of the
anode rod, the X-ray spot size is comparable to the diameter
of the rod when viewed along the rod axis. For voltages at or
below 2 MV, the electron beam is not pinched and the electron
flow is distributed over a much longer length of the anode.

Fig. 13 shows that the proton-current fraction at 10 MV for
the nonreentrant RPD is reduced to about 17% compared to
40%–45% for the reentrant geometry. This is due to the re-
duced electric field that is distributed over a smaller region of the
anode. The reduction in the proton-current fraction means that
approximately 50% more electron current flows to the high-
target. A comparison of a simulation where proton emission
is enabled along the entire length of the rod with a simulation
where proton emission is enabled only from the 1.3-mm-long
tantalum tip shows virtually identical proton-current fractions.
This indicates that nearly all of the protons flow from the final
1.3 mm of the anode. Fig. 14 shows that the increased electron
current on to the tantalum target leads to a dose-rate efficiency
that is times larger at 10 MV than for the negative polarity
reentrant RPD. Virtually all of the increase relative to the reen-

Fig. 14. Dose-rate efficiencies from coupled LSP/CYLTRAN simulations of
the diode geometries depicted in Fig. 1.

trant geometry can be explained by the increased electron cur-
rent that results from the decreased proton current. The dose-rate
efficiency for the nonreentrant RPD is about 127 kRad/A-s at
10 MV so that a 50- diode would produce about 1270 rad in a
50-ns FWHM pulse.

The planar SMPD [Fig. 12(c)] uses an 8-mm-diameter hollow
cathode and a 1.3-mm-thick planar tantalum anode. The anode-
cathode gap spacing ( ) is defined as the distance from the
cathode tip to the anode. The critical current appropriate for the
SMPD is the planar critical current formula given by

kA

where is the outer radius of the cathode. For the SMPD
used in the simulation, mm and mm so that

kA at 10 MV, which is in good agreement with the
simulation. The LSP simulations show that electron flows are
pinched only for voltages at or above 4 MV. The current-flow
pattern at 10 MV [Fig. 12(c)] shows that the majority of the cur-
rent is concentrated on the tantalum anode within a 2-mm-diam-
eter circle. Similar flow patterns are observed for voltages at or
above 4 MV. For voltages at or below 2 MV, the electron beam
is not pinched and electrons strike the anode in a larger diam-
eter that is comparable to the cathode diameter. In this voltage
range, the X-ray spot size is expected to be much larger than the
spot size at higher voltages where the beam is pinched.

Fig. 13 shows that the proton-current fraction at 10 MV for
the SMPD is about 17% and is comparable to proton-current
fraction for the nonreentrant RPD. The reduction in the proton
current fraction is due to the smaller area over which protons are
emitted in the SMPD geometry. This means that significantly
more electrons flow to the high- tantalum target for the SMPD
than for the reentrant RPD. Fig. 14 shows that the increased
electron flow to the target leads to a dose-rate efficiency that
is times larger at 10 MV than for the negative polarity
reentrant RPD. The 7% difference between the SMPD and the
nonreentrant RPD is due to the attenuation of X-rays through
an additional 5 mm of aluminum for the RPD. The dose-rate
efficiency for the planar SMPD at 10 MV is 137 kRad/A-s so
that a 50- diode would produce about 1370 rad in a 50-ns
FWHM pulse.
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The geometry used in the simulations is similar to recent
4-MV SMPD experiments at AWE [18]. The measurements
from six well-aligned shots give a dose of rad and
a time-integrated spot size of mm. To compare
these measurements with simulation, a 50- diode with a
peak voltage of 4 MV is assumed with a 50-ns FWHM trian-
gular-shaped radiation pulse. With these assumptions, a dose
of 66 rad is predicted from the simulation. The source diam-
eter can be calculated from the simulations by constructing
an edge-spread function [38], [39] from the energy-weighted
radial distribution of the photons predicted from LSP. This
analysis gives a 4.5-mm-diameter spot size at 2 MV that de-
creases to 1.5 mm at 4 MV. Therefore, considering the variation
of spot size with voltage, the simulated dose and spot size are
consistent with the recent SMPD measurements.

IV. DISCUSSION

Both the negative- and positive-polarity reentrant RPD ge-
ometries fall short of the HRF goal of 1000 rad(air). Increases
in the dose-rate efficiency for the reentrant geometry can be
achieved if the ion-current fraction is reduced. One possible ap-
proach is to eliminate protons from the diode and replace them
with a heavier ion species. In simulations where protons are re-
placed with tungsten ions, the ion current fraction is reduced
to less than 5%. This results in doubling both the electron cur-
rent to the high- target and the dose-rate efficiency. One pos-
sible method for eliminating protons in experiments is to heat
the tungsten anode to about 2000 K prior to the shot to drive off
hydrocarbon impurities [40]. If the heating techniques are suc-
cessful, the electron current to the tip of the rod will increase
sufficiently to meet the dose requirement for the HRF.

The dose-rate-efficiency from the nonreentrant RPD is suffi-
cient to meet the long-term requirements for the HRF using a
spot size given by the 2-mm-rod diameter. However, the spot
size may increase due to hydrodynamic expansion driven by
electron-beam deposition. To estimate the magnitude of this ex-
pansion, a self-similar hydrodynamic model, modified from that
developed to study tapered rods used in plasma-filled rod-pinch
experiments [38], has been applied to blunt-tip anode rods. In
this blunt-tip model, the density of the rod is assumed
to be uniform in space with a time-dependent cylindrical radius

so that

(6)

where is the fixed number of particles per
length, is the mass density of the rod, and is the atomic
mass. The evolution of from at derives from a
momentum-balance equation, driven to expand by the plasma
kinetic pressure with a temperature determined from a radially
integrated energy balance equation [38]. The plasma is heated
uniformly by (W/cm) given by

(7)

Fig. 15. Time-dependent expansion of the anode rod diameter from a
self-similar hydrodynamic expansion model. The time-dependent dose rate
used in estimating the radiographic spot size is also shown for timing purposes.

where is the fraction of the current in elec-
trons, is the fraction of the electron energy converted to
bremsstrahlung as a function of voltage, and mm
is the length over which the beam deposits energy in the rod.
The quantity is negligible at low voltage and increases
to about 0.3 at 10 MV. The voltage pulse-shape is taken to be
sinusoidal with a 10-MV peak and 50-ns quarter period, and the
diode impedance is taken to be 50 so that , where

is in volts and is in amperes.
Fig. 15 shows for a 2-mm-diameter RPD from the self-

similar model using these pulse-shapes. Also shown is the dose
rate, which is taken from the coupled LSP/CYLTRAN simu-
lations to vary like . The model predicts that the
rod plasma expands less than 0.1 mm at the time of peak radia-
tion and reaches 3 mm by the end of the power pulse. The
time-integrated spot size is calculated by weighting the instan-
taneous density distribution by the dose rate and integrating in
time to calculate the point spread function (radial distribution of
bremsstrahlung intensity viewed along the rod axis). The point
spread is then used to calculate the radiographic line spread
function, from which the effective spot size is extracted [38],
[39]. This analysis yields a spot size of 2.1 mm for a 2-mm-di-
ameter rod. Therefore, hydrodynamic expansion of a 2-mm-di-
ameter rod does not significantly increase the radiographic spot
size. However, rod expansion is expected to be more pronounced
for smaller rod diameters. The limitations on dose and spot size
due to this expansion will be the subject of future work.

The SMPD simulations indicate that this source will meet or
exceed both the dose and spot size requirements for the HRF.
However, maintaining a small spot size may be difficult in prac-
tice since time-dependent azimuthal asymmetries may cause the
pinch location to wander in time. This may be evident in the re-
cent SMPD experiments that show a significant variation in spot
size under similar experimental conditions [18]. The nonreen-
trant RPD geometry might provide a preferred anchor for the
focal spot that should alleviate this problem.

The SMPD and nonreentrant RPD simulations predict doses
of 1270–1370 rad in the forward direction in a 50-ns FWHM ra-
diation pulse. It is useful to obtain the effective electron angle of
incidence on the high- target required to make these doses. To



2014 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 32, NO. 5, OCTOBER 2004

estimate this, a series of ITS simulations were run with the beam
energy held constant at 10 MeV and the angle of incidence on
the target varied between 0 and 90 . The converter package in
these simulations consisted of a 1.3-mm-thick tantalum target
and a 20-mm-thick aluminum beam stop. To mimic the large
diode electric field, electrons that backscatter from the anode
into the diode gap are specularly reflected back into the con-
verter package in the ITS calcuations. The analysis shows that
a 16 effective angle of incidence on the target reproduces the
forward-directed dose obtained from the LSP/CYLTRAN sim-
ulations. The same results are obtained with a uniformly filled
cone with a half-angle of 26 . This analysis also shows that the
dose increases rapidly as the angle of incidence decreases and
as much as 3440 rad could be obtained in the forward direction
if all the electrons are normally incident (0 ) on the converter.
Therefore, substantial increases in the dose can be achieved by
decreasing the electron angle of incidence on the target. It may
be possible to use the detailed electron orbits from the LSP cal-
culations to reshape the electrodes to reduce the electron angles
of incidence on the target and take advantage of the forward-di-
rected radiation patterns. This will be the subject of future work.

Electrode plasma formation and expansion into the anode-
cathode gap are not included in these initial calculations. These
effects could make significant time-dependent perturbations on
the electron orbits, the radiation production efficiency, and the
diode impedance. Therefore, while both the SMPD and the non-
reentrant negative polarity RPD appear to be viable candidates
for meeting the HRF goals, experiments are required to verify
their performance and limitations. These experiments should
include time-dependent measurements of the expanding anode
and cathode plasmas and the X-ray angular dose distribution.

V. CONCLUSION

The charged-particle dynamics and X-ray production from a
positive-polarity RPD has been examined with numerical sim-
ulations. The LSP/CYLTRAN simulations agree with both the
magnitude and pulse-shape of angular dose-rate measurements
from recent experiments on ASTERIX where peak voltages
ranged from 5.2 to 6.3 MV. This analysis indicates that, in this
voltage range, the dose increases with angle and is a maximum
in the direction headed back into the generator. This suggests
that, to maximize the extracted dose, future experiments at or
above 4 MV should be performed in negative-polarity.

The LSP/CYLTRAN model is used to compare the X-ray
dose and spot size from three negative-polarity diode geome-
tries for voltages up to 10 MV; a reentrant RPD, a nonreen-
trant RPD, and a planar SMPD. For the reentrant RPD, the
dose from a 2-mm-diameter anode rod is about 740 rad in a
50-ns FWHM radiation pulse. The proton current is about 45%
of the total current, which severely reduces the radiation pro-
duction efficiency of this diode. For the nonreentrant RPD, the
dose from a 2-mm-diameter anode rod is about 1270 rad in a
50-ns FWHM radiation pulse. The increased dose results from
a decrease of more than a factor of two in the proton current
fraction which significantly increases the electron current to the
target. A self-similar model for hydrodynamic expansion of the

anode rod indicates that spot-size growth should be minimal
for a 2-mm-diameter rod. For the planar self-magnetic-pinched
diode, the simulations show that most of the electron-current
flow is concentrated within a 2-mm-diameter circle on the anode
and the dose is about 1370 rad in a 50-ns FWHM radiation pulse.
However, a time-dependent wander in the spot location may lead
to an unacceptably large spot size for this diode. In conclusion,
numerical simulations show that the nonreentrant RPD and the
SMPD are attractive negative-polarity, high-resolution, radiog-
raphy sources for voltages of up to 10 MV.
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