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Abstract 
 
 Negative polarity diode geometries are investigated 
from 2 – 10 MV with 2D PIC simulations for application 
to radiography.  Rod-pinch (RP) diodes with non-
reentrant blunt tip anodes (anode does not pass through a 
cathode aperture) are investigated and compared to self-
magnetically-pinched (SMP) diodes with similar 
geometries.  At lower voltages, reentrant RP geometries 
are needed so that the space-charge-limited (SCL) current 
will exceed the critical current.  Once self-pinching is 
achieved, the electron flow patterns in both types of 
diodes are similar, but it is speculated that RP diodes will 
maintain their small spot size for the duration of the pulse.  
At higher voltage, negative polarity non-reentrant RP 
designs can take advantage of smaller spot sizes, larger 
forward-going dose, reduced ion losses, and resistance to 
gap closure by decoupling the spot from the diode 
impedance.  Reduced ion currents increase the electron 
current on the high-Z target which could increase the dose 
by about 40% compared to a positive polarity RP 
geometry. 
 

I. INTRODUCTION 
 

The rod-pinch (RP) diode has been extensively studied 
as a radiographic source on positive polarity generators 
from 0.5 to 6 MV.[1-3]  Positive polarity operation 
optimizes electron flow to the anode rod by minimizing 
anode emission surfaces that can lead to extraneous 
electron losses.  Below 4 MV, the electron angular 
distribution at the rod tip allows for efficient radiation 
production in the forward direction (0°).  The recent 
experiments on Asterix at 4 – 6 MV[3] and related 
numerical simulations[4] suggest that 1.4 - 2 times more 
radiation is produced in the backwards direction because 
most of the electrons approach the tapered anode at angles 
close to 180°.  At higher voltages, the asymmetry in 
electron angles-of-incidence is more strongly coupled to 
the radiation distribution, thus the desire for higher x-ray 
yield in the forward direction will require more difficult 
negative polarity geometries for voltages above 4 MV.  
Recent experiments at AWE have successfully 
investigated reentrant negative-polarity RP geometries 
below 3 MV.[5]   

In this paper, charged-particle flows in negative polarity 
diode geometries are investigated from 2 – 10 MV using 
the MAGIC 2D PIC code[6].  The cathode used 
throughout this paper consists of a hollow cylinder with a 
4-mm outer radius, RC, and a 1-mm inner radius.  The tip 
of the cathode was rounded as shown in Figs. 3-6.  This 
cathode was chosen to be similar to that used on recent 
SMP diode experiments at AWE.[7]  The anode 
geometries include blunt-tip anodes that are non-
reentrant.  At lower voltages, the negative-polarity RP 
diode requires reentrant geometries so that the SCL 
current will exceed the critical current.  At higher 
voltages, where pinching occurs, particular attention must 
be paid to minimizing stray cathode emission and 
eliminating low-Z ions from anode surfaces inadvertently 
exposed to these stray electrons.  In addition to the non-
reentrant rod-pinch geometries, self-magnetically pinched 
(SMP) diodes with planar anodes are also considered as a 
candidate for negative polarity radiography sources above 
4 MV. 

Coupled PIC-Monte-Carlo simulations of a positive 
polarity, 2-mm diameter, blunt reentrant anode using the 
LSP code[8] suggest that the dose at 10 MV near 180o at a 
distance of 1 m from the diode from a 2-mm diameter 
tungsten rod is about 800 rad-LiF in a 50-ns FWHM 
radiation pulse width and a diode impedance of 50 Ω.[4]  
The negative-polarity geometries studied in this paper 
reduce the ion current fraction and are more amenable to 
reducing photon self-absorption in the rod.  Therefore, it 
is believed that the forward-directed dose in negative 
polarity will be higher than the positive polarity results.  
Future experiments and LSP simulations are needed to 
verify this prediction. 
 

II. DIODE GEOMETRIES 
 
 It is well known that self-pinched electron-beam diodes, 
either conventional planar SMP diodes[9] or RP 
diodes[1], operate at a self-magnetically-limited total 
current (ions plus electrons) called the critical current.  
For a planar SMP diode, illustrated in Fig. 1a, the critical 
current is given by, Icrit(A) ≅ α 8500 (γ2 -1) 1/ 2 (RC/D) 
where γ is the relativistic factor, RC is the cathode radius 
and D is the anode-cathode (A-K) gap spacing.  For a 
positive-polarity, reentrant RP diode, illustrated in 
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Fig. 1b, the critical current is, 
Icrit (A) ≅ α 8500 (γ2 -1) 1/ 2 / ln(RC/RA) where RA is the 
anode radius.  The scaling factor α is needed to obtain 
agreement between PIC simulations and derived 
analytical critical current formulas.  Without ions, this 
scale factor α is found to be about 1.5 for both kinds of 
self-pinched diodes.  The presence of anode ions alters the 
simulation results differently for SMP diodes and RP 
diodes.  For SMP diodes with ions, α ≅ 2.1, independent 
of RC/D.  For RP diodes with ions, α ≅ 2.1 for RC/RA ≅ 1 
and α ≅ 2.6 for RC/RA ≅ 16. 
 A negative polarity, non-reentrant RP diode is 
illustrated in Fig. 2.  If the anode is reentrant, then the 
critical current is expected to be the same as is discussed 
above for Fig. 1b.  For the non-reentrant geometry, the 
situation is clearly more complicated with the A-K gap 
spacing, D, being an additional parameter.  A 
phenomenological model for Icrit is discussed in the next 
section.  Clearly, it is more difficult to draw enough SCL 
current at lower voltages to achieve critical current.  Also, 
the SCL current for a reentrant geometry at lower 
voltages can be increased by increasing the cathode 
thickness.  Thus, these non-reentrant RP diode geometries 
are more suited to higher voltage where pinching can be 
more easily achieved.  One advantage of non-reentrant RP 
geometries is that high-atomic-number (high-Z) material 

is needed only at the tip of the rod for a length 
comparable to the electron range.  The rest of the rod can 
be either hollow or low-Z material so as to minimize the 
absorption of the forward produced x-rays.  Alternatively, 
the rest of the rod could be bent out of the way as done in 
recent AWE experiments.[5, 10] 
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Figure 1.  Schematic of a) SMP and b) RP diodes. 
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III. RESULTS AND DISCUSSION 

 
 A large number of PIC simulations were run using the 
MAGIC 2D code to investigate the SMP diode and a 
variant where the large diameter flat anode is replaced 
with a small 2-mm diameter rod.  This small diameter rod 
converts the SMP diode into a negative-polarity non-
reentrant RP diode.  Simulations were run with electrons 
only, and with electrons and protons from the anode.  
They were run to equilibrium at 2 MV and 10 MV, or 
with a slowly varying voltage from 2 to 10 MV.  The four 
geometries illustrated in Figures 3a, 3c, 5a and 5c are 
typical of all the geometries investigated.   
 In the SMP diode simulations, the anodes had a 10-mm 
radius, RA, which simulated a flat anode plane.  In the RP 
diode simulations, the anode radius was 1 mm.  Electron 
emission in the simulations was enabled from both the 
rounded tip and the inner and outer surfaces of the 
cylinder 7-mm upstream from the tip. Very little effect on 
the diode current or flow patterns was obtained when the 
cathode’s emitting area included just the rounded tip.  
Proton emission from the anode was enabled only from 
regions of the anode where electrons strike the surface.   
 The SMP diode simulations for 5- and 10-mm A-K 
gaps, D, are shown in Figures 3 and 4 and RP diode 
simulations for 3-and 5-mm axial A-K gaps are shown in 
Figures 5 and 6.  All the figures show current flow 
contours where the separation between contours is 15 kA 
except in Figures 4b and 4c where it is 10 kA. 
 Figures 3 and 4 offer a dramatic demonstration that ions 
are needed for strong pinching.  Without ions and for 
D = 5 mm, the electron flow in the SMP diode self-
pinches to only ½ the cathode radius at 10 MV (See Fig. 
3b).  For D = 10 mm, the electron flow self-pinches to the 
cathode outer radius at 10 MV (~75 Ω) (See Fig. 3d).  As 
soon as ions are allowed, Fig. 4, relatively strong self-
pinching is observed for voltages above 2 MV and 
D = 10 mm (~ 53 Ω) (See Fig. 4c).  
 Similar behavior is also observed in the electron flow 
patterns from negative-polarity, non-reentrant RP diodes 
shown in Figs. 5 and 6.  The main difference is that a 
higher voltage is required to obtain even a moderate 
degree of self-pinching without ions.  This is seen in 
Fig. 5b where electrons approach the anode tip but do not 
hit the blunt end without ions for 10 MV and D = 3 mm 
(~59 Ω).  For D = 5 mm, electrons only get to within a 
few mm of the anode tip at 10 MV (~78 Ω) without ions 
(See Fig. 5d).  Even with ions, Fig. 6, strong self-pinching 
does not occur until 4 MV for D = 3 mm (~40 Ω) and 
6 MV for D = 5 mm (~50 Ω), both not shown.  This is 
because  there  is  not  enough  SCL  current  to  drive  the Figure 2.  Schematic of negative polarity, non-reentrant 

RP diode. 
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Figure 4.  Current flow patterns from PIC simulations 
of SMP diode with ions.  In a) and b), D = 5 mm; in c) 
and d) D = 10 mm. 
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Figure 3.  Current flow patterns from PIC simulations 
of SMP diode without ions.  In a) and b), D = 5 mm; in 
c) and d) D = 10 mm. 
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Figure 6.  Current flow patterns from PIC simulations 
of RP diode with ions.  In a) and b), D = 3 mm; in c) 
and d) D = 5 mm. 
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Figure 5.  Current flow patte om PIC simulations 
of RP diode without ions.  In a) and b), D = 3 mm; in c) 
and d) D = 5 mm. 

rns fr
Z ( m

R
 (m

m
) 

diode into the pinched phase.  However, at 10 MV both 
the D = 3 mm (~40 Ω) (Fig 6b) and D = 5 mm (~50 Ω) 
(Fig. 6d) non-reentrant RP geometries are strongly self-
pinched with nearly all the current peaking on the center 
of the blunt anode tip. 
 It is illustrative to compare the SMP and RP diodes 
with ions at 10 MV for the same 5-mm AK gap spacings 
(Figs. 4b and 6d respectively).  Except for the lower 
impedance of the SMP diode, 36 Ω compared to 50 Ω for 
the RP diode, their behavior is remarkably similar once 
self-pinching is achieved.  They both appear to form a 

sub-mm radius pinch at the center of the anode with 
incident electron angles estimated from PIC simulations 
to be less than 25 degrees.  In these cases, the percentage 
of total current lost to protons is 22% and 17% for the 
SMP and RP diodes, respectively.  For comparison, the 
proton current fraction from a reentrant RP diode at 
10 MV is estimated to be 45%.[4]  Therefore, the electron 
current on the high-Z target increases significantly for the 
negative polarity geometries and could increase the dose 
by about 40%.  Heating the anode prior to the shot could 
further increase the electron current by eliminating the 
source of the low-Z ions.[11] 
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 With these similarities, why bother with the more 
difficult RP diode?  It is speculated that time-dependent 
azimuthal asymmetries will cause the spot to wander in 
the SMP diode leading to larger time-integrated spot sizes 
than predicted with the 2D PIC code.  On the other hand, 
once the pinch is formed on the blunt tip of the RP diode, 
the high self-magnetic field caused by the anode return 
current should hold the electron beam in place.  This high 
field might capture more of the current in the tight pinch 
and lead to smaller electron angles of incidence for the RP 
diode, thus producing more x-rays in the forward 
direction than the SMP diode with similar voltage and 
current.  Combining the two diodes by adding a small 
diameter rod on the axis of the SMP diode might allow 
pinching at low voltage while maintaining the small spot 
size.  All this must be verified by experiments 
benchmarked against numerical simulation. 
 Table 1 summarizes the PIC data from SMP and RP 
diodes data and calculates an effective alpha factor (αeff) 
for each of the geometries presented from their simulated 
currents in Figures 1 - 4.  For the SMP diodes, this factor 
is calculated assuming the standard critical current 
formula for planar SMP diodes discussed earlier where 
αeff is the multiplier needed to make this current agree 
with the PIC simulations.  The RP diode is a little more 
complicated because the critical current formula for 
cylindrical geometry discussed earlier only uses the 
cathode and anode radii, RC and RA, and does not consider 
the axial A-K gap spacing, D, for a non-reentrant 
geometry.  We have chosen to phenomenologically 
modify this formula by using an effective cathode radius, 
RCeff, which is the diagonal distance between the outer 
edge of the cathode and the center of the anode.  Thus 
RCeff = (RC

2 + D2)1/2. 
 From Table 1, it can be seen that the SMP diode 
behaves as expected at 10 MV for D = 5 mm.  α ~ 2 with 

ions and ~ 1.5 without ions.  When D is 10 mm, α is 
higher.  This may be expected because the critical current 
formula is derived for large aspect ratio but here 
RC/D = 0.8 for D = 5 mm and 0.4 for D = 10 mm.  At the 
smaller aspect ratio, more current is required to pinch the 
electron beam.  The lower 2 MV SMP geometries are 
weakly pinched and thus expected to have lower α 
factors.  From Table 1, it can be seen that the RP diode 
also behaves as expected (with this model) at 10 MV for 
D = 3 and 5 mm.  Using RCeff, theory predicts α factors of 
about 2.3 with ions and about 1.5 without ions [1]. 
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