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AfrStTSCt
Significantly improved spatial uniformity of 

bremsstrahlung radiation, relative to a diode with a 
planar anode, is predicted for the HERMES III acceler­
ator when a compound-lens diode is used to actively 
control the high-power electron beam at the exit of a 
coaxial, magnetically-insulated transmission line. 
Electron flow within the diode and subsequent radia­
tion output is characterized as a function of diode 
parameters. The results of these calculations are 
applicable to coaxial geometries where active control 
of high-energy, high-current, v/i > 1 beams is 
desired.

Introduction

HERMES III is a 19 + 2 MV, 700 + 70 kA electron 
accelerator designed to produce a uniform source of 
pulsed 7 rays [1], The source region consists of a 
30-0, coaxial, MITL (magnetically-insulated transmis­
sion line) terminated by a field-emission diode and 
electron target [2], In a diode with a planar-anode 
target and small AK (anode-cathode) gap, the beam 
forms a weak pinch because the radial electric field 
is shorted out at the target. This pinch, character­
ized by the average pinch angle, 0, causes the radia­
tion generated to be focused on axis, which leads to a 
non-uniform radiation pattern (Figure 1). By exten­
ding the AK gap [2] or by indenting the anode near the 
target [3], the beam can be passively controlled to 
reduce 0, producing a more uniform radiation pattern. 
For HERMES III parameters, 0 can be reduced to about 
20° by either method before current losses to the 
side wall become significant.

This paper discusses the design of an alternative 
diode configuration, the compound-lens diode, that 
avoids this limit by actively controlling the beam. 
The concept is illustrated in Figures 2A and B. In 
this design, the electron beam is incident on a thin, 
conical-foil window followed by a low-pressure gas 
cell and bremsstrahlung target. The gas provides 
rapid charge and current neutralization of the 
incident beam. When an external current is applied 
(liens)• a field is generated. By adjusting the 
current, the beam can be made to impact the target 
at the desired small average angle. Because the Be 
field decreases inversely with the radial distance 
from the axis, the curvature of the trajectories of 
electrons at smaller radii are greater than that of 
electrons at larger radii. By angling the entrance
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Figure 1. Radiation dose profiles at target face and 
15-cm downstream calculated for planar- 
anode diode having a 50-cm AK gap assuming 
V(peak) - 18 MV, and Q - 23.2 mC. 0 - 32° 
+ 8'. See Figure 2 for definition of R 
and Z.

foil of the gas cell as shown, the electrons at larger 
radii remain in the field region longer, and the 
effect of the decrease in field strength and higher 
injection angles at large radii is partially compen­
sated. This compensation enables the electrons to 
impact the target with trajectories nearly parallel to 
the accelerator axis. This condition of paraxial 
impact angles (0 = 0) approximately optimizes the 
uniformity of the radiation pattern. Moreover, by 
orienting the foil as shown, the electrostatic force 
generated between the conical surface and the beam in 
the AK gap reduces the pinch angle at the foil. This 
reduction reduces the external current required to 
achieve paraxial conditions.

Because of the two-component mechanism for con­
trolling the beam (electrostatic from the orientation 
of the conical surface [Figure 2A] and magnetic from 
the external current [Figure 2B]), we call this 
arrangement the compound lens. The inverse arrange­
ment, with the foil normal to the beam axis and the 
target conical (Bg-lens diode), has been successfully 
tested on the HELIA accelerator operating at 3.2 MV 
and 150 kA [4].
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Figure 2(A). MAGIC simulation of electron flow in 
20-cm AK gap, and (B) CYLTRAN simulation 
of electron trajectories in gas cell 
operating with liens “ 156 kA for the 
compound-lens diode.

In this paper, the electron flow in the AK gap is 
simulated using the electromagnetic particle-in-cell 
computer code, MAGIC [5], The subsequent electron 
flow in the gas cell and the electron-photon shower in 
the target is simulated using the CYLTRAN Monte Carlo 
code of the ITS system [6]. In the next sections, we 
discuss in greater detail (I) the characteristics of 
this flow as a function of AK gap, (II) the character­
istics of the resulting radiation pattern as a func­
tion of external current, for fixed AK gap, and (III) 
design considerations.

I. Electron Flow

For AK gaps in excess of about 15 cm, the diode 
is matched in impedance to the upstream MITL [2]. It 
is in this line-dominated regime that we operate the 
diode. Figure 3A shows the characteristic radial 
current density and angle of incidence at the conical 
foil calculated for operation in this regime. In the 
calculation, the AK gap is set to 20 cm. From Figure 
3A we see that the peak current density occurs at a 
radius of 15 cm. The associated angle of incidence is 
17.1 + 2* and the angle current-averaged over the 
entire foil is 15* + 4.3* (Table 1). Figure 3B shows 
the resulting radial position and angle of incidence 
of the beam calculated at the target for an external 
current of 156 kA, assuming 20 MeV electrons. The 
current was chosen to turn the beam at a 15-cm radius 
to normal incidence at the target. From Figure 3B we 
see that the bulk of the beam is also turned to 
paraxial trajectories. Specifically, 90% of the beam 
is contained within the radial range 8 to 22 cm. Over 
this range, the average systematic variation of the 
beam is less than ±2*.

As the AK gap is increased, the position of peak 
current density at the foil and target moves outward, 
which results in reduced doses over larger areas. 
Table 1 summarizes the characteristics of the beam at 
the entrance foil and target for external currents 1° 
required to turn a 20 MeV beam to normal incidence at 
the target as a function of AK gap.

Figure 3(A). Current density and angle of incidence' 
at conical foil corresponding to Figure 
2A calculated as a function of radial 
position R(foil) , and (B) Associated 
radial positions and angle of incidence 
at the target. Error bars refer to RMS 
deviation of angle at 15 cm.

TABLE 1

Characteristics of Electron Flow at the 
Conical Foil (Ti window) and at the target as a

Function of AK Gap. 
Figures 3 and 4

See
for

Section II 
definitions

and

P p PAK 4on •^oil
roil ®foil 

+ RMS
I* ^TAR

cm cm kA/cm2 deg deg kA cm

20 15 .64 17.1 15 + 4.3 156 13.6

30 18 .44 15.6 13.5 ± 4.3 131 16.4

40 21 .32 13.7 11.6 + 3.9 107 19.2

finite net current will be to reduce the external
current calculated for a given curvature of the beam.

In these calculations as well as for the others 
discussed in this paper, we assume 100% charge and 
current neutralization in the gas cell. Recently, 
we have measured a maximum neutralization of about 
95% on HERMES III. The effect of this net current 
is to slightly modify the simulated trajectories. 
Its effect depends on the distribution of the net 
current, which we do not model here. The return 
current associated with the net current, however, 
should flow along the axis of the cell, as this is 
the lowest inductance path. Thus, the effect of the

II. Radjatidn Pattern

We now turn to characterizing the radiation field 
as a function of the applied current in the lens. As 
we shall show, the diode with a 20-cm AK gap optimizes 
the radiation over an area of 1000 cm2 at t},e target. 
For simplicity and for comparison with the radiation 
field obtained from a planar-anode diode optimized to 
produce radiation also over 1000 cm2 (Figure 1), we 
restrict our simulations to compound-lens diodes with 
just the 20-cm gap. These simulations, together with



the general behavior of the flow shown in Table 1, 
however, permit the characteristics of the radiation 
field to be estimated for other AK gaps.

In the simulations, the steady state flow in the 
AK gap generated by MAGIC at 20 MV, together with the 
kinetic-energy distribution measured for HERMES III 
shot 396 (scaled to 20 MeV), was used as input to 
CYLTRAN. The target modeled was identical to that 
used to optimize the radiation fluence from HERMES
III. The modeling was similar to that discussed in 
References 2 and 4, where additional details can be 
found.

In Figure 4A, the dose*area product over a 
1000 cm2 area and the ratio of the maximum to minimum 
dose over this area at the downstream target face are 
plotted as functions of external current. The 
radiation uniformity is optimized over the area when 
the external current equals about 156 kA. At this 
current, the dose*area is the same as that obtained 
from a planar-anode diode with 50-cm AK gap (Figure 
1) . For the planar-anode diode, the calculated 
maximum to minimum variation in dose over 1000 cm2 
2.2 to 1, which agrees well with measurements. For 
the compound-lens diode at 156 kA, the variation is 
only 1.4 to 1, which gives an improvement of a factor 
of 1.6 over that obtainable from the planar anode, 
while still maintaining the same dose*area product.

Figure 4B shows the variation in dose over the 
volume 1000 cm2 x 15 cm as a function of external 
current. As with the variation at the front face, 
156 kA minimizes the variation. At this minimum, the 
variation in dose over the volume is 2.5 to 1. For 
the 50-cm planar-anode diode, the corresponding 
calculated and measured variation is 6 to 1 and 5 to 
1, respectively. Hence, the use of the lens should 
improve the radiation uniformity with depth by a 
factor of about 2.5.

As discussed in Section I, 156 kA corresponds to 
approximately paraxial trajectories at the target for 
a 20-cm AK gap. This condition, in addition to 
optimizing the uniformity of the near radiation field 
(Figures 4A and B) also approximately maximizes the 
far-field radiation dose (Figure 4C). At 156 kA, the 
axial dose 5.07-m downstream of the target is calcu­
lated to be factor of 3.3 higher than that obtainable 
from the 50-cm planar-anode diode.

Figure 5 summarizes the results of this section 
by showing the radiation field at the target and 15-cm 
downstream as calculated for the compound-lens diode 
operating with 156 kA. Note the significantly 
improved uniformity relative to that calculated for 
the planar-anode diode (Figure 1).

III. Design Considerations

Based on the simulations discussed in Sections I 
and II, we have designed the compound-lens diode shown 
in Figure 6. Initially, the same 6.4 kj bank supply 
used to drive the Bg-lens diode in the HELIA tests
[4] will be used.

The cell is designed to operate with nitrogen gas 
at pressures near the minimum of the Faschen curve, in 
order to provide rapid charge and current neutrali­
zation of the incident beam. To help prevent the cell 
from flashing from the external voltage used to 
produce the lens current, the length of the insulator 
stack is maximized (24 cm). Additionally, a shield is 
placed internal to the cell to reduce illumination of

Mem AX

50 cm AK Planar 
(Exparlmant« 2.0)

50 cm AK Planar 
(Experiment * 5)

■ 155

50 cm AK Planar

Figure 4(A). Dose-area product and variation (max­
imum to minimum) in dose over 1000 cm2 
area centered at downstream target face 
as a function of external current 
corresponding to geometry of Figure 2, 
(B) Associated variation in dose over 
the volume 1000 cm2 x 15 Cm defined by 
extending the area downstream by 15 cm, 
and (C) Associated axial dose 5.07-m 
downstream of target.
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Figure 5. Radiation dose profile at target face and 
15-cm downstream for compound-lens diode of 
Figure 2 with 156 kA assuming V(peak) - 
18 MV and Q - 23.2 mC. Compare with 
Figure 1.



Figure 6. Schematic of (A) compound-lens diode and 
(B) compound-lens-injector drift-cell 
being constructed.

the stack by UV generated from plasma formation in the 
cell, which could initiate insulator flashover.

The entrance cone is made of a thin titanium foil 
(305 ^tm) to minimize the multiple-Coulomb-scattering 
(+5° ) of the incident beam and to minimize the 
likelihood of ion formation [7] and spallation.

Downstream of the gas cell, our existing graphite 
or optimized-tantalum bremsstrahlung targets [2] will 
be used. The construction is modular. This type of 
construction enables the beam to be incident on either 
target as well as permitting the beam to be injected 
into a gas cell as shown in Figure 6B. Short gas 
cells will be used for electron exposures. Long cells 
enable the beam to be transported over large distances 
for exposures in the alternate HERMES III test cell 
that is located outside the building. Calculations 
predict that by removing the coherent pinch angle 
before injection into such a cell, as can be done with 
the compound-lens, the beam can be made to propagate 
over large distances (£ 10 m) more efficiently [8].

Summary

Relative to a planar-anode diode, our calcula­
tions predict that the compound-lens diode is capable

of providing significantly improved radiation uniform­
ity. Assuming HERMES III to be operating at a peak 
voltage of 18 MV, our calculations predict that an 
average dose of 92 krads over 1000 cm^, with a 1.4 to 
1 uniformity over 1000 cm2 and 2.5 to 1 uniformity 
over 1000 cm2 x 15 cm can be generated with the lens. 
Increased AK gap and reduced lens current lead to 
reduced doses over larger areas. Moreover, changes in 
the radiation field are easily achieved by simple 
adjustments in the external current or gas pressure, 
thus avoiding the operational complexity and time 
consuming requirement of breaking vacuum for diode/ 
target modifications. In addition, the lens relative 
to the planar-anode diode has the potential for 
generating higher doses in the far field and improved 
beam transport in long gas cells owing to reduced beam 
dispersion.

Based on the considerations presented in this 
paper, a diode has been designed (Figure 6) and should 
be ready for testing during the summer of 1989.
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