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INTRODUCTION 

The DNA/Maxwell high power generator, BLACK­
JACK 5, has been developed as a versatile brems­
strahlung radiation source for nuclear weapon simu­
lation testing. Three different e-beam geometries 
are available to efficiently match the dose/area 
requirements of the test objects. A 25 em dia annu­
lar ring e-beam has been well characterized to pro­
duce 22 krads-Si with a 2:1 uniformity over a 
1000 cm2 test area in a 50 ns pulse. This diode and 
radiation source will be described in detail along 
with several radiation diagnostic techniques. For 
small area test objects, a pinched e-beam diode has 
been designed and partially characterized. Dose 
measurements of 30 krads-Si at 10.5 em suggest that 
up to 500 krads-Si or 25 cal/cm2 should be available 
at 2.5 em from the bremsstrahlung converter. A 
90 em dia ring e-beam has been designed for effi­
cient radiatio~ exposures to test objects larger 
than 10,000 em • This source should produce 
2.3 krads-Si over these larger areas. The diodes 
are nominally operated in the 1 to 2 MV mean e-beam 
potential range, however, the system can be adjusted 
to deliver high x-ray fluences with lower mean 
e-beam potentials. 

BLACKJACK 5 BREMSSTRAHLUNG SYSTEM 

BLACKJACK 5, shown in Figure 1, was first oper­
ated as a 1 to 2 MeV bremsstrahlung radiation source 
in the fall of 1984. This 4 m dia, water dielectric 
pulseline is driven by a 1.5 MJ multistaged Marx 
capacitor bank charged to ±50 kV. The pulseline has 
five line sections separated by self breaking water 
switches which condition the energy to over a ten­
fold increase in power. The first pulseline sec­
tion, transfer capacitor, is charged to 1.0 MJ in 

Figure 1. BLACKJACK 5 Marx tank and 4 m dia water­
filled pulseline. 

*Work supported by the Defense Nuclear Agency under 
Contract DNA001-84-C-0011. 
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1.8 ~s before closure of the first switch and 600 kJ 
can be delivered to a 0.6 Q matched dummy load in an 
80 ns power pulse. Figure 2 shows these pulseline 
energetics where 40 percent of the energy delivered 
to the transfer capacitor was lost due to power 
conditioning in the pulseline and water switches. 
With a vacuum e-beam load diode the delivered energy 
was further reduced to about 300 kJ in a 58 ns pulse 
due to the diode inductance and the collapsing 
impedance of the load. These pulseline energetics 
were measured with the 25 em dia annular ring cath­
ode load. 

The diode geometry for the 25 em dia bremsstrah­
lung source is shown in Figure 3. The vacuum power 
flow through the 2 em gap between the cathode and 
the anode is aided by magnetic insulation. The 
power is fed to the continuous ring cathode emitter 
by several posts which extend through holes in the 
anode. Convoluting the current paths in this way 
sets up self-magnetic forces on the beam electrons 
to form a stabilized ring e-beam. Typical e-beam 
voltage and current waveforms for this diode geom­
etry are shown in Figure 4 for a ±50 kV charge volt­
age. Both the signals were measured in the water­
pulseline just before the vacuum diode and the volt­
age trace has been corrected for the inductance of 
the diode. The A-K gap was set at 1.3 em for this 
high voltage e-beam but gaps as low as 4 mm have 
been used for lower voltage mode of operation. 

Figure 3 also shows the details of the brems­
strahlung anode converter package. The electron 
beam passes through the 0.51 mm aluminum anode into 
the 0.71 mm tantalum converter where most of the 
bremsstrahlung radiation is produced. The aluminum 
is used as mechanical support for the tantalum. The 
electrons which are not stopped by the tantalum are 
absorbed by the 4.4 mm Grafoil scavenger. The scav­
enger is used to prevent direct e-beam heating of 
the catcher. The vaporized tantalum and graphite 
generate a high pressure gas which is contained by 
the 3.5 mm layer of Kevlar laminant from Russell 
Plastics. This catcher sometimes undergoes some 
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Figure 2. The pulseline energy delivered to the 
e-beam load is limited because of the A~K 
gap closure. 
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Figure 3. Details of the convoluted diode geometry 
for the 25 em dia bremsstrahlung 
source. 

permanent axial deformation but remains intact. The 
x rays must pass through this catcher so the thick­
ness is minimized and for this configuration 
accounts for only a 20% loss in the available 
dose. 

RADIATION DIAGNOSTICS 

Figure 5 shows a schematic drawing of the vacuum 
diode and the positions of the several radiation 
diagnostics employed during the bremsstrahlung 
development on BLACKJACK 5. The pinhole camera 
records the image of the radiation emanating from 
the tantalum converter as shown in Figure 6. As can 
be seen, the e-beam is a reasonably uniform annular 
ring with about a 1.5 em width and 25 em diameter, 
Two silicon calorimeters located in the near field 
at 8 em from the tantalum shadow the pinhole camera 
image in Figure 6. Three densitometer scans of 
pinhole images for different bremsstrahlung shots 
are shown in Figure 7. Illustrated is the effect of 
changing the inner or outer diameter of the anode 
return current paths, using inductive shims, on the 
mean diameter of the e-beam current. This is a 
useful technique for optimizing the emission pattern 
for the radiation and for controlling the radial 
location of an ion plasma which could lead to early 
gap closure. 

The photodiode flux monitor used in the far 
field has been filtered to give a nearly flat 
response over the radiation range from 30 keV to 
6.0 MeV. Figure 8 shows an x-ray pulse taken with 
this flux monitor for a full power ±50 kV shot on 
BLACKJACK 5 with a 50 ns pulse width, Before 
installation of an oil prepulse switch in the trans­
mission line, these radiation pulses were around 

3r--------------------, 

TIME(ns) 

3r-------------------, 

~ 2 
.... 
z 
~ 1 
a: 
::> 
u 

TIME (ns) 

Figure 4. Typical e-beam voltage and current wave­
forms for the 25 em dia ring diode. 
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Figure 5. A typical diagnostic set-up for BLACK­
JACK 5 bremsstrahlung development is 
shown in front of the diode. 

35 ns FWHM. It is believed that prepulse voltage 
leads to early anode plasma formation and early A-K 
gap closure. Some truncation of the gap impedance 
and radiation pulse still occurs with BLACKJACK 5 
and further studies of the electrode surface physics 
will be required to establish the full 70 ns radia­
tion pulse width potential of this machine. 

Along with the flux monitor, a far field dose 
ratio monitor is used to characterize the total 
radiation source for each shot. This monitor uses 
two sets of TLD-200s (CaF2 :Dy). One set is located 
behind 0.25 mm of aluminum and the second set is 
behind 25 mm of lead. Using the dose in the front 
set of TLDs and the dose ratio to the back set, one 
can calculate a peak or mean e-beam potential and 
the energy content of the e-beam. These calcula­
tions based on the TLD readings averaged only 7% 
lower in voltage and 29% lower in energy over a 33 
shot series than the measured electrical load volt­
ages and energies. Also, the far field dose at 
100 em measured by the front TLDs, is a useful 
parameter to characterize the strength of the radia­
tion source both for diode efficiency and shot-to­
shot variation. The 25 em annular source produced 
an average peak dose of 536 rads-Si at 100 em, for 
twelve subsequent ±50 kV charge voltage shots. The 
average doses at 100 em for the ±45 and ±40 kV shots 
were lower than this by about the ratio of available 
energy at 420 and 356 rads-Si, respectively. 

TWOSi 
CALORIMETERS J---..... 

Figure 6. X-ray image of the BLACKJACK 5 25 em dia 
tantalum converter showing the location 
of the silicon calorimeters. 
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Figure 7. The annular diameter of the bremsstrah­
lung radiation source is adjusted by 
moving the e-beam current with inductance 
shims. 

** For two shots, a TLD spectrograph supplied by 
S. Gorbics of the Naval Research Laboratory was used 
to directly measure a spectral response function 
which has been unfolded for the spectrum shown in 
Figure 9. Also shown in the figure, for comparison, 
is a calculated spectrum based on the measured elec­
trical signals for e-beam voltage and current. The 
agreement is reasonably good and the s~ectra inte­
grate to fluences of 13 and 16 meal/em for the TLD 
spectrograph and electrical calculation respectively 
at 100 em from the source. The indicated doses in 
20 mil silicon for these two spectra were both at 
400 rads-Si as compared with the TLD-200 measured 
far field dose of 471 rads-Si for this shot. These 
spectral measurements have now benchmarked the cal­
culations to within ±10% accuracy for integrated 
effects and to within a factor of two for detailed 
spectral characteristics. 

In the near field, the radiation diagnostics 
were primarily a TLD array and a pair of 20 mil 
silicon calorimeters for each shot to establish the 
area-averaged dose in silicon for a 1000 cm2 tar­
get. The location for this array was at 8 em from 
the tantalum converter giving a dose ratio of 
max/min of 2:1 over the 1000 cm2 area. Figure 10 
shows a horizontal, radial dose profile for a ±SO kV 

**D.A. Whittaker, K. Kerris, M. Litz, S.T. Gorbics, 
and N.R. Pereira, "Softening of hard bremsstrah­
lung by Compton back scattering," to be published 
in J. Appl. Phys. 
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Figure 8. The far field x-ray flux for bremsstrah­
lung radiation. 
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Figure 9. Comparison of the bremsstrahlung spectra 
calculated from electrical measurements 
and as measured by a TLD spectrograph for 
BLACKJACK 5. 

charge voltage shot on BLACKJACK 5. This shot 
yielded 20.9 krads-Si averaged over the 1000 cm2 
which was about 80 percent of the peak dose at this 
axial location. The dose TLD-200 (CaF2:Dy) to dose 
silicon ratio was carefully measured to be 1.04 ± 3% 
for this particular radiation geometry and converter 
package filtered spectrum. For other geometries and 
spectra, this ratio can vary from over 2 to 0.3 
which demonstrates the usefulness for routinely 
measuring it. All dose measurements quoted in 
rads-Si in order to be reliable should have trace­
able documentation to a direct silicon dose 
measurement. 

BREMSSTRAHLUNG SOURCE RESULTS 

Normal Operation 

Figure 11 is an isodose contour mapping for the 
25 em dia ring bremsstrahlung source as calculated 
from the diode electrical measurements and normal­
ized to the 22 krads-Si measured over 1000 cm2 at 
8 em for Vc = ±50 kV. The far field dose of 
680 rads-Si at 100 em agrees well with the far field 
measurements made during these optimized full bank 
energy shots. Note that a 10,000 cm2 target would 
need to be located at 82 em with an area average 
dose of just 800 rads-Si for this diode geometry. A 
more efficient large area bremsstrahlung source for 
targets over 10,000 cm2 would be possible with a 
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Figure 10. The horizontal, radial dose profile as 
measured by several TLD-200s (CaF2 :Dy) 
and a silicon calorimeter yielded an 
area weighte~ mean dose of 20.9 krads-Si 
over 1000 em • 
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Figure 11. Isodose contour lines calculated for the 
25 em dia annular e-beam and scaled to 
measured silicon calorimeter data. 

90 em dia e-beam. Design for this scaled-up convo­
luted ring e-beam diode geometry with a 90 em dia 
cathode has been completed and will be tested this 
summer. The expected area averaged dose is 
2.3 krads-Si over a 10,000 cm2 target located at 
25 em from the converter. The isodose contour map­
ping predicted for this source is shown in Fig-
ure 12. The far field dose for the 90 em dia e-beam 
is SO% higher than the 25 em dia e-beam. This 
increase in radiation is due to the use of a lower 
mass density catcher package for the lower energy 
density e-beam and the expected increased energy 
transfer to the e-beam for this diode due to lower 
inductance and A-K gap closure rate. 

For higher d~se exposures over smaller areas, 
less than 200 em , a pinched e-beam diode geometry 
is used with BLACKJACK 5. The cathode feed is no 
longer convoluted so that the self-magnetic forces 
will pinch the e-beam to the axis over a few square 
centimeters area. The isodose contour mapping cal­
culated for this source is shown in Figure 13 which 
has been scaled from the measured dose of 
30 krads-Si at ±40 kV as indicated. Doses as high 
as 500 krads-Si at fluences up to 25 cal/cm2 are 
suggested by this isodose mapping to be available 
over small areas near the converter. 

The three bremsstrahlung sources are compared 
directly in the composite curves in Figure 14 where 
the area averaged mean dose in 20 mil silicon has 
been plotted versus the area with a 2:1 uniformity 
for the three different diode geometries at ±50 kV 
charge voltage. The pinched e-beam source has been 
scaled from the ±40 kV charge voltage dose measured 
at 10.5 em as indicated. The 25 em dia source has 
been measured and the 90 em dia source was calcula-
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Figure 12. Isodose contour lines predicted for 
BLACKJACK 5 using the 90 em dia annular 
e-beam. 
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Figure 13. Isodose contour lines calculated for the 
pinched e-beam and scaled from silicon 
calorimeter measurements at Vc = ±40 kV. 

ted. This presentation of the dose data clearly 
illustrates the value of using different diode geom­
etries for different size test objects. 

Low Voltage Operation 

A very brief evaluation of BLACKJACK 5 brems­
strahlung performance at extreme low e-beam voltage 
was attempted by operating at the lowest practical 
pulseline voltage and minimum diode impedance. 
Although the machine was designed to operate at much 
higher voltage, it was found possible to achieve 
bremsstrahlung operation at a power weighted mean 
e-beam voltage as low as 300 kV. Using the 25 em 
dia ring cathode, shots at e-beam voltages of 300 
and 800 kV with radiation pulse widths of 50 and 
75 ns and doses of 135 and 350 rads-Si at 1 m were 
achieved, respectively. These measurements indicate 
a fluence of 0.37 mcal/cm2 over 10,000 cm2 is avail­
able at 300 kV. Significantly better performance, 
perhaps more than a factor of 10, is expected from 
the 90 em dia cathode for large (10,000 cm2) area 
exposures. 
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Area averaged mean dose available from 
BLACKJACK 5 operated in pinched beam, 
intermediate area (1000 cm2), and large 
area (10,000 cm2) bremsstrahlung modes. 


