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Abstract
A compact pulsed gamma generator is being developed to replace radiological sources used in
commercial, industrial and medical applications. Mono-energetic gammas are produced in the
0.4 - 1.0 MeV energy range using nuclear reactions such as 'Be(D, ny)'’B. The gamma
generator employs a RF-driven inductively coupled plasma ion source to produce deuterium ion
current densities up to 2 mA/mm’ and ampere-level current pulses can be attained by utilizing an
array extraction grid. The extracted deuterium ions are accelerated to approximately 300 keV via
a compact stacked pyroelectric crystal system and then bombard the beryllium target to generate
gammas. The resulting microsecond pulse of gammas is equivalent to a radiological source with

curie-level activity.

1. Background

Gamma emitting radiological sources offer a simple and compact solution for producing
mono-energetic photons with energies of approximately a megavolt. These sources are widely
used in commercial, industrial, and medical applications such as gamma-density logging of
boreholes where a "*’Cs source is used in conjunction with Nal gamma detectors to determine
the formation density [1]. When used in tandem with a neutron porosity log [2], the combined
data can provide petroleum companies with valuable information about where the oil deposits

are located. In industry, '**Ir sources are commonly used for non-destructive testing and imaging

'Corresponding author and also affiliated with Department of Mechanical Engineering at University of California-Berkeley
?Also affiliated with Department of Nuclear Engineering at University of California-Berkeley



10

11

12

13

14

15

16

17

18

19

20

21

22

23

of thick materials [3]. Cobalt-60 sources have found widespread use in medical radiotherapy
applications such as the gamma knife which is a non-surgical tool for treating various forms of
brain tumors [4].

The main challenge for gamma source replacement lies in matching both the energy
spectra and output flux of radiological sources in a reasonably compact size. While there has
been substantial work in developing megavolt bremsstrahlung photon sources using linear
accelerators [5], no compact electronic source exists that produces mono-energetic gammas.
This paper describes the development of a compact gamma source based on the *Be(d,ny)'°B

nuclear reaction to generate megavolt-energy photons with curie-equivalent activity level.

2. Nuclear Reactions to Produce Megavolt-Energy Gammas

The *Be(D,ny)'°B nuclear reaction produces gamma rays in the 0.4 — 1.5 MeV range [6]
and also neutrons in the 1.0 — 4.3 MeV range. Figure la shows the *Be(D,ny)'’B gamma
spectrum acquired with a Nal detector having peaks at 410 keV, 718 keV, 1.02 MeV, and 1.44
MeV. The neutrons produced in the reaction can be converted to 480 keV gammas via the
'B(n,ary)'Li reaction if a pure photon source is needed in an application. For incident 300 keV
deuterium ions, the 718 keV gamma yield (Fig. 1b) is about 10''y/s with a 1 ampere current pulse
which is on the order of a curie-level activity radiological source. Above 300 keV operating
voltage, the reaction cross section continues to increase but it does so at a much slower rate and,
from a practical perspective, high voltage breakdown also becomes an issue in an electronic
device.

The °Li(D,ny)’Be nuclear reaction produces two gamma rays at 431 and 478 keV [6].

The cross-section for this reaction is slightly higher than the D-’Be reaction, which would
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provide somewhat higher gamma intensities for a given beam power. In addition, the two
gammas are nearly identical in energy, which provides operational functionality as a single
gamma with double the yield. As mentioned above, if a pure photon source is needed, the
neutrons produced in the reaction can be converted to 480 keV gammas via the '°B(n,ory)’Li
reaction. The cross section for this reaction is similar to the D-"Be reaction above in terms of
flattening out above 300 keV. As a result, the gamma source under development is designed to

operate at 300 keV.

3. Gamma Source Design
The three main components of the present gamma source are (1) ion source and extraction
system, (2) gamma production target and (3) ion acceleration system. lons are generated in an
RF-driven inductive discharge plasma and extracted through a small aperture in a specially
designed mechanical shutter for pulsing the beam. The pulse of ions is then accelerated to high
voltage using a compact pyroelectric crystal powering system [7]and bombard a beryllium target
to produce gammas. The following sections describe these components in detail.
3.1  Ion Source and Extraction System

Ampere-level deuterium ion beam current can be achieved in an RF inductive discharge
plasma source where extracted current densities up to 2 mA/mm’ have been previously
demonstrated [8]. As seen in Fig. 2, the multi-cusp magnetic configuration provides a uniform
plasma extraction area of up to 5 inch diameter allowing high current to be extracted using an
array of multiple apertures. The RF source can also generate negative ions for D™ extraction to
exploit both the heating and cooling phases of the pyroelectric crystal acceleration system,

essentially doubling the duty factor of the gamma source.
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One drawback with an RF source is the high gas load needed for maintaining optimal
plasma characteristics. Generally, a pressure of >107 Torr is needed for stable operation in the
inductive mode [9]. In contrast, the acceleration chamber requires high vacuum (<107 Torr) to
hold off 300 kV which usually means a very large turbo-pump is needed to provide vacuum
isolation. This problem was overcome in the gamma source design by implementing a fast
mechanical shutter system which enables both vacuum isolation and pulsed-mode operation [10].
With this system, a one-millisecond FWHM beam pulse from a single aperture was demonstrated
and vacuum pressures in the acceleration chamber was improved an order of magnitude with the
shutter in place. The development of a multi-aperture shutter is currently underway to provide
high current from many ion beamlets to generate a high yield of gammas at the target.

3.2 Gamma Production Target

Solid beryllium has very high thermal conductivity and melting point which are critical
properties for high power applications such as the target material in the gamma source where an
instantaneous power of ~300 kW is required during pulsed operation. Typical limits for forced
convective boiling can provide a maximum heat flux removal of 2.5 kW/cm’. Therefore, a
beryllium target needs to be at least 5 inches in diameter for stable operation and, as mentioned
above, the multi-cusp RF ion source is capable of providing uniform beam current over this area.

Preparing a target for the D-°Li reaction presents a greater challenge compared to
beryllium. Because the natural abundance of °Li is 7.5%, isotope enrichment must be done to
produce a target containing a high percentage of °Li. Furthermore, most lithium-containing
compounds such as LiF and Li,COs are insulators which must be fabricated into thin films for
use as a gamma production target. Such a target is impractical considering the thermal and

sputtering damage when servicing in a high power gamma source. Solid °Li metal can be used
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production target.

3.3 High voltage pyroelectric driven powering system
Pyroelectric crystals, such as LiTaOs, were previously demonstrated to achieve high
voltages in a compact size [11,12,13,14]. Voltage is developed between the polar faces of the

crystal and is linearly dependent on the temperature change as given by
_ (Y.
AV = ((9 L) (AT)

where AV is the voltage difference across the crystal, y is the pyroelectric coefficient, € is the
electric permittivity, L is the length of the crystal, and AT is the change in temperature. Using a
30 mm diameter x 30 mm long LiTaO; crystal in high vacuum (<10 Torr), negative voltages up
to 125 kV were generated by heating the crystal approximately 10°C on one end using a
thermoelectric device. During these experiments, it was found that the peak voltage was limited
by voltage breakdown through surface discharge along the crystal (Fig. 4). With a 30 mm
diameter x 10 mm long crystal, the maximum voltage was only 75 kV when heated by 16°C,
again limited by arcing across the surface. In addition, the heating rate must be restricted to no
more than ~0.03°C/s to maintain temperature uniformity and prevent thermal stress damage to
the crystal [12].

More uniform and fast heating/cooling can be done with thin crystals. For example, one
millimeter thick crystals allow at least an order of magnitude higher heating rate without
sacrificing temperature uniformity, resulting in higher yields and more stable operation. To take
advantage of these features, a high voltage heating/cooling module was designed and fabricated

to accommodate a thin 50 mm diameter x 1 mm long (thick) crystal (Fig. 6). The crystal was
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heated with an average heating rate of 1.4°C/s from 27°C to 89°C before breakdown occurred
across the crystal.  The experimental limit due to the coercive field of LiTaO; crystals of 22
kV/mm [15] was demonstrated in this module. In normal operations, the crystals are charged up
by heating (cooling) in a dielectric fluid to reach electric fields of ~15 kV/mm [16]. The
dielectric fluid was chosen for its high boiling point which helps to reduce vapor formation
during heating. The capacitance of a single crystal module was measured to be ~1 nF. Table 1
summarizes the electrical characteristics of the three different size crystals that were tested.
Notice that for the 1 mm long crystal, the sustained electric field is 3 times higher than the 10
mm long crystal and over 5 times higher than the 30 mm long crystal.

As discussed earlier, the pyroelectric crystal powering system is operated at ~300 kV for
gamma production. However, as the voltage increases above 100 kV, field emission and corona
losses become increasingly significant [12]. Because the pyroelectric powering system is a
charge limited device, the voltage will stop increasing when the charge generation rate equals the
charge loss rate, putting an upper bound on the highest obtainable voltage. One way to
overcome this barrier is to operate the crystals in pulsed mode by stacking the crystals into a
series configuration for the duration of no more than a few microseconds, thus minimizing the
charge loss. Figure 7 shows the stacking of four 1 mm thick crystals that initially each charged
to a voltage of at least 15 kV. At the high voltage terminal, the arc distance in air to ground
confirmed that a final output of greater than 60 kV was achieved. To achieve 300 kV, a system
of twenty pyroelectric crystal modules will be stacked in a special mounting device that is being

developed to isolate the thermoelectric heater power from the high voltage.

4. Conclusion
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The design of a compact mono-energetic electronic gamma source for replacing
megavolt-energy radiological gamma sources is described. In particular, the D-Be reaction
produces gammas with energies similar to the gamma emissions of Co-60, Cs-137, and Ir-192.
Because of the energy similarity, data interpretations between the electronic and radiological
sources would require little effort to migrate from one source to the other. The main challenge is
matching the flux of a radiological source while keeping the overall system size compact. Using
an RF ion source, it is possible to provide sufficient beam current for generating pulses of curie-
level gammas. Stacking pyroelectric crystals in series enables one to reach both the high
voltages needed for the gamma generator as well as producing pulsed gamma bursts. The latter
feature could be very useful for imaging and applications requiring the detection of delayed

responses from gamma pulses.
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FIGURE 1. (a) Gamma energy spectra of the D-’Be reaction at different incident deuteron

beam energies. (b) Gamma yield as a function of the incident deuteron energy.
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2 FIGURE 2. The RF plasma source operating with hydrogen in the inductive discharge mode.

3 Multi-cusp magnetic fields create a region (5” diameter) of uniform plasma for extraction.
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7  FIGURES3. (a) 30 mm diameter x 30 mm LiTaOs; crystal. (b) Arc discharge along the crystal
8  surface in high vacuum. (c) Measured energy spectrum of the field emission electrons using a
9  silicon surface barrier detector.

10



[©) N, B VS I \S )

Crystal Themal Profile

b. 90 8
4 heating rate
80 linear fit 17
o .

70 experiment lg _
U‘ w
260 15 &
2 5
= -—
& 50 4
3 < o
E' 40 average heating rate {3 ‘2
= ~1.4°Cls 2

30 Fay 12

\ A &b &
20 A A A 11
A Fa¥
10 ' . . ' —0
0 10 20 30 40 50
time [s]

FIGUREA4. (a) Photo of the single crystal module with thermoelectric device and sealed
dielectric fluid to suppress arcing and vapor formation. (b) Temperature and heating rate
measurements of a single crystal module. Heating rate is increased by more than one order of

magnitude compared to the longer crystal cases.



2 FIGURES. (a) Stacking configuration for a 4-crystal system. All modules are simultaneously

3 heated to ~15kV. (b) During the pulse discharge, the four crystals are instantaneously connected
4  in series to obtain a voltage of ~60kV.
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8 TABLE 1. Measured values for the electric field, average temperature difference, and volume

9  specific energy storage of different length LiTaO3 crystals.

Data for different length crystals
1 22 62 123

10 7.5 15.7 11.2

30 4.2 8.8 3.5
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