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A dual-energy tandem-type gamma generator has been developed at E.O. Lawrence Berkeley
National Laboratory and Sandia National Laboratories. The tandem accelerator geometry allows
higher energy nuclear reactions to be reached, thereby alowing more flexible generation of MeV-
energy gammas for active interrogation applications. Both positively charged ions and atoms of
hydrogen are created from negative ions via a gas stripper. In this paper, we show first results of
the working tandem-based gamma generator and that a gas stripper can be utilized in a compact
source design. Preliminary results of monoenergetic gamma production are shown.

I. INTRODUCTION

The detection of special nuclear material (SNM) can be
achieved in active interrogation via neutrons or gamma
rays. Neutrons have the advantage that they can create
fission at low (thermal neutron) energies. However, they
can be shielded by low-Z material. Gamma rays, on the
other hand, have good penetration for low-Z material,
but higher energies are needed to penetrate dense ma-
terials and to cause photofission in SNM, since photofis-
sion cross-sections have a threshold around 5.5 MeV and
peak around 14MeV[l]. One approach to create gam-
mas in this energy range is to utilize low-energy nuclear
reactions. The advantage of nuclear reactions is that mo-
noenergetic MeV-energy gammas can be created reduc-
ing the overall dose applied during interrogation. Fur-
thermore, nuclear reactions allow the use of incident par-
ticle energies that are smaller by a factor of 20 compared
to Bremsstrahlung sources. This translates into smaller
accelerator structures, which makes the gamma source
compact and also reduces the overall system cost.

In the present system, two nuclear reactions are inves-
tigated for the generation of gammas in a compact setup:
1B(p,v)'?C and ¥F(p,ya)*®0. The first reaction has a
production cross-section resonance at a proton energy of
183keV and produces monoenergetic gammas at ener-
gies of 4.4, 11.7 (97% emission fraction) and 16.1 MeV
(3% emission fraction){1]. The maximum cross-section
for this sharp resonance is 0.16 mb. The fluorine-based
reaction has a resonance with a much higher cross-section
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of 160 mb at roughly twice the energy of the boron reac-
tion (340keV), but the created gammas have an energy
of 6.1MeV (Ref. {1]), which is on the lower end of the
SNM photofission cross-section (see Ref. [2] for more in-
formation on this topic).

To achieve the required acceleration voltages in a com-
pact design, a tandem accelerator configuration was cho-
sen to reduce the maximum voltage needed in the de-
vice. This paper addresses the design and layout of the
tandem-type gamma generator as well as the negative ion
source and computer simulations for the beam transport.
First results from beam-on-target runs and gamma spec-
tra from the operational device are presented. At the
end of the paper, possible improvements and the limits
of this approach are discussed.

II. TANDEM GAMMA GENERATOR

The overall size (footprint) of the gamma generator
system is primarily driven by the high voltage needed
for the nuclear reactions. By using low-energy nuclear
reaction resonances and by using a tandem-type accel-
erator structure (see Fig. 1), the few hundred kilovolts
high voltage needed to produce these protons can be cut
by factor of two. For example, a voltage of 180kV at
the high voltage terminal in the tandem generator will
provide 360keV protons for the p-'F reaction to occur
at its 340keV resonance. Since lower voltages are used,
another advantage is that a a tandem generator can be
designed with only one insulator column (instead of two)
by relying on vacuum to provide the needed insulation.

A. Ion source and extraction system

A negative hydrogen ion source is being used based on
a design that was originally developed at E.O. Lawrence
Berkeley National Laboratory for the Spallation Neutron



FIG. 1: (Color online) A CAD-drawing of the devise, showing
all beamline components.

Source (SNS) project. It consists of a rf-driven mul-
ticusp source with integrated filter magnets (150G on
axis)[3]. The extraction region features a cesium collar
where cesium can be dispensed to increase surface conver-
sion of negative ions. The negative ions are extracted via
a 30kV extraction electrode, which is followed by a 5kV
electron-dump and another 30kV electrode. These three
electrodes form an einzel lens structure to focus the ion
beam. At the same time a magnetic filter is used in this
region to deflect coextracted electrons into the electron-
dump. A deacceleration einzel lens is used to dump the
electrons at lower potential. The deflection of the ions
due to the magnetic field could be neglected since the
beam spot size and emittance are not of a concern in
this system (a large beam spot at the target is beneficial
to distribute the beam load on the target).

B. Gas stripper

The einzel lens system is followed by an intermedi-
ate electrode at a potential of 7T0kV to screen the gas-
stripper, which is sitting at the center of the system at a
high voltage (up to 185kV). Here the negative hydrogen
ions interact with an argon gas load, are stripped of their
electrons, and are reaccelerated to a target at ground po-
tential. The stripper chamber has a length of 11 cm and
includes several apertures to reduce the gas flow into the
main chamber. Limiting the gas flow into the chamber
was initially a concern since the compactness of the de-
sign leads to higher electric fields and therefore easier
break down, especially at higher pressures in parts of the
chamber. To prevent such breakdown, the system was
designed for a maximum field gradient of 25kV/ecm. The
argon gas is fed into the system through the oil tank
and the high voltage column. A remote-controlled nee-
dle valve has been added inside the oil tank to enable the
control of the argon flow.

C. Nuclear reaction target

The target assembly consists of a water-cooled cube-
shaped holder where four different gamma production
targets can be mounted. The targets themselves are
cone-shaped copper pieces, to provide good cooling char-
acteristics, which are coated with boron or lithium flu-
oride on their inside surface. The target diameter is
2.5cm, roughly the same size as the calculated beam
spot.

Alternatively, a Faraday cup with a similar opening
aperture and an internal secondary electron suppression
electrode can be mounted at the target position. In this
case, the beam current is collected from an isolated back-
plate behind the suppressor.

D. Chamber

The prototype tandem generator has been built using a
small six-way stainless steel “cross” housing as shown in
Fig. 1. The ports are used for the ion source, the target,
a 200kV high voltage column, a 100kV feed-through, a
flange with low voltage electrical feed-throughs, and wa-
ter cooling feed-throughs for the magnet assembly, and
a 1000Y/s turbomolecular pump. The chamber was cus-
tom made with a mirror finish and rounded corners, ma-
chined to provide better high voltage holding characteris-
tics. The high voltage column needed to be encapsulated
on the air side in an high dielectric material provided by
an oil tank. A 200kV, 4mA power supply was used for
the experiments described below. The complete length
of the system, including ion source and target, is roughly
65cm. The total footprint including the power supply
and the oil tank is about 2m?2.

IIT. SIMULATIONS

The design of the system was aided by computer simu-
lations of the ion beam transport using the Warp3D com-
puter program[4]. The model included magnetic fields,
charge exchange defined by a specified pressure profile,
and treated the effects of space charge and secondary
electrons correctly. The simulations were used to design
elements for maximizing beam-on-target, minimizing lo-
cal electric field gradients, and optimizing the perfor-
mance of the magnetic filters to dump coextracted elec-
trons. Confining the secondary electrons in the einzel lens
region required incorporating additional magnetic filters
in the system. Nevertheless, it was later found that elec-
trons were still able to make it through the extraction
system, so further improvements in the electron suppres-
sion system are possible. The results of the simulated ion
optics calculations can be seen in Fig. 2.
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FIG. 2: (Color online) Computer simulation of the device.
The magnetic field and the gas pressure profile are shown on
the top as well as the applied voltages.

IV. EXPERIMENTS & RESULTS

High-potting experiments both with and without a gas
load of up to 6.7 x 1072 Pa(5 x 10~* Torr) in the main
chamber were successful. The highest voltage the system
was operated at was 185kV, and reaching 170kV for the
p-'°F reaction is routinely possible. The main source of
the gas load is generated by argon from the gas stripper.
Using only the source at normal operation pressure of
2.7Pa(2 x 1072 Torr) in the source body leads to a pres-
sure in the chamber of only 1.1 x 1072 Pa(8 x 1075 Torr).
The pressure in the source chamber was measured with
a Baracell with the source off because of rf interference
effects with the readout electronic, while the chamber
pressure was measured via an ion gauge.

For H™ extraction, the 2 MHz rf source is operated in
pulsed mode with a pulse length of 100 us and a repeti-
tion rate of 20-100Hz. The forward power is normally
run at a level of 10kW. A Faraday cup was used for ex-
traction tests and a total ion current of about 1 mA was
measured. Figure 3 shows the pressure dependence of the
Faraday cup current. These measurements use a -400V
suppression bias on the Faraday cup.
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FIG. 3: The argon pressure in the gas stripper had a strong
effect on the ion current (data taken at 100kV).

Initial experiments to generate gammas used a solid
boron target mounted in the target holder. A 7.6 cm di-
ameter Nal detector was used to collect the gamma ray
spectra at a distance of 50 cm from the target. The spec-
trum shown in Fig. 4 was acquired in 12min, giving a
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FIG. 4: Gamma spectrum of a boron target at 100kV, 1%
duty cycle, 8 kW rf power.

gamma count rate of about 1count/s at the detector (1%
duty cycle), consistent with results from earlier exper-
iments with a single-ended setup[5]. The gamma lines
at 4.4 and 11.7MeV are clearly visible. The accelera-
tion voltage for these experiments was 100keV. Figure 5
shows a spectrum from a lithium fluoride target taken
at an acceleration voltage of 174keV. Here, the p-'°F
gamma peak at 6.1 MeV can be clearly identified. The
fluorine data were taken at a duty cycle of 0.2 % resulting
in a count rate of 3counts/s. A higher count rate in the
p-''B reaction was expected but not observed, possibly
due to a lower beam current and a not optimal matched
beam energy.
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FIG. 5: Gamma spectrum of a lithium fluoride target at
174kV, 0.2 % duty cycle, 5kW rf power

Initial experiments revealed insufficient suppression of
secondary electrons, which led to the production of in-
tense Bremsstrahlung radiation at the gas cell. The
Bremsstrahlung created unwanted noise in the detector
and also caused heating of beam elements.



V. OUTLOOK

Preliminary experimental measurements of nuclear
reaction-produced gamma rays are presented from a
prototype tandem-type monoenergetic photon generator.
The experiments indicate that several improvements can
be made to the system to produce higher beam current
and, consequently, higher gamma yield. For example, al-
though the capability exists, no experiments have been
performed using cesium to increase negative ion produc-
tion similar to the 40 mA currently achieved by the SNS
ion source[6]. The tandem generator was designed to
be able to operate with currents up to 50mA, which
would lead to significantly increased gamma production.
By further increasing the duty cycle to 10 %, gamma
count rates of 4 x 10° counts/s should be achievable in
p-'F for improved SNM detection via active interroga-
tion (this would be equivalent to a total gamma yield of
3 x 108 counts/s into 4rr).

The footprint of the system could also be reduced by
integrating the high voltage feed-through and power sup-
ply. The generator itself can be made more compact
by implementing a solid foil stripper to reduce the ion
source-to-target distance and eliminating the associated
pumping requirements.

VI. CONCLUSIONS

We have demonstrated the operation of a compact tan-
dem accelerator for gamma production that uses a gas

charge exchange cell and a single dc high voltage column.
We show first results for creating nuclear reaction-based
gammas using boron and fluorine targets. Such a com-
pact monoenergetic gamma generators is well-suited for
SNM detection and other applications that benefit from a
small footprint, for example, accelerator mass spectrome-
try or medical applications, for which the ion source part
would have to be re-engineered to produce good beam
emittance. Furthermore this approach can be used to
replace radioactive isotope sources.
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