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Abstract. A palm sized, portable neutron source would be useful for widespread implementation of detection systems
for shielded, special nuclear material. We present progress towards the development of the components for an ultra-
compact neutron generator using a pulsed, meso-scale field ionization source, a deuterated (or tritiated) titanium target
driven by a negative high voltage lithium tantalate crystal. Neutron production from integrated tests using an ion source
with a single, biased tungsten tip and a 3x1 cm, vacuum insulated crystal with a plastic deuterated target are presented.
Component testing of the ion source with a single tip produces up to 3 nA of current. Dielectric insulation of the lithium
tantalate crystals appears to reduce flashover, which should improve the robustness. The field emission losses from a 3
cm diameter crystal with a plastic target and 6 cm diameter crystal with a metal target are compared.
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INTRODUCTION

A light-weight, ultra-compact, pulsed neutron
source would be useful for detection of special nuclear
materials via active interrogation [1]. Other
applications include identification of organic
explosives [2] and gas and oil well logging [3]. An
accelerator based neutron source needs an ion source,
a target, and HV insulation. The design we are
pursuing uses a pyroelectric crystal to charge a
tritiated titanium target to negative high voltage. The
crystal charges up when heated so it can be powered
by chemical sources rather than batteries, making it a
lightweight option. lons are created by a gated field
ionization source constructed from sharp tungsten tips
biased to positive high voltage and accelerated towards
the target by the crystal's negative HV. Production of
10° n/s using a tritiated target (or 10* n/s using a
deuterated target) at -100 KV requires >50 nA of D*
ion current.

The ion source is based on field ionization [4]. In
the presence of the strong electric field created by
applying a positive high voltage bias to a sharp metal
tip, electrons are able to tunnel from the deuterium to
the tip, creating a current of D and/or D,". Field
strengths of 20-30 V/nm are required for beams that
have significant fractions of D* [5]. Gating the tip by
surrounding it with a ground plane provides additional

field enhancement.

In section 2, we describe a field ionization source
that uses an array of commercially available, sharp
tungsten tips mounted on a printed circuit board
(PCB). The PCB has an embedded ground plane that
gates the tips and current limiting resistors that prevent
sustained discharges between the tips and ground. The
tips can be biased positive to 10s of kV. Biasing the tip
enhances the field so that the tip to crystal distance can
be increased. This reduced arcing from the ion source
to the crystal. Biasing the also allows for pulsed
operation of the ion source by turning the bias on and
off. An array of tips should multiply the current as
long as the tips do not shield one another [6]. When a
single tip is used, this ion source produced ~3 nA of
current with a +20 kV bias.

Gillich [7] reports calculations showing that plastic
targets have higher theoretical neutron yield than metal
targets, but that plastic targets degrade under the
experimental condition of pyrofusion. Deuterated
titanium targets loaded 2:1 D:Ti (theoretically, the
maximum limit) had the next highest theoretical yield.
We are producing fully-loaded TiD, targets (Ti:D, >
1.7) and are setting up to produce tritium-loaded
targets in the near future. We are using these targets
with the 6 cm crystals in our experiments.

Lithium tantalate is a pyroelectric crystal. The
surface of the crystal charges up when the crystal is
thermal cycled. Z-cut LiTaO; crystals with diameters



as large as 3 cm have been successfully used in
pyrofusion experiments and voltages greater than 100
keV have been measured [8-10]. Arcing and crystal
robustness are a concern when crystals are insulated
only by vacuum [9,10]. LiTO; has a nominal
pyroelectric coefficient of K=170-190 pC/m? 'C [9,11]
so larger diameter crystals should be capable of
producing more charge when thermal cycled. For the
experiments described in this paper, the +z face of the
crystal is grounded and the -z face is coupled to the
target, such that the target is charged to negative high
voltage when the crystal is heated. The ion beam
produced by the ion source will then be accelerated
towards the target. Biasing the target to negative HV
provides some focusing for the ion beam, but field
emission losses from metal targets are a potential
concern.

Neutron production from integrated tests using a
single tungsten tip on the ion source and a 3 cm
diameter x 1 cm thick, vacuum insulated crystal with a
plastic deuterated target are presented in section 3. In
section 4, we present a new design for crystal
insulation using a dielectric fluid that we are using
with a large 6 cm diameter crystal. The secondary
electron losses from a vacuum insulated crystal with a
plastic target are compared to the losses from a
dielectrically insulated, large-diameter crystal with a
metal target.

FIELD IONIZATION SOURCE

The ion source uses electrochemically etched, 100
nm tungsten tips attached to a PCB board that has a
buried ground plane and current limiting resistors. The
board can accommodate an array of up to 12 tips,
arranged in a circle, or one tip placed at the center of
the circular array. Electrostatic modeling predicts the
maximum electric field of one tip biased to 15 kV is >
30 V/nm, which is sufficient for a few nA of D*
current. The PCB is entirely in vacuum and the tips
can be biased to up to +20 kV. The HV bias for the
tips enters the chamber through a high voltage
feedthrough. Fig. 1 shows a schematic view of the ion
source.

The ion source was tested with a single, 100 nm
tungsten tip in the center position. The field ionization
current was measured by a collector biased to +20 V
and placed behind a grounded mesh. The ion source
was located ~1 cm from the grounded mesh. This
distance is large enough that no field enhancement is
expected from the mesh. The vacuum chamber was
filled with 2.25 mTorr of D2 gas and the tip was
biased to first +10 kV, then +15 kV, then +10 kV
again and expected from the mesh. The vacuum
chamber was filled with 2.25 mTorr of D2 gas and the
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FIGURE 1. Schematic representation of a single tungsten
tip on the ion source board including the embedded ground
plane and the current protection resistor. The circuit board
can accommodate arrays of up to twelve tips.
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FIGURE 2. Field ionization current measured from a single
biased, 100 nm tungsten tip in a chamber filled with 0.3 Pa
of D, gas.

tip was biased to first +10 kV, then +15 kV, then +10
kV again and 20 kV (fig. 2). Increasing the bias
voltage resulted in larger field emission current with a
maximum of ~3 nA produced when the tip was biased
to +20 kV. When the tip was biased to +10 kV, ion
currents ranged from 0.3 — 0.8 nA. The composition of
the ion beam was not measured.

INTEGRATED TESTS WITH
DECOUPLED NEGATIVE HIGH
VOLTAGE CRYSTAL AND FIELD
IONIZATION SOURCE LOADED WITH
A SINGLE TUNGSTEN TIP

Integrated testing of the ion source, target and
crystal is necessary to make sure that this
configuration is feasible. In our first round of testing,
we used a 3 cm diameter, 3 cm thick, z-cut LiTaO;
crystal with a deuterated polystyrene (CD,) target as a
negative high voltage source and the vacuum-
feedthrough field ionization source described in the
previous section with a single, 100 nm tungsten tip.
The 3x3 cm crystal, temperature control system, and
target are described in Ref. 10. From the component
testing in the previous section, we expect 0.3-0.8 nA
of current from a single tip biased at 10 kV. This
should produce a few hundred neutrons per second.



The crystal was heated from 20 C to 65 C at 0.3
Cls using a feedback-controlled thermoelectric cooler.
The temperature of the crystal is measured by a
thermocouple at the center of a thin copper disk that is
glued to the base of the crystal. The gate valve to the
vacuum pump was partially closed and deuterium gas
was flowing through the chamber at a rate that held the
vacuum pressure steady at ~3 mTorr. The tip on the
ion source was biased using an external power supply
after the crystal had charged up. The tip to target
distance was ~2 cm.

Neutrons were measured by fourteen He® tubes
arrayed in a polyethylene moderator. The tubes detect
neutrons by neutron capture. They are especially
sensitive to thermal neutrons and essentially
insensitive to gammas. This detector is a prototype
version of the neutron detector used in the Ortec FM-
P3 portable neutron source identification system. The
neutron detector was calibrated in the current
experimental setup using a Cf-252 source, which was
placed as close to the target as possible. The measured
Cf-252 efficiency was corrected by the MCNP
calculated ratio of detection efficiency of D-D
neutrons vs. Cf-252 neutrons. The resulting efficiency
is 3+£0.5% in the current setup. The background signal
is 2-3 n/s.

A sodium iodide detector measures the spectrum of
bremsstrahlung emission that results from the stopping
of secondary electrons emitted from the crystal. The
endpoint of the bremsstrahlung spectrum is inferred to
be the crystal voltage.

Arc detection is performed using a CCD camera.
Single frames are collected every 2 seconds using a 2
second integration time. The images of the arcs are
used to determine where arcing is occurring.

Fig. 3a shows the crystal temperature of the
integrated test and fig. 3b shows the neutron
production taking the detector efficiency into account.
A crystal voltage of ~-80 kV after a 30 C ramp is
inferred from bremsstrahlung spectrum. For an 80 kV
potential and an ion beam with < 1 nA, we expected a
neutron rate on the order of 10 n/s. The average
neutron rate over the 106 s run is 1.6 x 102 n/s. The
peak neutron rate is higher. We suspect that there were
some super-sharp areas of the tip that resulted in bursts
of current > 1 nA. These super-sharp areas then burned
off the tip.

Arc detection reveals that flashovers from the
negative high voltage face of the crystal to the ground
face are a concern, as expected from previous
experiments [9,10,]. We have chosen to pursue
insulating the sides of a the crystal with a dielectric
material to reduce the frequency of arcing from the
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FIGURE 3. Results from an integrated test using a 3x3 cm
diameter crystal with plastic target and a single tungsten tip
in the ion source. a) Measured crystal temperature. b) lon
source bias voltage. ¢) Neutron production averaged over 1
s time intervals, taking into account the detector efficiency.
d) Crystal voltage measured from Bremsstrahlung emission.

negative high voltage face of the crystal to the ground
plane.

TESTS OF 6 CM NEGATIVE HIGH
VOLTAGE CRYSTAL WITH METAL
TARGET

The 6 cm crystal assembly has been designed to
provide improved insulation on the sides of the crystal
by surrounding the sides of the crystal with a
dielectric. In addition, the assembly clamps the metal
target to the crystal without using an adhesive. This is
advantageous for prototyping. O-ring seals isolate the
dielectric from the vacuum. One of these o-ring seals
is positioned at the edge of the crystal so that the o-
ring acts as both a seal and a corona ring to prevent
secondary electron emission. Figure 4 shows the
design of the assembly and a photograph. The Lexan
cup that is used to clamp the target to the crystal and
the crystal to the thermoelectric cooler also acts as a
vacuum vessel when placed on a flange with an o-ring
seal.

The dielectric insulation surrounding the 6 cm
crystal did reduce the flashover from the high voltage
surface of the crystal to the ground side. We found that
a liquid insulator was necessary because of the self-
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FIGURE 4. a) Drawing of the 6 cm crystal assembly. B)
Photograph of the assembly as tested with the Faraday cup.
The Lexan cup is 4” in diameter.

healing properties. These tests were performed using
FC-43 as the dielectric. The design shown in fig. 4
required the top of the crystal to be metal plated and
this plating was the only material holding vacuum if
the crystal was damaged. The improved design used in
the test we show had a metal plate with a curved edge
between the crystal and the target so that the vacuum
would not be ruined if the crystal was damaged. A thin
piece of aluminum foil was used in between the crystal
and the metal plate to improve the electrical contact.
This eliminateed the need for plating the crystal.

The crystals were tested using a Faraday cup to
measure secondary electron emission. The voltage on
the crystal was inferred from bremsstrahlung emission
measured by a sodium iodide detector. The 3x3 cm
crystal was measured with a hemispherical Faraday
cup that extended all the way to the plane of the crystal
for maximum charge collection. The 6 x 1.5 cm crystal
with metal target was measured with a cylindrical
Faraday cup. (A hemispherical cup could not be used
because of space constraints.) The top of this Faraday
cup was placed 1 cm away from the target. We know
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FIGURE 5. Measurements of field emission from a) 3x3 cm
crystal with plastic target and b) 6x1.5 cm crystal with metal
target show the crystal temperature, current measured by the
Faraday cup, integrated charge, and crystal voltage measured
from the endpoint of the Bremsstrahlung spectrum.

from experiments with unbiased probe tips that 1 cm is
safe separation distance to avoid field ionization from
the Faraday cup to the target.

Figure 5 compares the voltage and field emission
loss measured from a 3x3 cm crystal with a plastic
target heated by 35 C and a 6 x1.5 cm crystal with a
metal target heated by 30 C. Using the given thermal
cycles and K=170 pC/m? "C [9], the 3 cm diameter
crystal has a maximum of 4.2 pC and the 6 cm crystal
has a maximum of 14.4 uC. The maximum charge
available depends only on the surface area of the
crystal [11], but the maximum voltage increases
linearly with crystal thickness [12]. The 3x3 cm
assembly charges up to nearly -200 kV and the
integrated charge loss is .5 WC, or 12% of the
maximum. The larger crystal with the metal target has
an integrated charge loss of 2.3 pC or 16% of the
Other measurements of the voltage holding of the 6 cm
crystal assembly, when a Faraday cup was not in
place, have measured voltages exceeding -100 kV.

CONCLUSIONS

Neutrons were produced in the decoupled
configuration using a 3 cm diameter lithium tantalate
crystal coated with a deuterated polystyrene target and
a single, 100 nm, gated tungsten tip biased to +10 kV.
Results of component testing for a gated ion source



that used an array of biased tungsten tips were shown.
A current of ~3 nA was measured from a single, 100
nm tungsten tip biased at +20 kV. Large diameter (6
cm), dielectrically insulated crystals were tested with
metal targets. Initial testing shows that the dielectric
insulation does reduce flashover. The fractional charge
loss from the large diameter crystal with a metal target
was comparable to the loss from a vacuum insulated, 3
cm crystal with a plastic target.

Future work includes further testing of the ion
source with an array of tips as well as additional tests
of the robustness of 6 cm diameter crystals. Integrated
tests of the ion source with fully deuterated titanium
targets and 6 cm crystals are also planned.
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