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A thallium bromide (T1Br) detector with four-channel readout electrodes was fabricated from
a crystal grown by the traveling molten zone method from a zone-purified material for boron
neutron capture therapy applications. The detector crystal dimensions were 12 x 12 x 10 mm?.
The detector had four circular anodes of 2 mm diameter. The detector exhibited energy
resolutions sufficient to resolve 478 keV gamma rays from 511 keV gamma rays. A prompt
gamma-ray detection system was constructed using the TIBr detector and a tungsten collimator.
A mouse phantom with a tumor sphere containing 1475 ppm B was irradiated with thermal
neutrons. The 9B distribution was imaged successfully with the TIBr detector system. The
detector system exhibited a linear relationship between the counts for 478 keV and the B
concentration in the range of 0-5000 ppm.

1. Introduction

Boron neutron capture therapy (BNCT) is a cancer therapy using '°B(n, a)’Li reactions. The
boron dose can be estimated by detecting the prompt gamma rays of 478 keV resulting from the
reactions. Scintillation and semiconductor detectors including LaBr;, Ce:Gd;Al,Ga;04,
(GAGQG), Ge, CdTe, and CdZn,Te,_, (CZT) detectors and Si/CdTe Compton cameras have been
studied for BNCT applications."1? Positron annihilation gamma rays of 511 keV and 2.22 MeV
gamma rays produced by 'H(n, y)’H reactions are significant sources of background for
detecting 478 keV gamma rays during BNCT. The gamma-ray detectors for BNCT applications
should have sufficient energy resolutions to resolve 478 keV gamma rays from 511 keV gamma
rays. In addition to the energy resolutions, high peak efficiencies are required for the detectors
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because the 478 keV gamma rays are overlapped on the Compton continuum associated with the
background gamma rays.

Thallium bromide is an attractive semiconductor material for constructing gamma ray
detectors for BNCT applications because of its high photon stopping power originating from its
high atomic numbers (81 and 35) and high density (7.56 g/cm?). The wide bandgap energy of
2.68 eV for the TIBr crystal allows the detector to operate at room temperature. Energy
resolutions of 1.5-1.8% full width at half-maximum (FWHM) for 662 keV gamma rays were
obtained from a pixelated TIBr detector at room temperature.(!3 Gamma ray detectors using
TIBr crystals have been studied by various researchers, as described in a review article. A
Monte Carlo simulation study was carried out for a multiple-scattering Compton camera based
on TIBr detectors for BNCT.(®) The practical applications of TIBr detectors, however, have been
limited because of the instability of their performance. Recently, significant improvements in the
stability of TIBr detectors with TI electrodes have been achieved, demonstrating 1000 h of stable
operation at room temperature.(19)

Because it has higher photon stopping power than LaBr;, GAGG, Si, Ge, CdTe, and CZT for
478 keV gamma rays and higher energy resolution than the LaBry; and GAGG scintillators, TIBr
is a promising detector material for the construction of detector systems for BNCT applications.

In this study, the 1°B distribution in a mouse phantom irradiated with a thermal neutron beam
at the Kyoto University Research Reactor (KUR) was obtained by detecting 478 keV gamma
rays with a gamma-ray detector system consisting of a four-channel TIBr detector with a
tungsten collimator.

2. Experiments

A gamma-ray detector system for measuring '°B distributions was constructed using a TIBr
detector and a tungsten collimator. The arrangement of the collimator and the detector is shown
in Fig. 1(a). The TIBr detector was placed in a shield box made of 5-mm-thick aluminum. The
tungsten collimator was placed close to the outside of the aluminum box. The collimator was
fabricated by connecting three tungsten blocks with the dimensions of 12 x 25 x 25 mm?3. The 12
x 25 mm? face of the center block had six holes of 2 mm diameter, as shown in Fig. 1(b). The
TIBr detector was fabricated from the crystal grown by the traveling molten zone method from a
zone-purified material. The grown crystal was cut into cubes, and the two opposing surfaces
were polished mechanically for electrode deposition. The detector crystal has the dimensions of
12 x 12 x 10 mm?3. The cathode and anode of the detector were constructed by the vacuum
evaporation of Tl on the 12 x 12 mm? polished surfaces of the crystal. The employment of T1 as
the electrode material improves the stability of TIBr detectors at room temperature.(17-18) A
planar electrode of 10 x 10 mm? area was formed on the cathode surface. The anode consisted of
four circular electrodes of 2 mm diameter and surrounding electrodes, as shown in Fig. 1(c).
Thin gold wires were attached to the electrodes with carbon paste for signal readout. The
detector was coated with epoxy resin to prevent the oxidation of the TI electrodes. The detailed
detector fabrication process of the stable TIBr detectors employed in this study has been
described in the literature.(1®)
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(c) TIBr detector (anode face)

Fig. 1. (Color online) (a) Arrangement of W collimator and TIBr detector. During the measurements, an electrical
insulator made of thin sheets of paper was placed between the cathode side of the detector and the Al box. (b) W
collimator. The four holes within the red dotted square were used for the detector. (c) TIBr detector before epoxy
coating. The gap between the circular electrodes and the surrounding electrodes was 0.2 mm.

The four anodes and the cathode of the TIBr detector were connected to a four-channel
charge-sensitive preamplifier (Clear Pulse 5S005H) and to a charge-sensitive preamplifier (Clear
Pulse 580K), respectively. The cathode was biased at 1000 V. The anodes and surrounding
electrodes were maintained at ground potential. The output signals from the preamplifiers were
recorded with a digitizer (Clear Pulse 80442) with the vertical resolution of 14 bits and the
sampling rate of 10 MS/s. A digital trapezoidal filter with the rise time of 18 ps and the flat top
time of 4 ps was applied to the waveforms from the detector to obtain the pulse height spectra.
The gamma-ray interaction depth in the detector was determined using the cathode-to-anode
signal (C/A) ratio.1%29) The near-cathode events were selected on the basis of the C/A ratio to
obtain the anode spectra with good energy resolutions. Multi-electrode hit events in the detector,
which exhibit a C/A ratio greater than 1, were rejected to improve the peak-to-Compton and
peak-to-escape ratios.

Mouse phantoms with a 1-cm-diameter sphere simulating the tumor region were fabricated
with a 3D printer. The body of the mouse phantom and the tumor sphere contained water and
boric acid solution, respectively. The tumor sphere of the mouse phantom was irradiated with an
18 x 15 mm? thermal neutron beam with the flux of 2 x 10° n/cm?/s from the E3 neutron guide
tube of KUR (5 MW). Prompt gamma rays from the phantom during the neutron irradiation
were measured with the TIBr gamma-ray detector system, as shown in Fig. 2. To obtain a B
distribution for a mouse phantom with a tumor sphere containing 1475 ppm '°B, a 24 x 24 mm?
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Fig. 2. (Color online) Experimental setup for prompt gamma ray measurements. A thermal neutron shield made of
SLi-enriched (95%) LiF ceramic of 3 mm thickness was placed between the phantom and the collimator. The tumor
sphere was irradiated with an 18 x 15 mm? thermal neutron beam with the flux of 2 x 10 n/cm?/s. The red laser
indicated the irradiation center. The distance between the collimator and the center of the tumor sphere was 8 mm (3
mm for the LiF ceramic and 5 mm for the radius of the tumor sphere).

region over the tumor was divided into four sections, and the measurements for each 12 x 12
mm? section were performed sequentially by moving the TIBr detector. Each measurement was
performed for 40 min in real time. The linearity between the counts for 478 keV and the '°B
concentration was evaluated by measuring the prompt gamma rays from the phantoms with the
tumor sphere containing 0, 500, 1475, and 5000 ppm '°B. The spectrum acquisition time for each
10B concentration was 40 min in real time.

3. Results and Discussion

Gamma-ray spectra obtained from the mouse phantom with a tumor sphere with 1475 ppm
10B irradiated with thermal neutrons are shown in Fig. 3(a). Full-energy peaks for 478 and 511
keV were observed in the spectra, demonstrating the energy resolutions of the detector sufficient
to resolve the peaks. The significant peak at 478 keV was obtained from detector channel #3
close to the tumor sphere (column 2, row 2, starting from the bottom right of the figure). The
FWHM of the peak was measured to be approximately 4%.

The distribution of region of interest (ROI) counts for 478 keV gamma rays obtained from the
experiment is shown in Fig. 3(b), superimposed on the mouse phantom at approximately the
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Fig. 3. (Color online) (a) Prompt gamma-ray spectra for a mouse phantom with a tumor containing 1475 ppm B
irradiated with thermal neutrons obtained from a four-channel TIBr detector. The 24 x 24 mm? region over the
tumor was divided into four sections, and the measurements for each 12 x 12 mm? section were performed
sequentially by moving the T1Br detector. (b) Distribution of ROI counts for 478 keV gamma rays superimposed on
the mouse phantom at approximately the measurement position. The ROI count was defined as the counts within
+2% of the peak position for 478 keV (the shaded areas). The red squares indicate the detector position for each
measurement.

measurement position. By assuming the same energy resolution for all anodes, the ROI count
was defined as the counts within £2% of the peak position for 478 keV. As can be seen from the
figure, the high ROI count region well matched the position of the tumor sphere containing '°B
of 1475 ppm. The position resolution of the detector system was mainly determined by the
collimator and the electrode designs. Experimental determination of the position resolution
using a point source is necessary and will be a task for a future study. The field of view (FOV) of
the TIBr detector system was limited because of the small detector area. Increasing the area of
the TIBr detector is necessary for increasing the FOV.

In a previous study, a two-dimensional count distribution of 478 keV prompt gamma rays
from a 50 ppm '°B sample irradiated with a thermal neutron beam with the flux of 4.0 x 10° n/
cm?/s was obtained from a prompt gamma-ray imaging detector using a LaBr;(Ce) scintillator
without a collimator.(!) Characterization of the TI1Br detector system for lower '°B concentrations
is necessary in order to consider the possibility of using the detector system for practical BNCT
applications.

Figure 4 shows gamma ray spectra obtained from channel #3 of the detector placed close to
the tumor sphere [corresponding to the position for column 2, row 2, starting from the bottom
right of Fig. 3(a)] irradiated with thermal neutrons. The concentration of 1°B in the tumor sphere
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Fig. 4.  (Color online) Prompt gamma-ray spectra obtained from channel #3 of the TIBr detector placed close to a
tumor sphere of a mouse phantom irradiated with thermal neutrons. The concentration of '°B in the tumor sphere
was varied as 0, 500, 1475, and 5000 ppm. The inset shows the ROI counts for 478 keV gamma rays as a function of
108 concentration.

was varied as 0, 500, 1475, and 5000 ppm. The ROI counts for 478 keV gamma rays as a function
of the '°B concentration are shown in the inset of Fig. 4. An almost linear relationship between
the '°B concentration and the ROI counts was obtained from the TIBr detector. Improving the
position accuracy between the detector and the tumor spheres for the different !B concentrations
and increasing the ROI counts are topics for future study.

4. Conclusions

A TIBr gamma-ray detector system was constructed for measuring '°B distributions for
BNCT applications. The TIBr detector exhibited a spectroscopic performance capable of
resolving gamma peaks with the energies of 478 and 511 keV. Prompt gamma rays from a mouse
phantom irradiated with thermal neutrons were measured with the TIBr detector system. An
accumulation of !B in the tumor region was imaged successfully with the detector system. The
TIBr detector exhibited a linear response between the ROI counts for 478 keV gamma rays and
the 9B concentrations. Future study should focus on increasing the area of the detector for
practical applications.
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