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Abstract. During proton therapy (PT), excited-nuclei decay via emission of characteristic
prompt gamma rays along the beam path within the target. These gamma rays are detectable
via a Compton camera and can be used for in vivo proton beam range verification using a
technique called prompt gamma imaging (PGI). The detection efficiency of a PGI device can be
negatively affected by additional secondary radiation (primarily neutrons). The UCT Prompt
gamma imaging system (Polaris) is a room temperature solid state Compton camera detector.
The imaging device comprises of two independent detection platforms with each consisting of
two Cadmium Zinc Telluride crystals (20 x 20 x 10 mm3) arranged side-by-side. The goal
of the project is to better understand the impact of neutrons on the Polaris detectors during
PT and compare its response to NaI and LaBr3 and NE213. These more traditional detectors
act as means of calibration for expected gamma ray spectra in the Polaris detectors and to
highlight any impact of neutrons on the Cadmium Zinc Telluride crystals. Preliminary results
are presented from measurements conducted at the UCT n-lab MeASURe facility (neutrons up
to 14 MeV) and at iThemba LABS (66 MeV proton beam).

1. Introduction
1.1. Proton therapy
Proton therapy, a form of radiation therapy, has been used effectively in cancer and tumour
treatment [1]. The benefits of PT lie fundamentally in how incident protons interact inside
tissue. As protons transverse through tissue, energy is transferred to the surrounding electrons
via coulomb interactions. Most of the proton energy is transferred toward the end of its trajectory
where maximum ionisation loss takes place known as the Bragg peak [2]. After the Bragg peak,
the rate of ionisation slows down to a point where there is no more energy being transferred
and the protons path comes to an end [3]. It can be said that the proton beam has a finite
range. The characteristics of the Bragg peak and finite range found in PT allows it to produce
high conformal treatment [4], prevent large exposure to healthy tissue and reduce treatment side
effects (acute and late) [5].

1.2. Compton camera (CC)
The inelastic interaction of interest during PT is prompt emission. Excited nuclei decay via
emission of a characteristic prompt gamma (PG) ray. Since nuclei are quantized, the PG ray
energies are specific to the excited nuclei and hence specific to the material type. Furthermore,
PGs are produced during treatment at the dose location within a few nanosecond, making them
suitable for beam verification [6]. One way PGs are detected is by a device known as a Compton



camera (CC). A traditional CC consists of at least two detectors, one acting as a scatterer
and the other as an absorber, that operate coincidentally (figure 1). The key interactions for
Compton imaging are Compton scattering and photoelectric absorption. PGs incident to a CC
scatter at an angle θ, undergoing a Compton interaction where some energy is transferred to an
electron, referred to as the recoil electron. Here, the energy and position of the PG is recorded.
The above can be described by the following relationship of the incident PG energy E0, the
deposited energy E1 and the angle of scatter θ1 [7]:
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The last detector absorbs the scattered PG by means of photoelectric absorption.

Figure 1. An example of a traditional Compton camera with a scatterer and an absorber. The
image displays several prompt gammas being projected onto their respective cones.[8]

The combination of at least two interactions enables the calculation of the incident PG
energy and the construction of a cone of origin. The emission point of a PG is restricted onto
the surface of a constructed cone with the intersection of several cones resulting in an image of
the source location [8] (figure 1). Methods of image reconstruction include back projections and
statistical means [9]. CCs have been used as a means for in vivo proton beam range verification
of a patient through PG imaging for clinical use [10]. For a PG imaging (PGI) system to be
viable for clinical use, the system needs to have sufficient statistics, good position and energy
resolution and the capability to manage the count rate ranges of PGs [11]. Moreover, other
PGI factors include detector positioning sensitivity, statistical uncertainties and contamination
from secondary neutrons [12]. In a study conducted at the University of Maryland School of
Medicine, the results for a Cadmium Zinc Telluride (CZT) PGI system system have successfully
produced three-dimensional images. However, these results were limited by detection rates due
to secondary radiation during PT [9]. Furthermore, work done by [13] reports the degrading
of image quality by secondary neutron induced PG. These PG are a result of the secondary
neutrons produced inside the body interacting with tissue and undergoing prompt emission.
Secondary neutrons are not only produced internally [14] but also externally from the proton
treatment nozzle [15]. CZT CCs easily detect thermal neutrons over fast neutrons due to the
high interactions cross section of neutron capture [16]. However, the secondary neutrons emitted
from PT are predominantly fast neutrons. At these high neutron energies, the probability that
a neutron will interact through neutron capture reduces and interactions through inelastic or
elastic scattering dominate.



1.3. UCT PGI system
The UCT PGI system (Polaris) is a room temperature solid-state detector built by H3D Inc.
[Ann Arbor, MI USA]. The CC consists of two independent Polaris detection platforms (figure
2). Each platform consists of two CZT crystals (20 x 20 x 10 mm) arranged side-by-side,

Figure 2. UCT Polaris detectors

a total of four crystals. The crystals are pixilated 11 x 11 in the x and y directions with
depth of interaction in the z-direction. The aforementioned features provides position-sensitive
gamma detection in three-dimensions, an energy resolution of 0.8% FWHM at 662 keV [17]
and its compact size is practically suited to be alongside patients during PT. Particles detected
by Polaris are not distinguishable on an event-by-event basis. This adds to the problem of
distinguishing between PGs emitted from proton-nucleus and neutron-nucleus interactions and
other secondary particles produced during PT (such as neutrons). A starting point to solve the
problem at hand is to characterise the capability of Polaris through exposure to both neutrons
and gamma particles/fields. As a result, a series of measurements have been conducted at the
UCT MeASURe facility and at iThemba labs making use of several detectors in conjunction
with Polaris.

2. Measurements
2.1. UCT MeASURe facility

Figure 3. Polaris exposed to 14 MeV
STNG neutrons incident on H2O.

Figure 4. 4.4 AmBe gamma compari-
son

In graph 3, a normalised background removed gamma spectrum of deuterium-tritium sealed tube
(STNG) incident to a block of water can be seen. The STNG produces monoenergetic neutrons
with energy of 14 MeV. A 2.2 MeV gamma ray is also produced from neutron capture on the
hydrogen is produced. This is not observed, potentially due to low count rates. As mentioned



previously, CZT is sensitive to thermal neutrons due to the high interaction cross-section of Cd
but can not directly detect fast neutrons. Fast neutrons can be inferred by the recording of the
recoil nuclei. These energies are low due to the small mass of neutrons relative to that of CZT.
Unfortunately, the energy threshold of the Polaris detectors are not low enough for these recoil
energies to be recorded.

NaI and LaBr3 have been used as a source of comparison for an Americium-Beryllium (AmBe)
source placed inside a block of High Density Polyethylene. The AmBe source produces neutrons
over a broad energy spectrum from 0 to around 11 MeV and a 4.4 MeV gamma ray from the
de-excitation of 12C. The peaks of interest are 2.2 MeV gamma ray from neutron capture on
hydrogen, 3.4 MeV single escape peak, 3.9 MeV double escape peak and 4.4 MeV gamma ray
from the de-excitation of 12C. From figure 4, no prominent peaks for both 3.9 MeV and 4.4 MeV
is observed in the Polaris spectrum.

2.2. iThemba labs measurements
Measurements were made using a 66 MeV pulsed proton beam at iThemba Labs inside
the K600 vault. The targets used in these measurements were a water phantom, carbon
and HDPE blocks with several configurations and several detectors including Polaris, NE213
(liquid organic scintillator) and three LaBr3 detectors. Unfortunately a few days before the
scheduled measurement time, the second Polaris detector stopped working. Figure 5 displays
a configuration of a water phantom with NE213 at 0◦, Polaris at 90◦ and LaBr3 at 135◦, 270◦

and 315◦ respectively. After each measurement run, the detectors were changed to encompass a
variety of angles for each target respectively.

Figure 5. Detector configura-
tion of 66 MeV proton incident
on a water phantom.

From figure 6, count rates of Polaris begin to fall off at higher energies. An interesting aspect
to note is that at 0◦ is where the highest count rates are observed. The same is not true for
the pulse height(PH) spectrum from NE213 where a prominent peak is found at around 350◦.
It is speculated that this peak may be due to scattered protons from the beam window. The
peak of interested is not seen at 0◦ and 270◦, potentially due to the detector being shielded by
the sample (0◦) and/or the surface area of NE213 being exposed to scattered protons (270◦).
A further case for this is displayed in figure 7 with a high density line along the same channel
number.



Figure 6. Left : Energy spectrum of water target from Polaris at various angles. Right : Pulse
Height spectrum of water target from NE213 at various angles.

Figure 7. 2D pulse height and
pulse shape of water at 315◦.

3. Future work
The next step in the project involves producing energy spectrum (neutron and gamma) from the
NE213 detector to be compared to Polaris. In order to obtain spectrum from NE213 one needs
to employ a technique called unfolding. Unfolding requires both the PH spectrum of interest and
a response matrix for both gammas and neutrons. The responses functions that make up the
response matrices will be obtained from previous measurements taken in the d-line at iThemba



labs for neutrons and response functions for gammas will be calculated. The PH spectrum of
gammas and neutrons are obtainable by Pulse shape(height) cuts that separate gammas and
neutrons recorded by the detector. The goal is to discriminate good prompt gammas from the
secondary radiation(neutrons).

4. Conclusion
Progress toward characterising Polaris has been made. Further analysis of neutron data will
provide insights about the future developments of the Polaris system to be able to finally produce
a viable clinical PGI system.
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