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Abstract. The NDeGRA project is researching the application of novel tech-
nologies in the development of position-sensitive detectors for gamma ray as-
tronomy and medical imaging.
The project’s approach to simulation and some preliminary results on the upper
limit of efficiency of a Compton camera design based on monolithic scintillator
crystals are discussed.
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1 Project Overview

Gamma-ray imaging and spectroscopy in the sub-MeV and low MeV range are
of considerable scientific interest. The ability to observe transient events is of
significant importance for gamma-astronomy [1].

Detector technologies employed in current observatories present a number of
challenges such as high development and operating costs, low energy and space
resolutions and significant resource needs, result in limited availability of their
imaging capabilities. The next generation of large-scale missions for the energy
ranges under consideration continue to exhibit aspects of those issues [1].

The NDeGRA project’s primary goal is to design detectors that benefit from the
merger of recent developments in scintillator, sensor and satellite technologies
and provide a bridge over this availability gap. A secondary important goal is to
search for applications of this research in other domains, e.g. in medical imaging
or civil nuclear power.
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2 Project Synopsis

The project’s topic is the design and construction of a compact Compton scatter-
ing imaging [3] camera that uses monolithic scintillator crystals as scatterers and
absorbers; and multipixel silicon detectors as detectors to recover timing, posi-
tion and energy information and to produce images of the observed target [1].

In the first, completed part of the project, the characteristics of several novel
scintillator and readout technologies were studied, and it was shown that build-
ing a device with the desired specifications using those technologies is possible
in principle [1].

The second part of the project focuses on two deliverables. One is a detailed
a detector simulation package allowing the study, selection and optimization of
components for a complete working system from a set of specific requirements
such as energy, sensitivity, efficiency, resolution and subject to physical, bud-
getary and operational constraints.

The other is the construction of a working, deployable prototype from the detec-
tor technologies selected in the first part of the project and optimized with the
detector simulation package.

3 Efficiency Estimation Considerations

The principle of imaging from Compton scattering was proposed by Everett et
al. in 1977 [3]. For the purpose of the initial evaluation, a simple system of
a monolythic scintillator crystal of thickness x, and a scintillating absorber is
investigated (see Figure 1).

Figure 1. A simplified view of NDeGRA’s Compton camera concept. Two scintillators,
a scatterer and an absorber are traversed by a gamma photon, which scatters in the first
and is absorbed in the second. From the interaction positions and the deposited energy
in each detector component, a directional cone for ’the original photon can be recovered.
Integration of many events allows building an image of the source.
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To evaluate the theoretical efficiency of the proposed device, the following gen-
eral considerations hold.

For a photon current of monochromatic gamma photons incident at a right angle
to a surface of a volume of material, the fraction that passes through the material
without interaction at thickness x is:

I

I0
= e−µx , (1)

where µ is the macroscopic cross-section of the interaction of the photon with the
material, and x is the volume thickness. Consequently, the fraction of particles
that do interact is

ε = 1 − I

I0
= 1 − e−µx . (2)

The cross-section coefficient µ includes both interesting events and events that
are not a target of observation. For the Compton imaging system under discus-
sion, the process of interest (assuming full absorption in the second crystal) is
a single Compton interaction in the scatterer crystal. The cross-section of this
interaction is denoted henceforth as σsc. Using this notation, the macroscopic
cross-section at the point x can be expanded as follows:

µ = (σ(x)sc + σ(x)other)ρ(x) , (3)

where ρ is the electron density of the material, and the σ(x)other term summarizes
cross-sections of relevant competing processes (photo effect, pair production).

The theoretical efficiency of the device is the Compton scattering cross-section
of photons that have undergone a single Compton scattering and have left the
scatterer volume in a direction crossing the plane of the absorber

εcamera = (σ(Eγ ,Ω(x))sc − (σ(Eγ)other + σ(E
′

γ)other))ρ(x) , (4)

where the σsc is the Klein-Nishina cross-section for the initial photon, integrated
over the angle from which the absorber is seen at the point of interaction x,
and the subtracted cross-sections are those for the competing processes (photo
effect, pair production) for the original photon, as well as any processes within
the volume that will affect the scattered photon.

Selecting the best theoretical thickness of the scattering and absorbing crystals
is then a simple optimization problem of maximizing this cross-section for the
corresponding energy by selecting a thickness x of the scatterer element.

4 Efficiency Estimation by Monte Carlo Integration Using
the Geant4 Toolkit

To evaluate the efficiency, several options are available. The most direct ap-
proach is to evaluate the cross-sections of interest by numerical integration of
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the expression derived in the previous section, after substituting the relevant
cross-section formulas (Klein-Nishina, photo effect and pair production) and
geometrical constraints in code.

While this approach has the advantage of initial simplicity and speed of cal-
culation, a naive implementation will require extensive modifications for ev-
ery minor geometry change; and incorporating and parametrization of complex
structures with different material properties would present a serious develop-
ment challenge. Further complications like calculating optical photon yields
and interactions make this approach too costly.

A different approach to calculate the parameters of interest was therefore fol-
lowed, which relaxes the complexity constraints described above, and allows for
an efficient separation of the administrative and development concerns of the
project. A Monte Carlo application to simulate a class of devices was built using
the popular Geant4 toolkit and used to perform evaluations of different aspects
of the detector.

4.1 Application design

The application design placed the following requirements:

• Declarative composition of applications from reusable dynamic libraries
via human-readable, self-documenting hierarchial configurations.

• Extensive use of CAD/GDML for model construction, including descrip-
tions of extensive material properties (optical, etc.).

• Separation of concerns, allowing team members to use the simulation
package without specific knowledge of the toolkit or programming.

• Correctness of the simulations.

The goals were largely achieved by realizing the application architecture shown
in Figure 2

A JSON [4] configuration file is used to describe a device and a number of
simulations run by the application.

The file consists of several sections, which mimic the G4 toolkit application
structure as described in [6], with sections for geometry builder, physics list
constructor, environment configuration, user actions and other components.

A geometry loader library assembles a full detector from multiple sources –
GDML files, CAD files or, in special cases, detector builders realized directly
in code. A daughter module also initializes and configures the required generic
sensitive detector objects and attaches them to the geometry. A modular physics
list loader assembles, initializes and configures relevant aspects of G4 physics
required by the simulation. In a similar manner, the rest of the environment,
user actions and data analysis modules are loaded and initialized, after which
depending on the user choice, either a headless simulation or a simulation inside
a GUI visualization module is run.
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Figure 2. Architecture of the general purpose configuration-driven G4 application.

The preparation of a model and a simulation can be done with the traditional
G4 approach in code (as an experiment in validating the application flexibil-
ity, all G4 examples were converted into loadable modules and run successfully
from the framework with minimal effort), or, preferably, by splitting a detector
development into model, physics and data collection and processing units, and
combining them into a simulation by configuration.

The latter approach allows, as designed, the participation of people with limited
toolkit technical knowledge to successfully participate in detector development.

5 Simulations and Results

5.1 Simulation overview

The simulation of the Compton camera device and its components consists of
several loosely-coupled software and data modules.

Detector geometry and material properties are described in several GDML files.
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The contained descriptions of materials and geometries are based on direct mea-
surements, manufacturer specifications, or for materials where such data is un-
available on the standard G4 NIST materials database [6]. Additional optical
properties for common materials are sourced from [7] and [8].

Physics processes are described by a custom physics list package, which in-
cludes the EM processes of interest (Compton scattering, photo effect and pair
production), optical photon simulation libraries for scintillation and transport,
and optionally, for when noted, radioactive decay process.

Primary event sources are defined using the built-in general particle source mod-
ule.

Data on the processes within the detector are collected by specialized modules
attached, to particular geometry object via a GDML extension, and is extracted
and stored at the end of every event. The simulation operates in two modes,
partial simulation (no optical photon processes), used for faster but less precise
assessments where applicable, and full simulation, including all relevant optical
photon properties, which provides output signals equivalent to a real detector.

5.2 Validation of simulation correctness

To evaluate the correctness of simulations, complete digital analogs of several
scintillator crystals available for experimental measurement is constructed in
GDML (one example is shown in Figure 3), and several spectra with standard
sources are measured and compared to simulations with identical activities and
particle beams composition.

Figure 3. Exploded view of the l = 2.54 cm, φ = 2.54 cm LaBr3 model of the scintillator
used for verification measurements. The aluminum canister, scintillator body and the
glass exit aperture of the scintillator are shown.
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Figure 4. Experimental and simulated spectra for 152Eu obtained using the scintilla-
tor/model described in Figure 3. Experimental measurements were made with an uncol-
limated source.

Typical results are showin in Figure 4. Relative efficiencies and energy resolu-
tion of the generated optical photons were measured for the real and the virtual
devices and compared. The spectra for one of the simulations exhibit a very
close match to the experimental measurements.

For all peaks, the estimated and measured (from FWHM) spectra resolutions
are summarized in Table 1. They are in agreement with each other over the full
range of energies of interest, and only slightly wider than the specification val-
ues provided by the scintillator manufacturer. Inconsistencies are attributable to
slight differences in geometry of the reflection surfaces and source positioning,
with a detailed analysis forthcoming in [9].

Adjusting the simulation geometry to closely reflect the experimental setup,

Table 1. Selected spectral line resolutions of simulation and experiment, LaBr3 scintilla-
tor

Energy Experimental Simulation
[keV] [%] [%]

122 5.0 6.4
244 4.2 5.6
344 3.7 4.7
778 2.4 3.0

1408 3.0 4.0
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Figure 5. Qualitative assessment of the PMT aperture distortions in a specturm obtained
from a 10 mm CeBr3 scintillator. All distortions and artifacts reported in [2] are present
in the simulation and can be attributed to the poor aperture fit between the scintillator and
the PMT. PMT-LS spectrum is obtained from a counter with a fitting aperture. PMT-SC is
simulated by counter with an aperture that does not match the scintillator’s exit aperture
or shape. Effects and errors introduced by the readout electronics are not simulated.

certain distortions, observed and reported earlier in [2] were identified and at-
tributed to geometry and setup effects. In particular, the “kinks” in the measured
spectra and the unexpected widening and asymmetries of the absorption peaks,
observed in earlier research are an effect of the geometry of the photomultiplier
tube as shown in Figure 5, possibly enhanced by the large amplification used
during measurement.

Further quantitative assessments of the validity of the simulations is performed
in [9]. On the basis of the currently available results, the simulation appears
to produce valid estimates for the energy ranges and materials of interest and
can be used to evaluate detector designs with confidence to estimate the upper
efficiency limits of the proposed detector.

5.3 Study of effectiveness of a basic Compton camera model

To perform a preliminary estimate of the effectivenes of the proposed device,
the model of the simplified setup in Figure 1 is used. Two monolythic crystals
sized 51×51 mm2 are positioned at a distance of 150 mm apart coaxially are
irradiated with a uniformly distributed monoenergetic beam of photons, and the
ratio of photons that exhibit single scattering in the first, and full absorbtion in
the second is recorded.

This simulation is performed for a number of scatterer thicknesses and gamma
energies, while the absorber is assumed to be of “infinite” thickness, sufficient
to absorb all incidend photons.
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Figure 6. Efficiency of a small camera, consisting of a thick absorber and scatterer of
varying thickness placed at 0.15 m apart for several energies in the range of interest.

This is an inefficient geometry, as large part of the scattered photons will escape
the absorber. It was chosen as a first simulation experiment because it fits the
limitations of the deployment platform and also the scintillators that will be used
for experimental testing and for building a prototype device.

A summary of a number of simulation runs for a two crystal system correspond-
ing to the experimental setup for various scatterer thicknesses is shown in Fig-
ure 6. The average peak efficiency of this setup is between 2 and 3 percent for
most energies of interest, and it is sufficient for producing a signal that can be
processed reliably.

5.4 Challenges and future development

The results of the simulation suggest that the detector concept is feasible. They
also help to identify several areas where work is required to deliver acceptable
performance.
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The first group of problems are optimizations of the geometry of the scatterer and
the absorber for maximum efficiency and temporal and positional resolution.

The reviewed two geometries – with a large absorber of infinite depth and with
two crystals of the same size and varying thickness are either not possible, or not
optimal, so further refinement is a requirement for improved efficiency.

Multiple reflections of optical within the scintillator significantly lower the po-
sitional and temporal resolution of the scintillation pulses. A naive solution is
to use a scintillator crystal sandwiched between two positional detectors, either
suppressing reflections, or accepting the resolution impairment they bring, how-
ever a more effective solution may be optical enclosure that applies transforms
to the reflected photons so that the positional or temporal resolution is not im-
pacted.

The proposed instrument is space-based, therefore an adequate veto system to
discriminate events unrelated to the observed gamma ray source is essential.
The adequacy of the suppression based on the characteristics of the Compton
scattering is to be quantified and improved on as necessary.

Additionally, the setup under investigation poses serious challenges for the read-
out and analysis electronics, which has to be able to discriminate events of inter-
est from the very noisy environment and from potential pile-ups.

6 Conclusions

A simple model of a Compton scattering imaging gamma ray telescope, built
from monolithic crystals is proposed, and a Monte Carlo model is developed
and validated to evaluate its feasibility. An estimation of the camera theoretical
maximum efficiency is performed.

The investigation indicates that the telescope design shows promise, provided
that the issues identified from the simulations are resolved in an adequate man-
ner.
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