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A B S T R A C T

Compton 𝛾-ray sources have been in operation for over 30 years with new facilities being under construction or
proposed. The gamma beam system under implementation at the Extreme Light Infrastructure - Nuclear Physics
facility in Romania will deliver brilliant 𝛾-ray beams with energies up to 19.5 MeV. Several instruments for
measuring the parameters of the 𝛾-ray beam are under development at ELI-NP. One of these instruments based
on a High Purity Germanium detector is routinely used for beam energy measurements at other facilities. Here
we investigate the use of a High Purity Germanium detector to continuously monitor the intensity of the ELI-NP
gamma beam by measuring the inelastic scattering of photons. This method relies on both experimental and
simulated data and it has been successfully tested during a recent experiment at the High Intensity 𝛾-ray Source
facility.

1. Introduction

Compton 𝛾-ray beams have been used for nuclear physics experi-
ments since the early 1980’s at the LADON facility at INFN National
Laboratory of Frascati [1]. Several 𝛾-ray source facilities were brought
into operation over the last 30 years. The High Intensity 𝛾-ray Source
(HI𝛾S) in operation since the late 1990’s at Duke University [2] is an
intense, quasi-monochromatic, highly polarized 𝛾-ray source dedicated
to low and medium energy nuclear physics research.

A new Compton 𝛾-ray source, under implementation at the Extreme
Light Infrastructure - Nuclear Physics (ELI-NP) facility in Romania, will
deliver quasi-monochromatic 𝛾-ray beams with energies up to 19.5 MeV
and exceptional parameters: small bandwidth (≤0.5%), high spectral
density (≥104 photons/s/eV), and high degree of linear polarization
(≥99%).

Measuring the spatial, spectral and temporal characteristics of 𝛾-ray
beams has been a longstanding problem since the early development
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of the 𝛾-ray beam facilities. Precise and accurate measurements of the
𝛾-ray beam properties at ELI-NP are required not only to ensure delivery
of the 𝛾-ray beam within the design parameters but also to facilitate the
scientific program [3–6]. Several 𝛾-ray beam monitoring instruments [7]
are proposed at ELI-NP in combination with the experimental stations.
The spatial parameters will be monitored using a scintillator coupled
with a CCD system. The intensity and polarization parameters will be
measured using the 𝑑(𝛾, 𝑝)𝑛 reaction and two sets of neutron detectors
depending on the energy of the 𝛾-ray beam [8]. Additional diagnostics
instruments are under construction for measuring the time structure,
intensity, and polarization of the beam using other methods [7].

One instrument proposed for measuring the beam intensity and
energy parameters is based on a large volume High Purity Germa-
nium (HPGe) detector with an anti-Compton shield. In this paper, we
investigate the use of Compton scattering for continuously measuring
the intensity and energy of the 𝛾-ray beam at ELI-NP based on test
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experiments at HI𝛾S. The organization of this paper is as follow: In
Section 2 we review general concepts in Compton scattering and define
the method for intensity calculations. The experimental setup used for
testing this method between 4.5 and 10 MeV at HI𝛾S is described in
detail. In Section 3 we discuss the results of the beam energy and
relative intensity measurements at HI𝛾S. Finally in Section 4, we present
the development of an instrument based on an HPGe detector for
continuously monitoring the 𝛾-ray beam intensity at ELI-NP up to a
photon energy of 20 MeV. The HPGe detector was characterized using
accelerator-based high-energy photons and extensively simulated in
geant4.

2. Method description

2.1. Compton scattering method

The differential cross section for Compton scattering can be calcu-
lated using the well-known Klein–Nishina expression [9]:

𝑑𝜎
𝑑𝛺

= 𝑟2𝑒

[

1
1 + 𝛼(1 − cos 𝜃)

]2
(1)

×
(

cos2 𝜃 +
𝛼2(1 − cos 𝜃)2

2[1 + 𝛼(1 − cos 𝜃)]

)

,

where: 𝑟𝑒 is the classical electron radius, 𝛼 = ℏ𝜔∕𝑚𝑒𝑐2, and 𝜃 is the
scattering angle. If the geometrical characteristics of the setup and the
parameters of the scatterer are known, Eq. (1) can be used to calculate
the incident intensity from the number of scattered photons. Hence, the
inelastic scattering of photons can be used to conduct online 𝛾-ray beam
intensity measurements. This method requires the placement of an in-
beam scattering target from which the incident photons will scatter into
a detector placed at a predefined angle with respect to the beam axis.
The complexity of a typical experimental setup makes the direct use of
Klein–Nishina rather difficult. However, general particle transport codes
such as geant4 [10] or mcnp [11] are suitable for this type of analysis.

Several factors will determine the accuracy of the Compton scat-
tering based intensity measurement. The differential cross-section of
Compton scattering shows a strong 𝜔 and 𝜃 variation making the
measurement sensitive to the photon energy and setup geometry. Hence,
a precise measurement of the detector’s position with respect to the
beam axis is required in order to minimize the associated errors. Another
important parameter that will influence the accuracy of this method is
the precision with which the detection efficiency is known. Low-energy
detection efficiency can be routinely obtained using standard calibration
sources; however, for high energy, photons from (p, 𝛾) or (n, 𝛾) reactions
are needed in order to determine the detector efficiency. If simulations
are part of the analysis, additional uncertainties associated with Monte
Carlo methods will contribute to the total uncertainty.

2.2. Experimental setup

The experimental instruments were positioned in the Upstream
Target Room (UTR) at HI𝛾S as illustrated in Fig. 1. The 𝛾-ray beam was
collimated to 12 mm diameter in a collimating assembly located in an
upstream room and then entered the experimental room.

The 𝛾-ray beam first interacted with a thin LiF target (300-600 μg/cm2

LiF evaporated on 1.3 μm mylar backing) placed inside a vacuum cham-
ber. The LiF target was surrounded by silicon detectors for detecting
charged particles from the photodisintegration of 7Li [12,13]. Two gold
foils, mounted on the exit flange of the vacuum chamber, were irradiated
at 9 and 10 MeV. The beam exited the vacuum chamber and passed
through a 1-mm thick copper plate and a 4.5-cm long, 3.7-cm diameter
heavy water cell. A scintillator and a CCD camera assembly [14] located
in the back of the UTR were used for finer target alignment and spatial
characterization of the beam.

A 120% relative efficiency co-axial High Purity Germanium (HPGe)
detector [15] was used to make measurements of the beam energy,

energy spread, and intensity. The HPGe was mounted at the back of the
UTR on a table which could be moved to several predefined positions.
The motorized system could move the detector directly in the path of
the 𝛾-ray beam (the 0◦ position) or at an angle outside the path of the
beam as shown in Fig. 1. Although the head of the HPGe detector was
placed inside the anti-Compton shield, the anti-coincidence setup was
not operational for this experiment. A copper collimator (11.43-cm long,
5.08-cm outside radius, and 0.953-cm hole radius) was positioned in
front of the HPGe detector to better define the scattering angle and
reduce the background rate. The HPGe energy signals were amplified
and then sent to a Canberra Multiport II multichannel analyzer. The
spectra were recorded using the GENIE 2000 software package.

2.3. geant4 simulations

A typical geant4 simulation requires at least three components:
the physical processes, the geometrical description of the experimen-
tal setup and the particle source. For the current simulation, the
physics was implemented using the Penelope low-energy electromag-
netic model [16], which contains the physical processes required for
photons, electrons, and positrons based interactions. The simulated
geometrical setup was based on precise physical measurements or
estimates for the cases where measurements were not possible.

A schematic representation of the experimental setup is presented
in Fig. 1. In order to obtain a valid model that accurately reproduces
the response of the experimental detector, a detailed geometrical rep-
resentation of the detector was constructed. The HPGe detector repro-
duction was based on the detector’s technical drawings provided by
the manufacturer. Slight adjustments were made in order to reproduce
with good accuracy the response of the detector to standard calibration
sources. Standard materials and compositions were used for the setup
reconstruction. One of the important parameters of the experimental
setup that could not be precisely inferred from the experiment was
the position of the beam spot on the face of the detector. The change
in the beam position with respect to the center of the detector has a
considerable effect in the peak to Compton ratio, especially for high
energy photons. The best reproduction of the experimental data is
obtained when the beam hits the face of the detector 2.7 cm from the
center of the detector, position that yields good agreement for all the
energy cases available for this analysis. The third requirement for the
simulation is the particle source. The spatial characteristics of the beam
were inferred from images captured using a CCD camera. A probability
density function was extracted from the beam spot image and was used
to sample the individual positions of the photons at runtime.

These simulations were performed using the geant4 release 10.2.2.

3. Results and discussions

3.1. Gamma beam energy measurement

The energy parameters of the beam were determined for several dis-
crete energies in the 4.5 to 10 MeV range using in-beam measurements,
i.e. the HPGe detector was positioned at 0◦ with respect to the beam
axis. In order to avoid radiation damage to the detector, the beam was
attenuated before reaching the detector [17]. The count rate for the
HPGe was kept in the 2–4 kHz range within a run time of about 5 min.

A two-step procedure was applied in order to obtain the 𝛾-ray
beam parameters. In the first step, a normal distribution fit of the full
absorption peak was performed in order to determine an initial value
for the energy parameters, i.e. full width half maximum (FWHM) and
centroid. The fitting procedure can be straightforward for low-energy
photons but can get complicated for high-energy photons where the full
energy deposition peak is not so easily distinguished from the Compton
background. In the second step of the procedure, we simulated the
detector’s response to a beam with the energy parameters obtained from
the fit. Slight adjustments were made to the beam parameters in order
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Fig. 1. The layout of the experimental arrangement in the Upstream Target Room (drawing not to scale). The vacuum chamber housed a LiF target and a silicon detector array for
detecting charged particles from the photodisintegration of 7Li. The other items in the setup were used for the characterization of the 𝛾-ray beam.

Fig. 2. In-beam energy measurement spectra for 4.5 MeV photons. The simulated data
(blue) is superposed on the experimental data (red). The energy distribution of the beam
(green) is added for comparison.

Fig. 3. In-beam energy measurement spectra for 9.9 MeV photons. The simulated data
(blue) is superposed on the experimental data (red). The energy distribution of the beam
(green) is added for comparison.

to obtain the best agreement between simulations and experiment. The
level of agreement was quantified using the 𝜒2 metric. Figs. 2 and 3
show the results of the analysis for a photon energy of 4.5 MeV and
9.9 MeV, respectively.

The results of the analysis procedure for the 4.5–10 MeV range
are presented in Fig. 4. The plot shows a linear dependence between

Fig. 4. The calculated versus expected incident photon energy for the 4.5 to 10 MeV
range. The FWHM is shown as uncertainty for the calculated data. The dotted line
(red) represents a guideline for equal values of calculated and expected incident photon
energies.

the calculated and the expected energies given by the accelerator
parameters. Good agreement is observed for all but one point, for a
photon energy of 8 MeV, which shows a disagreement of about 3%.
The values for the FHWM follow a linear dependence with respect to
energy, between 3% at lower energies and 4% at the higher end of the
energy range.

3.2. Intensity measurement using Compton scattering

In order to determine the intensity of the 𝛾-ray beam the HPGe
was moved out of the beam path and the attenuator was removed.
A collimator was added in front of the detector in order to limit
the angular range of the scattered photons. The simulated spectra for
the Compton scattering configuration were obtained using the energy
parameters calculated in Section 3.1. Small adjustments have been made
to geometrical parameters, scattering angle and the position of the
collimator with respect to the detector’s face, in order to obtain the
best agreement between experimental and simulated spectra. The best
reproduction of the experimental data is obtained when the detector is
placed at an angle of about 9.1◦, which differs by about 9% from the
measured value. The comparison between experimental and simulated
spectra for photons of 4.5 MeV is presented in Fig. 5.
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Fig. 5. The energy spectrum of Compton scattered 4.5 MeV photons. The simulated data
(blue) is superposed on the experimental data (red). The energy distribution of the beam
(green) is added for comparison.

Fig. 6. Beam intensity results for the 4.5 to 10 MeV range using Compton scattering and
the paddle detector. Absolute values were obtained by using 197Au activation.

Once a good agreement is obtained between the simulated and
experimental spectra, the intensity of the beam can be calculated using
the number of photons that were required to generate the simulated
spectrum and the acquisition time of the measurement. The results
of such analysis are presented in Fig. 6 together with beam intensity
values obtained from a paddle detector [18] situated upstream from the
experimental setup. The two intensity curves, obtained with the paddle
detector and using the Compton scattering, were matched at 10 MeV as
this results in excellent agreement with the calculated intensity by the
HI𝛾S operating parameters [19].

The intensity curves in Fig. 6 were scaled to an absolute mea-
surement using 197Au activation values at 9 MeV [20]. There is good
agreement between the beam intensity values obtained using Compton
scattering and the paddle detector except at 9 and 9.57 MeV. The two
runs at 9 and 9.57 MeV have indeed the highest dead times in the HPGe
detector. Although the dead time was considered in the analysis, further
investigation of the 120% HPGe under high rates should be performed
in the future.

4. Proposed instrument at ELI-NP

The proposed setup for the intensity and energy measurements at
ELI-NP is presented in Fig. 7. The setup is composed of a detection
assembly which contains a 150% relative efficiency HPGe coupled
with a NaI(Tl) anti-Compton shield, a positioning system that allows
rotation and translation with respect to the scattering target and a
support structure for the ensemble. The rotating system will allow
the positioning of the detection assembly on a 0◦ to 15◦ scale, with
a precision better than 0.01◦. The anti-Compton shield has a single
NaI(Tl) annular crystal configuration (110 mm inner diameter, 234 mm
outer diameter, and 250 mm length) coupled to six, 51 mm diameter,
photomultiplier tubes.

Fig. 7. Proposed setup for energy and intensity measurements at ELI-NP.

Fig. 8. Absolute efficiency of a 150% HPGe detector. The red and black markers represent
the experimental and the simulated data for the 1–12 MeV range.

In order to characterize and optimize the proposed instrument for
energy and intensity measurements, an accurate reproduction of the
setup was constructed using the geant4 simulation toolkit. Details about
the HPGe detector modeling and the low energy efficiency measure-
ments are presented in the previous work [21]. Given the wide energy
range intended for this setup, measurements of the detection efficiency
at higher energies were required. In order to extend the efficiency
measurements up to 11.6 MeV proton-capture reactions on 23Na and
27Al and standard calibration sources, 60Co, 56Co, and 152Eu were
used. The analysis of the experimental data is made using the two-line
method [22], which is based on the excitation of a gamma cascade which
includes a high and low-energy 𝛾-ray pair with a known branching
ratio. By knowing the efficiency of the low energy gamma-ray, from
standard calibration sources, one can determine the detection efficiency
for the high energy photon. The measurements were performed using
proton beams from the 3 MV Tandem accelerator of IFIN-HH [23].
Fig. 8 presents the measured efficiency of the 150 % HPGe together with
the simulated efficiency. A maximum relative difference of 14% was
observed between the experimental and simulated data at the lowest
energies. This difference was attributed to poor characterization of the
complex geometry in which the measurement of the detection efficiency
with standard source was carried out.

One of the main differences between the ELI-NP proposed setup
and the one tested at HI𝛾S is the improved peak-to-total ratio (P/T).
This improvement can be attributed to the larger detector size, a 150%
relative efficiency detector compared with the 120 % relative efficiency
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Table 1
Time and rate estimates for energy and intensity measurements with the proposed setup at ELI-NP. The estimates are calculated for a 3% statistical uncertainty in the final results.

Energy (MeV) 1 2 4 6 8 10 12 14 16 18 20
Energy measurement time (s) 43 49 65 79 95 113 136 165 199 253 303
Intrinsic efficiency (%) 23.5 20.5 15.5 12.7 10.5 8.9 7.3 6.1 5.0 4.0 3.3
Scattering rate (Hz) 18.2 35.7 36.6 42.0 43.2 49.0 59.2 66.6 77.1 94.2 100.0

Fig. 9. Simulated in-beam spectra for an incident beam of 20 MeV. The blue line shows
the results obtained using a simple germanium detector; the red line shows the results
obtained for a Compton suppressed germanium detector.

Fig. 10. P/T values obtained from simulated data using the proposed ELI-NP setup. The
figure shows the results obtained for multiple positions of the beam with respect to the
center of the detector.

from HI𝛾S setup, and the addition of a Compton suppressor. The veto
signal generated by the anti-Compton shield for the cases where only
partial energy deposition is registered by the HPGe detector will be used
to reject unwanted events from the measured spectrum. The enhanced
P/T will enable the use of the setup for the whole energy range of the
𝛾-ray beam. An example of a simulated in-beam spectrum obtained for
a photon energy of 20 MeV is shown in Fig. 9. Significant improvement
can be observed with respect to the 10 MeV spectrum presented in Fig. 3
where the full energy deposition peak is hardly noticeable from the
Compton background, improvements that can be mostly assigned to the
addition of the Compton suppressor.

To maximize P/T values one has to take into consideration the
position of the beam with respect to the face of the detector. The well
type shaped germanium crystal will exhibit lower intrinsic efficiency for
a limited size beam incident in the center of the detector. P/T values for
different positions on the face of the detector are presented in Fig. 10.
Optimal values for the P/T ratio can be obtained when the 𝛾-ray beam
hits the detector 1–1.5 cm from the center of the detector.

One of the parameters of interest for evaluating the setup is the
amount of time required to obtain the characteristics of the beam. The
primary constraint for the required acquisition time is imposed by the
time structure of the ELI-NP gamma beam system [7]. The 100 Hz
repetition rate of the macro-bunch structure will limit the germanium
measuring rate to the macro-bunch frequency in order to avoid signal
pile-up.

In the case of 𝛾-ray beam energy measurements, the rate on the
detector can be adjusted to reach the maximum allowed rate by the
amount of attenuation that is applied to the incident beam, making
this way the intrinsic detection efficiency solely responsible for the
required acquisition time. Estimates of the measuring time needed, if a
3% statistical uncertainty for the full energy deposition peak is targeted,
are presented in Table 1.

For the intensity measurement case, the rate of 𝛾-rays at the detector
is determined by multiple factors e.g., the energy and intensity of the
beam, geometrical factors, and other setup parameters. In order to
guarantee the agreement between simulation and measurement, the
configuration of the setup shall be kept fixed. With this setting, the
maximum 𝛾-ray rate on the detector will be determined by the energy
and intensity of the beam with a maximum rate constrained by the setup
characteristics. Rate estimates relative to the maximum allowed rate of
100 Hz, for the entire energy range, are presented in Table 1.

5. Conclusions

This work investigates the possibility to measure 𝛾-ray beam en-
ergy and intensity parameters using an HPGe detector. The presented
methods make use of direct analysis of measured experimental spectra
and simulations in order to obtain the beam parameters. The results for
the 𝛾-ray beam energy analysis procedure show that the experimental
spectrum can be accurately reproduced by geant4 simulation and the
beam parameters can be extracted under the assumption of a known
energy distribution.

Despite the efforts made to describe the intensity measurement
setup the simulated results lacked the accuracy obtained for the energy
measurement, pointing to errors associated with the reproduction of the
experimental setup. Regardless, the results obtained from the intensity
analysis showed some degree of agreement with the results obtained
from other methods. This method could yield a better description of
the intensity of the 𝛾-ray beam at ELI-NP by using a well characterized
experimental setup.
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