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Abstract: Gamma-ray spectroscopy is an effective technique for radioactive material characteriza-
tion, routine inventory verification, nuclear safeguards, health physics, and source search scenarios.
Gamma-ray spectrometers typically cannot be operated in the immediate vicinity of nuclear reactors
due to their high flux fields and their resulting inability to resolve individual pulses. Low-power
reactor facilities offer the possibility to study reactor gamma-ray fields, a domain of experiments
hitherto poorly explored. In this work, we present gamma-ray spectroscopy experiments performed
with various detectors in two reactors: The EPFL zero-power research reactor CROCUS, and the
neutron beam facility at the Ohio State University Research Reactor (OSURR). We employed inor-
ganic scintillators (CeBrs), organic scintillators (trans-stilbene and organic glass), and high-purity
germanium semiconductors (HPGe) to cover a range of typical—and new—instruments used in
gamma-ray spectroscopy. The aim of this study is to provide a guideline for reactor users regarding
detector performance, observed responses, and therefore available information in the reactor photon
fields up to 2MeV. The results indicate several future prospects, such as the online (at criticality)
monitoring of fission products (like Xe, I, and La), dual-particle sensitive experiments, and code
validation opportunities.

Keywords: gamma-ray spectroscopy; research reactors; fission products; CeBrs; high-purity germanium;
stilbene; organic glass

1. Introduction

Gamma rays arising from either nuclear reactions or decay processes can signifi-
cantly influence the heating [1], dose rates [2,3], and radiation-induced aging of reactor
components [4]. Understanding gamma-ray characteristics in and around nuclear reactors
is therefore essential to their design and operation.

Historically, in-core gamma-ray experiments have relied on flux measurements through
devices like thermoluminescent dosimeters (TLDs) [5], ionization chambers [6], or spec-
trometers placed in regions with a low radiation flux. This is due to reactors” high-flux
environments that, even when using high-speed electronics, lead to a significant pulse
pile-up and the consequential loss of spectroscopic information [7]. For instance, previous
measurements with Nal(Tl) scintillators near the Kyoto University Reactor (KUR) lacked
the spectral resolution to identify specific radioisotopes [8]. Low-power research reactors,
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however, offer the potential to mitigate flux levels (and consequently, pile-up effects) to a
degree conducive to precise, scintillation-based measurements.

Previous experiments include the online gamma-ray spectroscopy of the heat ex-
changer and the off-gas line of the molten salt reactor experiment (MSRE) [9]. The authors
noted that the spectra could only be obtained after shutdown, as the dose rates at power
were too high and led to unusable signals. Follow-up studies using simulations [10] have
investigated the safeguard-related information that could be gained from such spectra.
Other experiments have focused on irradiated fuel elements that were extracted from a
reactor core, e.g., pressurized water reactor (PWR) spent fuel after 4 years of cooling [11], to
investigate the long-lived fission products. A recent study used gamma-ray spectroscopy
to measure the samples of 23U and ?*Pu that were pneumatically transported into the
high-flux isotope reactor (HFIR) core for the irradiation of 30 s and then ejected for a
high-purity germanium (HPGe) measurement after a 20 s delay [12]. The authors used the
spectra to estimate the fission yields in 23U and 2*’Pu to correct anti-neutrino spectrum
predictions, an avenue of research for fundamental neutrino research but also for neutrino-
based safeguards detector systems [13]. Another application of gamma spectroscopy is
prompt-gamma activation analysis (PGAA) [14,15], usually conducted in nuclear reactor
beam facilities or at pulsed neutron sources. For instance, in recent work [16], HPGe
was used to non-destructively analyze stainless steel wire samples irradiated at the ISIS
spallation source and at the Budapest Neutron Centre reactor. There is therefore interest in
the generation of similar data for various applications, and we intend to fill the literature
gap of direct reactor photon field measurements with new experiments.

Spectroscopic information from reactor core gamma rays provides information for
several other important applications, including the estimation of radiation doses [17],
spectral properties [18], and the validation of neutron transport codes [19-21] that offer
combined neutron/photon transport. Fission product quantification, especially short-lived
isotopes, is relevant for emergency preparedness and modeling accident scenarios [22].
Emerging reactor designs, including small modular reactors (SMRs) [23,24] and generation
IV reactors [25], demand validated and novel modeling approaches, and refined gamma-
ray spectroscopy experiments can help inform and validate these simulated models. This
is mostly seen in the demand for benchmark-quality experiments to support international
initiatives like the International Reactor Physics Experiments Handbook (IRPhE) [26] or
the Shielding Benchmark Experiment Archive and Database (SINBAD) [27]. Finally, recent
developments in detector technology, like CsPbBr3 [28] and CdZnTe (CZT) [29], may offer
lower-cost tools to measure with similar energy resolution as HpGe detectors. A new wave
of high-resolution gamma-ray measurements can therefore benefit from a priori knowledge
of what information the photon fields in reactors contain.

This paper presents a comparative analysis of gamma-ray spectra acquired from
organic, inorganic, and semiconductor detectors measured in two low-power research
reactors: CROCUS and the Ohio State University Research Reactor (OSURR). To identify
fission products, we utilize CeBrs and HPGe detectors. Trans-stilbene organic scintillators
are also employed to evaluate the performance of organic and dual-particle sensitive de-
tectors [30]. Lastly, we incorporate an organic glass (OGS) scintillator as a comparative
benchmark against trans-stilbene and experimental validation of this novel detector’s prop-
erties [31]. Our objective is to demonstrate that spectroscopy can be effectively performed
using a variety of detectors, identify a variety of fission products, and potentially facilitate
advancements in some or all of the other aforementioned applications. In Section 2, we
detail the experimental background and setup for each experiment in CROCUS [32] and
the OSURR [33], as well as the methods used to analyze each detector type. In Section 3,
we present spectra recorded from the various detector types in each reactor. In Section 4,
we discuss the implications of these results and planned future works.
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2. Materials and Methods
2.1. The CROCUS Reactor

The International Reactor Physics Experiments Handbook (IRPhE) provides a detailed
description of the core geometry [34]. The CROCUS reactor, operated by the Laboratory for
Reactor Physics and Systems Behaviour (LRS) at the Swiss Federal Institute of Technology
Lausanne (EPFL), is a two-zone, uranium-fueled, demineralized light-water-moderated
critical assembly. It operates with a maximum power of 100 W (thermal). The core is approx-
imately cylindrical, measuring about 58 cm in diameter and 100 cm in height. The reactor
core of CROCUS consists of two types of fuel rods, as illustrated in Figures 1 and 2. The
central zone contains 336 UO, fuel rods (1.8 wt.% enriched, 12.6 mm diameter), arranged in
a square lattice with a pitch of 1.8 cm. The peripheral zone is loaded with up to 176 U,
fuel rods (0.9 wt.% enriched, 17 mm diameter), arranged in a square lattice with a pitch
of 2.9 cm. All fuel rods are clad with aluminum and held vertically in place by the upper-
and lower-grid plates, spaced 100 cm apart. The core is housed in an aluminum water
tank with a diameter of 130 cm and a thickness of 1.2 cm. Reactivity is primarily controlled
by adjusting the water level with a spillway, with an accuracy of 0.1 mm (equivalent to
0.4 pcm).

1 ° UO, fuel rods
0 U, fuel rods

Spillway

Valve

Figure 1. Schematic of the reactor internals of CROCUS.

e CIC
e FC
o CeBr

(a) (b)

Figure 2. The (a) centerline vertical cut through the CROCUS reactor CAD model, showing the
reactor internals and a water level corresponding to an operational state; and (b) horizontal slice of

the CROCUS reactor vessel at mid-core height. The CeBr; detector was set into the vacant control
rod tube. The operational power monitors are fission chambers (FCs) and compensated ionization
chambers (CICs).
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2.2. The OSURR

The Ohio State University Research Reactor (OSURR) is a pool-type light-water reactor
(LWR) licensed at 500 kW thermal power. The fast neutron beam port is shown in Figure 3
with approximately 1.6 mm between the reactor core wall and collimator entrance for
minimal neutron moderation. There is a 106.7 cm long inner collimator which features a
10.5 cm thick solid bismuth shielding block to attenuate reactor gamma rays. A rotating
gamma shutter with a diamteter of 38.1 cm filled with lead shot is used to open and close
the beam—the lead shot provides approximately 20 cm of shielding in closed position.
Following the rotating gamma shutter is a 40.6 cm outer collimator. The total collimation
length is 185.4 cm. The collimator has various materials including borated cement, lead,
graphite, and aluminum, each with 3.2 cm diameter apertures defining the beam size.
The exceptions to this is the 12.7 cm graphite at a beam entrance with a 3.8 cm diameter
aperture and the solid bismuth block. The experimental setup for the OSURR experiments
is shown in Figure 4. To ensure minimal external light interference, the detectors were
securely housed within light-tight containers and set on a modification of a mobile imaging
instrument to access the beam exit [35].

12.7 em 106.68 cm Long
p Thick [Inner Collimator|

\Graphite|
¢
L L
Rabbit Facility - PR 7;”77%;71”7 e
~,, " Fast Neutron "
. [ Beam 10.48 em - - - .
- Thick Solid
Thermal Neutron Reactor Q0 ath All collimation materials have 40.64 cm
Pool 1S M N Long Outer
Beam 3.175 cm diameter apertures Collimat
besides bismuth block olimator

Figure 3. (A) Top-down view of OSURR from Pool Top with various irradiation facilities labeled. The
fast neutron beam was used in this work; and (B) Centerline vertical cut through of the fast neutron

beam collimator CAD model.
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Figure 4. Experimental setup at the OSURR: (a) General scheme of the detection setup; (b) Picture of
the experimental setup with a view of the open imaging station with a closed fast neutron beam port;
and (c) Picture of the placement of the 2 in stilbene detector in front of the (closed) beam port.

The reactor was operated at a power level of 10 W for the larger organic scintillators
(1in OGS and 2 in stilbene, see Section 2.3), as higher powers led to a significant pile-up and
unusable pulse shape discrimination (see Section 3.3 on PSD). Conversely, for the smaller
organic scintillator cubes, we operated at a higher power level of 1000 W while retaining
similar pile-up rates to the larger-detector and lower-power experiments. This is consistent
with the ratio of the detector volumes, approximately 200.
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Integrated epi-thermal to fast neutron flux (E, > 0.5eV) at beam exit was experimen-
tally determined to be 1.5 x 107 necm2s~! with a median of 1.6 MeV at 450 kW using
multi-foil activation [36] and using spectrum analysis by neutron detectors (SAND) [37]
and STAYSL [38] codes for deconvolution. Due to the low neutron activation rate of the foils
at low power, the multi-foil activation method is inadequate to measure the fast neutron
flux at low power. To confirm the expected linear relationship of flux with power, an
imaging experiment was performed using thermal neutron imaging gray values. A LiF:ZnS
NDg thermal neutron scintillator and electron-multiplying charge-coupled-device (CCD)
camera collected images at various power levels. Using average gray values over multiple
images, the linear relationship between the neutron flux at the beam exit and indicated
reactor power was confirmed. The extrapolated neutron flux at 10 W from the integrated
epi-thermal flux was 3.3 x 102 nem—2s71 (£0.3 x 102 ncm—2 s’l) and at 1000 W, the ex-
trapolated neutron flux was 3.3 x 10* ncm 257! (0.3 x 10* ncm2s7!). Gamma-ray
dose rate was experimentally determined using a Canberra UltraRadiac model MRAD-113
detector. The measured gamma-ray dose rate at 10 W was 1.2 mRhr ! (+0.1 mRhr~!) and
at 1000 W was 51.5 mRhr~! (5 mRhr~!). It is worth noting that the gamma-ray dose rate
at low power is greatly affected by the reactor operation history.

2.3. Overview of Detectors
2.3.1. Inorganic Scintillator: Cerium Bromide (CeBr3)

CeBr; detectors were used both in the OSURR and CROCUS. CeBr; was chosen
for its resilience against temperature-induced degradation, vibrations, fast pulse decay,
and arbitrary crystal sizes, rendering them ideal candidates for reactor spectroscopy [39].
CeBrj3 also provides a higher energy resolution (around 4% at 662 keV [40]) to distinguish
photopeaks and other spectral features, compared to the more commonly used Nal(T1)
scintillator [8] (around 6% at 662 keV [41]).

In CROCUES, the detector used was a cylindrical crystal of 16 mm in diameter and
51 mm tall. A Hamamatsu, Bridgewater NJ, USA, Type R12421 photomultiplier tube (PMT)
was used for light collection. The CeBr; was set into the northwest control rod tube (see
Figures 1 and 2), and a high voltage (HV) of —610V was applied to the PMT via Ortec 556
HV units. For the OSURR experiments, a larger 1-inch (25.4 mm) height and 1-inch diameter
cylindrical crystal was used and coupled to a Hamamatsu H3178-51 PMT, HV of —600 V
provided by a CAEN, Viareggio, Italy, DT1470ET unit. Experimental data in both reactors
were obtained using a CAEN DT5730 waveform digitizer with a 500 MHz sample rate.
The digitizer was connected to a computer running CoMPASS (CAEN Multi-Parameter
Spectroscopy Software) version 2.2.1 for data acquisition and analysis [42].

2.3.2. Semi-Conductor: High-Purity Germanium (HPGe)

An HPGe detector was used as the gamma spectroscopy reference, as HPGe has a
considerably superior energy resolution [43,44], making it the best available detector for
isotope identification and other spectral analysis. A drawback is that HPGe detectors are
sensitive to neutron damage, unlike the other detectors used in this study. For instance, the
full width at half-maximum (FWHM) of the measured energy peaks increases by 30% at a
fluence above 2 x 10% ncm™2 [45]. To minimize the neutron flux, the HPGe detector was
placed in front of the experimental channel of CROCUS (see Figure 5), about 3.3 m from the
core center. The channel is a cylindrical hole parallel to the ground at mid-core height on
the west side of the concrete shield.

We utilized an ORTEC, Oak ridge TN, USA coaxial high-purity germanium (HPGe)
model GEM-15180-P in PopTop configuration. The crystal has a length of 57.2 mm, a diam-
eter of 50 mm, and we used a operational voltage of 3.6 kV. The detector was connected to a
Canberra/Mirion Technologies, Ruesselsheim, Germany, DSA 1000 for high-voltage supply,
signal amplification, and digitization that is then read out via USB and the Genie2000
Version 3.2 software suite [46].
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Figure 5. Schematic view from above the HPGe placement in front of the experimental channel
(concrete shield penetration) in CROCUS.

2.3.3. Organic Scintillator: Trans-Stilbene (C14Hj5)

To conduct a comparative detector response analysis, we employed trans-stilbene
scintillators [47] to test the simultaneous gamma-ray and neutron detection, as CeBrs3
scintillators and HPGe semi-conductors cannot directly detect neutrons. This dual-particle
sensitivity offers an interesting prospect for reactor monitoring, simulation validation, and
possible imaging applications [48-50].

We investigated two sizes of the trans-stilbene organic scintillators [47], namely a
smaller 6 mm edge cube coupled to a 38.1 mm diameter Hamamatsu H3178-51 PMT what
HYV, and a larger 2 inch (50.8 mm) diameter and 2 inch (50.8 mm) height cylinder, both
acquired from Inrad Optics, Northvale NJ, USA. The stilbene cylinder with a diameter of
50.8 mm was coupled to a PMT of the same diameter. HV of —1200V was provided by a
CAEN, Viareggio, Italy, DT1470ET unit.

2.3.4. Organic Scintillator: Organic Glass Scintillator (OGS)

In 2017, researchers at Sandia National Laboratories developed a new organic glass scin-
tillator (OGS) material capable of the pulse-shape discrimination of gamma-ray and neutron
detections [51]. Subsequent studies have characterized this detector material, revealing that
OGS exhibits a higher light output and superior time resolution compared to trans-stilbene,
the otherwise widely used organic scintillator [52]. We employ OGS to serve as a comparison
to trans-stilbene and to enable new experimental opportunities for validating this novel de-
tector type. OGS provides several interesting advantages over stilbene: (1) It is a glass that
can be molten and cast with comparatively simple laboratory equipment (e.g., dropping a
detector does not result in total loss). This means that the detectors can be cast into arbitrary
shapes. (2) The estimated cost compared to stilbene is expected to be an order of magnitude
lower, especially once production is brought to scale [53].

In this experiment, two different sizes of OGS were employed: a 6 mm edge cube and
a cylindrical OGS with a diameter and height of 1 inch (25.4 mm). To ensure diffuse optical
reflection, both scintillators were wrapped with Teflon tape. The 6 mm edge cubes and the
25.4 mm diameter OGS cylinder were connected to Hamamatsu H3178-51 PMTs and the
HV of —1200V was provided by a CAEN DT1470ET unit. Notably, the OGS crystals were
cast in-house [54].

2.4. Calibration
2.4.1. Peak Fitting Algorithm (Inorganic Detectors)

It is common practice to fit normal distributions to photopeaks and use a linear
fit to approximate the continua underneath them [55,56]. As such, we approximate all
photopeaks in the measured spectra with the following equation:
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w?

y:A+Bx+Ce(2T, 1)
where A, B, C, u, and o are all fit parameters. y represents the mean of each Gaussian and
o its standard deviation. x is in the units of our horizontal axis in our spectral histogram;
oftentimes, this might be in units of analog-to-digital conversion (ADC) or, after calibration,
keV. y is in units of our vertical axis in our spectral histogram; oftentimes, this might be in
units of counts or a count rate. Fitting was performed by a trust-region-based nonlinear
least-squares regression via the Scipy 1.10.0 [57] and Numpy 1.23.5 [58] Python libraries.

2.4.2. Inorganic Detectors

Using a linear least-squares fitting Section 2.4.1, we calibrated the means (solving for
parameter y in (1)) of each of the photopeaks (ADC) to the corresponding photopeaks in
the literature (keV). As seen in Figure 6, we used the 185 keV (**°U), 511 keV (annihilation),
662 keV (137Cs), 816 keV (140La), 1001 keV (>*8U), and 1596 keV (14La) peaks for calibration.
These photopeaks were chosen for the certainty in their assignments (see Section 4.1 for
more discussion on the peak identification).

10 3
3 2000
3 —— R?=0.99999
- < 1500
2103 3
5 <
3 ] > 1000
O 3 =
10" g — U (185) —— 14015 (816) o
E Annihilation (511)  e=m= 238 (1001) w500 —
] 137Cs (662) —— 190 5 (1506)
2
10T ! J J "y T T T T
0 2000 ‘fg% 6000 8000 0 2000 4000 6000 8000
ADC
(a) (b)

Figure 6. The calibration of the (a) HPGe spectrum from CROCUS using the 185 keV 23°U, 511 keV
annihilation, 662 keV 137Cs, 816 keV 14013, 1001 keV 238U, and 1596 keV 140La photopeaks; and (b) the
linear regression of the photopeaks’ values (in ADC channels) and their known energies (in keV). For
(a), the bin width was 1 ADC. The error bars are too small to appear visible in (b).

2.4.3. Organic Detectors

To calibrate the light output in our organic scintillators, we measured a mono-energetic
gamma ray source, '3 Cs, which emits a 662 keV gamma-ray, and interpolates for the ex-
pected Compton edge location [30], as shown in Figure 7. The Compton edge energy (CE) is
calculated as the energy deposited from a single 180 degree Compton scatter [59]. Therefore,
a CE energy of 478 keV was used to calibrate the light output of each organic scintillator,
under the assumption that a zero energy deposition corresponds to zero light output.

1000 —— CE at478 keV

750 =

500 —

Counts

250 —

O—.

1(I)0 2(I)0 3(I)O 4(I)0 S(I)O G(I)O 7(IJO
Energy (keV)
Figure 7. Energy calibration of OGS using a '¥Cs Source. We identify the local maximum in the
spectrum (around 450 keV), find the corresponding counts value (around 600), take 80% of that count
value [60], then match that value via interpolation at a higher light output than that of the local
maximum. The bin width was 13.1keV.
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Following the calibration process using the 13’Cs source, we employed pulse-shape
discrimination (PSD) [30] to classify individual pulses as either induced by gamma rays or
by neutrons.

3. Results
3.1. HPGe Spectroscopy

In Figure 8, we present the HPGe spectrum acquired in the CROCUS reactor recorded
in a 50,646-s interval immediately after shutdown. We identified 46 emitters from this
HPGe spectrum. Each identification is listed in Figure 8 legend and Table 1. For more on
how we assigned these photopeaks, see Section 4.1. The spectrum covers a range from 0 to
2 MeV, each photopeak has a FWHM value in the range of 0.7-4.5 keV, and most identified
peaks exceeded 10* net counts. Each identified peak and its corresponding energies and
half-lives are compiled in Table 1.

10°
72} - .
o ) A
C - |
3
O ] = 238y (50) 235y (143) e 137Xe (270) e 103Ry (497)
em=m Th ka1 (93) 235y (163) - 31| (284) e Annihilation (511) k“
4 e PPUKI2 (95) o 25U (185) e 13Xe (288) = 1 1(523)
10 =] = *"Ukat(98) 2355 (202) 1405 (329) === '¥°1(526)
= = **u(109) — 2350 (205) e 131] (364) 1404 (537)
o == Ce(134) e 113 (221) e 140La (487)
| | | | |
Energy (keV)
(a)
10°
10°* |
* ‘»& A 1l ‘
12 a0y o N
c 3
3 10
O 103Ry (610) 957r (757) 134] (884) - 139 (1132) >
132 (630) %5Nb (766) 897r (909) 1Y (1205)
102 137Cs (662) 1321 (773) 1401 5 (925) e 13%] (1260)
132 (668) 140 5 (816) 132] (955) 140 5 (1596)
117Te (720) 1341 (847) 238y (1001) Al(n,y) Si (1779)
957r (724) %4Nb (871) 1341 (1073)

| | | | | | |
600 800 1000 1200 1400 1600 1800

Energy (keV)
(b)

Figure 8. Gamma-ray spectrum acquired with an HPGe detector in CROCUS immediately after
shutdown (a) from 50 to 537 keV and (b) from 608 to 1779 keV. The corresponding identified photopeak
characteristics are listed in Table 1. The bin width is 0.2 keV.
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Table 1. The photopeak identifications for the HPGe spectrum in Figure 8.
h;lllg%y Emitter I-(I:Il:;];;f)e References blll:gg)y Emitter ?;;j:;ge References

50 28y 3.94 x 1013 [61] 610 103Ry 9.43 x 102 [62,63]
93 Th kal n/a [61] 630 1321 2.30 x 10° [63,64]
95 U ka2 n/a [61] 662 137¢g 2.62 x 10° [63,65]
98 U kal n/a [61] 668 1321 2.30 x 10° [63,64]
109 25y 6.13 x 1012 [61] 720 17Te 1.03 x 10° [63,66]
134 44ce 6.84 x 103 [67] 724 PZr 156 x 10° [65,68]
143 Z5y 6.13 x 1012 [61] 757 SZzr 1.56 x 10° [65,68]
163 25y 6.13 x 1012 [61] 766 Nb 840 x 102 [63,65]
185 235(5 6.13 x 1012 [61,65] 773 1321 2.30 x 10° [64]

202 25y 6.13 x 1012 [61] 816 10La 4.00 x 101 [63,68]
205 23515 6.13 x 1012 [61,65] 847 1341 8.75 x 1071 [63,64]
221 13512 1.95 x 10! [63,69] 871 %Nb 1.75 x 108 [63,70]
270 137Xe 6.66 x 1072 [71] 884 1341 8.75 x 107! [63,64]
284 1317 1.92 x 102 [63,65] 909 897y 7.84 x 10! [63,72]
288 135xe 9.10 x 109 [69] 925 1401 5 4.00 x 10! [63,73]
329 14013 4.01 x 10! [65,68] 955 1321 2.30 x 10° [63,64]
364 1311 1.92 x 102 [65] 1001 238y 3.94 x 1013 [74]

487 1407 4 4.00 x 10! [65,68] 1073 1341 8.75 x 107! [63,64]
497 1085Ry 9.43 x 10? [62,65] 1132 1351 1.92 x 102 [63,64]
511 Annihilation n/a [75] 1205 oy 1.39 x 10° [63,65]
523 1321 2.30 x 10° [64] 1260 19 6.60 x 10° [65,64]
506 135m e 6.60 x 10° [63,76] 1596 140 4 4.00 x 10! [63,65]
537 140B, 3.07 x 102 [65,68] 1779 YAlny) 383 x 1077 771

3.2. CeBr3 (CROCUS and OSURR)

In Figure 9, we present CeBrs spectra taken in CROCUS and the OSURR; for refer-
ence, we also plotted the HPGe spectrum acquired in CROCUS, to emphasize that peak
summing, the phenomenon of low-energy resolution detectors showing multiple nearby
photopeaks as one photopeak, affects both CeBr3 spectra. For comparison, each spectrum
was normalized by its maximum count value, enabling a more direct comparison. The
shape of the OSURR CeBr3 spectrum closely resembled that of our CROCUS CeBr; spec-
trum, in the shape and location of both their photopeaks and their continua, except the
OSURR spectrum had a higher energy threshold in data collection (due to data throughput
limitations), leading to the absence of the first peak at approximately 728 keV.
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Figure 9. CeBrj3 spectra acquired from CROCUS and the OSURR, along with the HPGe spectrum
acquired in CROCUS for reference, highlighting the presence of peak summing in both CeBrs spectra.
The red, green and blue colors indicate regions which appear as summed peaks in the CeBr3z. To
account for varying measurement times and counts, each spectrum was normalized by its maximum
count value. The bin width for the CROCUS spectra are both 0.2 keV, and the bin width for the
OSURR spectrum is 6.8 keV.
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Acquisition Tests at Criticality

Figure 10 shows two spectra acquired in CROCUS at a 3mW reactor power, utilizing
the CeBr; and HPGe detectors. Both plots demonstrate substantially higher count and pile-
up rates during operation compared to shutdown conditions. In the CeBr3 data, the applied
thresholds needed to be set above 2 MeV, resulting in inadequate spectral information
for regions where the detector of such a dimension can efficiently resolve photopeaks
(<3 MeV). The HPGe spectrum illustrates a substantial loss of spectral information during
power operation compared to its shutdown counterpart. This may mostly be due to the
pileup (estimated to be >60%) or the relative increase in fission gamma rays that follow an
approximately exponential shape in energy [78].
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Figure 10. Two spectra recorded in CROCUS using CeBrs (a) and HPGe (b) detectors, respectively.
Both plots show that our detectors receive much greater count rates at power than at shutdown. The
bin width for the HPGe spectra are both 0.2 keV, and the bin width for the CeBrj3 spectra are both
6.2 keV.

3.3. Organic Detectors (OSURR)

In Figure 11, we compare the OGS, stilbene, and CeBr; pulse height spectra. We
highlight the summed photopeaks with mean values at 965 keV and 1596 keV, accompanied
by their corresponding summed CEs at 763 keV and 1376 keV, respectively. The observed
CEs align among the different detector types, showing how discernible and consistent
gamma-ray spectral information can be observed in the organic scintillators. The unfolding
procedures for gamma-ray spectroscopy with organic scintillators are nonetheless much
more complex and uncertain compared to peak fitting [79].
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Figure 11. CeBrs pulse height spectrum (black) versus OGS and stilbene detectors in red and blue,
respectively. These measurements were performed at 10 W power in the OSURR. The summed
photopeaks at 965 keV and 1596 keV correspond to the summed Compton edges at 763 keV and
1376 keV, respectively. The bin width for the CeBrj3, stilbene, and OGS spectra are 6.2 keV, 3.1 keV,
and 3.1 keV, respectively.

In Figure 12, we show the pulse height spectrum for the 1-inch OGS detector measured
at OSURR at 10 W reactor power. The gamma-ray pulse integral spectra obtained from
the organic scintillators show expected characteristics, revealing a continuous distribution
with Compton edges from the summed gamma-ray lines. The neutron-induced pulses
follow the expected shape, as most fast neutrons in the reactor spectrum are emitted from



J. Nucl. Eng. 2024, 5

36

neutron-induced fission, approximately following a Watt distribution. The non-trivial CE
shapes are indeed found in the gamma-induced pulses.
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Figure 12. Pulse height spectra for a 1in OGS detector measured in the OSURR neutron beam at
10 W reactor power (black). After applying PSD, we find the neutron-induced spectrum (blue) and
the gamma-ray-induced spectrum (red). We also include summed CEs inferred from the CeBr; data.

Figure 13 presents pulse-shape discrimination plots for the 6 mm stilbene cube mea-
sured in the OSURR neutron beam at 1kW reactor power and for the 2-inch stilbene
cylinder measured in the OSURR neutron beam at 10 W reactor power. Figure 14 shows the
pulse shape discrimination plots for the 6 mm OGS measured in the OSURR neutron beam
at a reactor power of 1 kW and for the 1-inch OGS measured in the OSURR neutron beam
at 10 W reactor power . Note that the neutron-induced pulses do not correspond to the
used calibration and would require a separate analysis based on the quenching function
that relates scatter proton energy to light yield [60].

The main observation is that, despite the high detection rate, pulse shape discrimina-
tion is possible. As indicated by the color maps that were applied after fitting a discrimi-
nation line into the PSD plot, we can distinguish between gamma rays and fast neutrons
down to an equivalent light yield of 1 MeVee. The discrimination line was fitted to the
minimum of a bimodal Gaussian fit for each energy slice of 20 keVee widths.
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Figure 13. (left): Pulse shape discrimination plot for the 6 mm stilbene cube measured in the OSURR
neutron beam at 1 kW reactor power. (right): Pulse-shape discrimination plot for the 2 in stilbene
cylinder measured in the OSURR neutron beam at 10 W reactor power. Pulses are plotted in a 2D
histogram based on their tail to total integral ratios and the total light output. The histograms are
colored based on the identified particle type (gamma ray or fast neutron).
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Figure 14. (left): Pulse shape discrimination plot for the 1 in OGS measured in the OSURR neutron
beam at 10 W reactor power. (right): Pulse shape discrimination plot for the 6 mm OGS measured in
the OSURR neutron beam at 1 kW reactor power.

4. Discussion
4.1. Peak Identification

To maximize the accuracy of the peak assignments of the HPGe spectrum in Table 1,
we used the fit’s root mean squared error (RMSE), which is about 2.2 keV. Only peaks
that fell within 3 x RMSE of the literature/database values were assigned. For example,
the 511 keV annihilation peak appeared at roughly 510 keV after calibration. This is
within 3 RMSE, and it was therefore assigned to annihilation. The £2 keV difference
between the expected and experimental photopeak energies was consistently observed,
with a few photopeaks assigned with a calculated energy greater than 1 RMSE off from
the expected energy. For statistical certainty, we only considered photopeaks that had net
counts >10* [59]. The energy-dependent bias in the peak identification is suspected to arise
from the still remaining pileup, leading to a linear drift.

The identification of a specific emitter, such as the 1596 keV 1401 3 line, would imply the
existence of that isotope’s other common gamma-ray lines, thus prompting, for example, the
assignment of the other peaks of 14014 at 329, 487, 816, and 925 keV. We also compared these
same-emitter gamma-ray lines to ensure their relative intensities matched with those from
the literature, an approximate method of matching their branching ratios. For example, we
found that 19La has photopeaks at (in order of intensity) of 1596, 487, 816, 329, and 925 keV,
and this matches with the expected relative intensities of 1401 3 from the literature [63].

Photopeaks corresponding to more abundant fission products were also more heavily
considered, like those with mass numbers around either 90 or 140 [80]. We also more
heavily consider materials that are common in the reactors. This includes the 23U and
2381 fuel used in both CROCUS and OSURR. As such, we found 23°U lines at 109, 143, 163,
185, 202, and 205 keV, U lines at 50 and 1001 keV, and the xa lines of uranium at 93, 95,
and 98 keV present in our spectra. From the aluminum-clad fuel, we also saw the neutron
activation line of 27 Al at 1779 keV.

Among the identified isotopes are the gaseous Xe, I isotopes, and aerosol Cs isotopes
that mostly contribute severe accident calculations and fallout predictions [81], as well as
reactor poisoning [82]. This measurement may therefore offer an opportunity for the real-time
tracking of the Xe poisoning of the reactor. Another application is that of the fission yield
measurements [12,22,83] to improve nuclear data. The short half-life of Al(n,y) makes it a
major contributor to facility-level dose during operation and immediately after shutdown
in reactors with Al structures. Therefore, measuring its specific contribution can aid in dose
modeling and reactor shielding design calculations.

In all the experiments presented in this work, the management of pileup and data
throughput required the tuning of each experiment on the fly, i.e., the threshold settings
were updated each time to allow for a sustainable data rate to the digitizer buffer, whilst
preserving as many pulses as possible for analysis (for the count rates that we observed, see
Appendix A Table Al). When operating the CROCUS reactor at 3 mW power (Figure 10),
the HPGe detector showed pileup rates above 60%. This indicates a very low rate of recov-
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erable pulses with relevant energy information on top of the assumption that automatic
pileup rejection worked as intended. This is also despite the relatively low operating power
of 3mW. CROCUS, by design, which can be operated at powers down to around 0.5mW,
yet such low-power experiments are yet to be tested. The lower power might alleviate
the pileup concern, and potentially still reveal a line spectrum on top of the gamma rays
produced in fission.

In Figure 11, we see that discernible spectral features can be identified when the
OSURR is at low power, specifically 10 W, when the detector is significantly separated
from the reactor core and has dedicated shielding. Optimizing the CROCUS experimental
channel in terms of shielding, measuring at a higher distance, or attempting an HPGe
measurement at OSURR are all possible avenues of improvement.

An important observation is also the lack of identification for several photopeaks,
which we listed in Appendix A Table A2 for future reference.

Finally, we experimentally presented what information is in principle available in the
photon field of a research reactor. Lower cost alternatives to HPGe, whilst still retaining
similar energy resolution, such as the emerging CsPbBr3 [28] and CZT [29] detectors, would
be interesting to test in the future within these low-power research reactor environments.
Exploring the range beyond 2 MeV is relevant to activation analysis, such as a recent exper-
iment to quantitatively measure the activation of oxygen in water in the Joint European
Torus (JET) fusion reactor [84].

4.2. Organic Scintillator Detectors in Nuclear Reactors

The feasibility of utilizing organic scintillators in nuclear reactors was established,
which to our knowledge has not been attempted before. Through power and threshold
adjustments, the simultaneous measurement of gamma-ray and neutron-pulse-height
spectra with PSD becomes achievable, even in high-flux environments. This capability
can be used for the simultaneous neutron and gamma-ray spectrum unfolding [85] or
mixed-field dosimetry [86] applications. The first successful tests of using the data from
these organic scintillators for neutron noise measurements in CROCUS is reported in other
work [87,88].

4.2.1. Scintillation Crystal Volume

The influence of detector volume on gamma-ray and neutron pulse heights showed a
nonlinear relationship (see Figures 13 and 14). Smaller organic detectors exhibited reduced
amounts of high-energy-deposit gamma rays (>4 MeVee), while the neutron response
remained relatively consistent. This discrepancy is attributed to the interaction between the
involved mechanisms. Neutrons scatter on protons and carbon nuclei, leading to nuclear
scintillation with short-track lengths in the order of micrometers. Conversely, gamma rays
interact via Compton scattering, resulting in electron scintillation with track lengths in the
order of millimeters. Consequently, as the detector size approaches the Compton electron
track lengths, the chances of the electron leaking from the crystal increases, and a relative
decrease in gamma-ray counts is observed. This property may enable the optimization of
the detector volume to selectively detect fewer gamma rays, and therefore relatively more
neutrons, which holds promise for fast neutron detection applications like imaging [89]
and dosimetry around the reactor vessel [90].

4.2.2. Prospects of OGS

We showed the first experimental application of OGS in a reactor radiation field.
OGS exhibits an overall comparable performance to stilbene albeit with an inferior PSD
performance, i.e., the electron-equivalent energy at which pulses can be discriminated with
high confidence is lower with stilbene than it is with organic glass. However, OGS offers
the ability to tailor the scintillator shape at a much lower cost. In the event of damage, OGS
can be remelted and reconstituted, rendering it a more cost-effective and versatile option.
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Lastly, all vendors known to the authors have stopped selling stilbene scintillators, thus
potentially incentivizing the broader switch to OGS.

5. Conclusions

Gamma-ray measurements in nuclear research reactors are important for radiation
protection, core monitoring, detector characterization, and code validation data generation.
However, direct spectroscopy measurements in reactor fields remain challenging due
to the high detection rates and the resulting pileup. In this work, we expanded upon
previous gamma-ray experiments in nuclear reactors by testing the gamma spectroscopy
and organic scintillators in two facilities, namely the OSURR and the CROCUS zero-power
reactor. We provide a baseline of information with regard to the available information in a
reactor’s photon field up to 2 MeV—which we directly present by high-energy resolution
measurements via HPGe detector after the reactor shutdown—and the detector spectra of
CeBr3 and organic scintillators set into the radiation fields of an operating reactor. Our data
encompassed detector responses and pulse shape discrimination performance for both the
established organic scintillator trans-stilbene, as well as the first application of organic glass
scintillator OGS in the neutron beam of a nuclear reactor.

Future work may include a half-life analysis of the found emitters over time to verify
the peak identification. Specifically, HPGe may have applications in the real-time mon-
itoring of isotopes with short half-lives, which can help monitor reactor operation and
dose, like in the case of 7 Al activation, or accident-relevant isotopes like Xe, Cs, or I. With
the emergenc of high-energy resolution detector technologies, such as CsPbBr; and CZT
that do not require cooling and are thus portable, we foresee a much simpler method of
obtaining similar information.
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Appendix A

Table A1l. Overview of count rates of detectors in OSURR and CROCUS.

Reactor Detector Power Counts/s Counts/W
(n/7y) (n/7)
CeBrsz 1in 10W 0/435 0/16101
OSURR Stilbene 2 in 10W 251/567 25.1/56.7
OGS 1in 10W 146/307 14.6/30.7
CROCUS CeBr3 1.3 cm Shutdown 0/11475 n/a

HPGe Shutdown 0/1793 n/a
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Table A2. List of unidentified peaks in the HPGe detector spectrum acquired in the CROCUS reactor.
The estimated uncertainty in the energy calibration is +-2.2keV.

Energy (keV)

314 572 811 1135
332 619 874 1143
422 635 918 1173
431 639 1084 1290
656 1296 1371 1435
738 1371 1383 1443
742 1398 1398 1460
750 1435 1499 1738
776 1443 1738 1800
1828 1837 1922
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