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ARTICLE INFO ABSTRACT

A radiation detection system consisting of two cerium doped lanthanum bromide (LaBrs:Ce) scintillation
detectors in a gamma-gamma coincidence configuration has been used to demonstrate the advantages that
coincident detection provides relative to a single detector, and the advantages that LaBrs:Ce detectors provide
relative to high purity germanium (HPGe) detectors. Signal to noise ratios of select photopeak pairs for these
detectors have been compared to high-purity germanium (HPGe) detectors in both single and coincident detector
configurations in order to quantify the performance of each detector configuration. The efficiency and energy
resolution of LaBrs:Ce detectors have been determined and compared to HPGe detectors. Coincident gamma-ray
pairs from the radionuclides '>?Eu and '**Ba have been identified in a sample that is dominated by **’Cs.
Gamma-gamma coincidence successfully reduced the Compton continuum from the large **’Cs peak, revealed
several coincident gamma energies characteristic of these nuclides, and improved the signal-to-noise ratio
relative to single detector measurements. LaBr3:Ce detectors performed at count rates multiple times higher than
can be achieved with HPGe detectors. The standard background spectrum consisting of peaks associated with
transitions within the LaBrs:Ce crystal has also been significantly reduced. It is shown that LaBrs:Ce detectors
have the unique capability to perform gamma-gamma coincidence measurements in very high count rate
scenarios, which can potentially benefit nuclear safeguards in situ measurements of spent nuclear fuel.
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1. Introduction detector choice to potentially meet all of the above mentioned criteria.
The efficiency of LaBrs:Ce detectors is superior to that of thallium
doped sodium-iodide detectors (Nal:Tl) (Saint Gobain, 2009). LaBrs:Ce

detectors have been shown to be 1.2-1.65 times more efficient than

Characterization of spent and reprocessed nuclear fuel presents
several challenges to conventional HPGe single detector gamma

spectroscopy. Three challenges directly addressed using coincident
LaBr3:Ce scintillators are: 1) high count rates that result in significant
dead time limiting the rate of data collection and reducing statistical
precision; 2) gamma spectra containing a large, diverse, range of fission
products complicates peak identification due to interference and
intense Compton scattering; 3) transportation of spent nuclear fuel is
expensive and time-intensive due to regulatory and safety concerns.
These challenges place emphasis on the need for a system with strong
background suppression, the best achievable energy resolution, and
portability. Simulated gamma-ray spectrum deconvolution performed
using a 2.54cm x 2.54cm (1in. x 1in.) cerium doped lanthanum-
bromide (LaBrs:Ce) detector was used to nondestructively determine
the burn-up of spent nuclear fuel from the Advanced Test Reactor (ATR)
on-site (Navarro et al., 2014).

Cerium doped lanthanum bromide (LaBr;:Ce) is an excellent
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Nal:Tl detectors above 350 keV, for 3.8 cmx 3.8 cm (1.5in. X 1.5in.)
detectors (Ciupek et al., 2014). The energy resolution of LaBrs:Ce
detectors is superior to that of Nal:Tl detectors (Saint Gobain, 2009).
LaBrs:Ce detectors have an energy resolution of 2.5-3% at the
662 keV gamma-line of *’Cs, compared to 6-7% for Nal:TI detectors
(Ciupek et al., 2014). These advantages over Nal: Tl detectors have been
demonstrated in an experiment which shows that LaBrs:Ce detectors
find more distinguishable peaks than Nal:Tl detectors with a higher
efficiency (Milbrath et al., 2006). The lack of need for nitrogen cooling
also makes LaBr;:Ce systems significantly more portable than HPGe.
LaBr;:Ce has been shown to be an excellent detector choice for high
count rate scenarios, and is capable of performing well with count rates
up to 500 kHz (Loher et al., 2012). In the past, MCNPX calculations
have been utilized to verify that LaBrs:Ce scintillators can accurately
identify isotopes in a fuel element spectrum (Navarro et al., 2014).
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These results suggest that LaBrs:Ce detectors will be useful in the
characterization of spent nuclear fuel as well.

There are challenges associated with using LaBrs;:Ce detectors. First,
LaBrs:Ce is itself radioactive, due to natural abundances of lanthanum
containing radioactive *®La (Saint Gobain, 2009) (Ciupek et al., 2014).
138La accounts for 0.09% of naturally occurring lanthanum and
produces two gamma rays: a 788.7 keV gamma-ray from beta decay
to 138Ce, and a 1435.8 keV gamma ray from electron capture to *®Ba.
1381 has a 1.06 X 10'! year half-life, and thus has activity concentra-
tions of 0.065Bg/cm® and 0.068 Bq/cm® for its two photopeaks
respectively.

These intrinsic photopeaks degrade the detection limits at and
below these energies during typical single-channel spectrum collection
(Saint Gobain, 2009). In principle, these background features could be
subtracted from single-channel spectra. However, this would create
additional statistical uncertainties in the remaining results. Therefore,
the preferred method of background elimination is gamma-gamma
coincidence gating. One advantage to this internal radioactivity is that
it provides a means of self-calibration of energies up to nearly
3000 keV. This advantage is particularly useful for autonomous por-
table systems that may not always have access to standard gamma
sources in a typical laboratory setting, and is unique to LaBrs:Ce
scintillators (Xiang, 2013). It will also be shown that gamma-gamma
coincidence methods are effective for eliminating the contributions
from inherent radioactivity when self-calibration is not required.

A coincidence configuration of these detectors will be used for de-
convolution of peaks and reduction of background, allowing for more
precise characterization of complex spectra. Gamma-gamma coinci-
dence has the advantage of virtually eliminating all background peaks
that do not exist in coincidence with other peaks, significantly improv-
ing detection limits of useful radionuclides (Yoho and Landsberger,
2016, Horne and Landsberger, 2011). The disadvantage of this method
is that it can only be applied to the detection of isotopes with coincident
decay schemes. By employing gamma-gamma coincidence, the back-
ground from the radioisotopes in the LaBr3:Ce scintillator is eliminated,
providing a means for improving detection limits.

Resulting from a lack of readily available spent nuclear fuel, experi-
ments were performed on a superposition of radioactive sources repre-
senting a high count rate and complicated spectrum, thus artificially
simulating the potential situation of spent nuclear fuel. Experiments were
performed with a single LaBrs:Ce detector, a single HPGe detector,
coincident LaBr3:Ce detectors, and coincident HPGe detectors. Count
rates were varied from 20 to 400 kHz. Sources included 50 mCi of *¥’Cs,
and 10 pCi of **Ba and ®?Eu. This combination of configurations
provides multi-variate comparators to benchmark the signal-to-noise
performance of each detector type as a function of: number of detectors,
input count rate, and energy.

2. Experimental setup
2.1. Apparatus

The Nuclear Engineering Teaching Lab (NETL) at The University of
Texas at Austin (UT Austin) has obtained two identical Saint Gobain
Brillance 380 LaBrs:Ce scintillation detectors with 38 mm x 38 mm
cylindrical crystals and AS20 voltage dividers with analog signal output
for use in a coincidence configuration. NETL is also equipped with two
HPGe detectors in a coincidence configuration. Coincidence data
processing was achieved with an XIA LLC Digital Gamma Finder
Pixie-4 card. The DGF Pixie-4 is a multichannel data acquisition system
for coincident radiation detection which assigns timestamps with a
13.3 ns timing resolution to each detected event (XIA LLC, 2013). Fig. 1
is a block diagram of the experimental setup for the coincidence
LaBr3:Ce detectors. The block diagram for HPGe detectors has no
practical difference and is excluded.

The data collection interface is the Igor Pro program that operates
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Fig. 1. LaBr;:Ce Block Diagram.

the XIA Pixie-4 system. The software includes an adjustable coincidence
timing window, which specifies the maximum time between two events
that are registered as coincident. A procedure for optimizing the
coincidence timing window for each detector type was developed,
and will be presented. The manufacturer of the LaBrs:Ce detectors list
the efficiency as 143% vs Nal:Tl, and optimum energy resolution as
2.1% at 1332.5 keV %°Co photopeak. (Saint Gobain, 2009).

2.2. Data collection and analysis

Data were collected in order to compare the following properties of
LaBr3:Ce and HPGe detectors: timing performance, efficiency, energy
resolution, background elimination via coincidence gating, single
detector peak signal to noise ratio (SNR), and coincidence configuration
peak SNR.

2.2.1. Timing performance

Timing performance of the two detector types was compared by
counting a %°Co source while varying the adjustable coincidence timing
window setting in the Igor Pro software. According to the decay scheme of
%9Co, the 1173.3 keV gamma-ray in coincidence with 1332.5 keV gamma-
ray represents a true coincidence event, while 1173.3 keV gamma-ray in
coincidence with itself, or 1332.5 keV gamma-ray in coincidence with
itself represents a false coincidence event. Therefore, comparing the
magnitude of peaks at true and false coincidence energy coordinates as
seen in Fig. 2 provides an SNR, which is a useful metric to quantify the
coincidence timing performance of each detector type for a range of
timing window settings, and thus determine the optimum timing window
setting for each detector type. Fig. 2.

Fig. 3 shows the results from measuring this SNR at varying timing
windows. The optimum coincidence windows for HPGe and LaBr3:Ce
detectors are 26.6 and 13.3 ns, respectively. It should be noted that the
XIA Pixie-4 is only capable of producing timing windows with a
resolution of 13.3 ns. It is therefore likely that the optimum LaBrj:Ce
timing window was not achieved, and exceeds the capabilities of
current instrumentation. There exists an XIA Digital Gamma Finder
Pixie-500 with a clock of 500 MHz. If acquired, it is expected that this
would significantly improve the performance of the LaBrj:Ce detectors.
The performance of HPGe detectors on the other hand was optimized at
about 26 ns, and dropped considerably when reducing the timing
window from 26.6 to 13.3 ns. These timing windows will be used for
all coincident SNR comparisons between the two detector types that
follow.
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Fig. 2. °°Co coincidence heatmap. The energy coordinates at (1173, 1173) and (1332,
1332) represent false coincidence events, while (1173, 1332) and (1332, 1172) represent
true coincidence events.

2.2.2. Efficiency and energy resolution

A collection of certified monoenergetic gamma sources was utilized
in the determination of detector efficiency and energy resolution. These
sources were provided by Eckert & Zeigler, and include 241Am, 199¢d,
139Ce, 20%Hg, 1'3sn, 1%7Cs, ®*Mn, ®Zn, and ®°Co. Each source was
counted on each detector at a distance of 10 cm for 300 s. This distance
was chosen in order to minimize dead-time and pile-up while still
maintaining Gaussian peaks with a net area of at least 3000 counts. The
geometry of the counting setup was preserved between the two detector
types. The activities of all sources were below 1 nCi, therefore dead-
time and true coincidence summing effects were negligible. The HPGe
detector utilized was a GMX35P4-70 n-type cylindrical detector with
dimensions of 55.9 mm X 57.5 mm. A comparison of the efficiency and
resolution of the LaBr3:Ce and HPGe detectors, are shown in Fig. 4 and
Fig. 5, respectively.

The HPGe detector has superior energy resolution and efficiency to
the LaBr3:Ce detector. Energy resolution values were obtained by using
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Fig. 4. A comparison of the efficiency of LaBrs:Ce and HPGe detectors.
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Fig. 5. A comparison of the energy resolution of LaBr3:Ce and HPGe detectors.

ORTEC Maestro's built-in peak identification functionality in order to
identify the peak locations and full-width half maximum (FWHM)
values.

2.2.3. Background elimination via coincidence gating

The peaks in this background spectrum (Fig. 6) include 1435.8 keV
photon, which is the result of '*®La decaying after electron capture to
138Ba (66.4%), a 788.7 keV photon, which is the result of '*La

Fig. 3. SNR vs coincidence timing window for the HPGe and LaBr3:Ce detectors.
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Fig. 6. Background spectrum characteristic of LaBr3:Ce detectors. The top curve
represents a background spectrum collected with a single LaBrs:Ce detector. The bottom
curve represents a background spectrum collected with coincident LaBr;:Ce detectors,
with a coincidence gate applied over the energy range 5-2900 keV. (It should be noted
that both curves represent the same dataset. The coincidence curve just applies additional
gating logic.).

decaying by beta-emission to *®Ce (33.6%), and a 34.8 keV '*®Ba x-
ray, which is the result of the averaged captured electron's shell being
refilled (ka2, ka2., kB3, kB1, and kp2). Aside from the associated
Compton continuums and other consequences of these peaks, the rest of
the peaks of this spectrum are standard background ones that would be
present in the spectrum of any unshielded detector. A basic application
of gamma-gamma coincidence involves gating over the entire range of
this spectrum. By creating a gate 3000 keV wide, gamma rays only
appear in the spectrum if they are coincident with any other gamma ray
as shown in the lower curve in Fig. 6.

Upon applying this energy gate, the 1435.8 keV peak has been
reduced by an order of magnitude. Counts across the entire spectrum
have similarly been reduced by an order of magnitude or more.
Therefore, coincidence gating results in a significant reduction in
background. This is particularly advantageous for LaBrs:Ce detectors
due to their strong intrinsic radioactivity. Similar energy gating
methods can be utilized to de-convolve high activity spectra, as will
be shown next.

2.2.4. Single and dual detector peak SNR

Having established a proof-of-concept of coincidence methodologies
for simplifying a background spectrum, the next stage in this experi-
ment is to artificially create a complicated high activity spectrum to
quantify the performance of each detector configuration. SNR's of select
gamma-ray peaks were measured with single and dual LaBr;:Ce and
HPGe detectors for a range of count rates. The 1850 MBq (50 mCi) **’Cs
source contains a shutter that can be adjusted to attenuate the gamma
radiation to different levels. Changing this shutter position allowed
count rates of the experimental setup to vary from 20 to 400 kHz.

Three sample activity levels were measured (by varying the '*’Cs
shutter position) with both detector types in single and dual detector
configurations. The activity levels will be denoted “Low Count Rate”
(LCR), “High Count Rate” (HCR), and “Very High Count Rate” (VHCR).
Each data collection was performed for one hour. The following
photopeak pairs from '°2Eu and !*°Ba were selected, and their SNR
was measured for each count rate, detector type, and detector config-
uration. The gamma-ray pairs are shown in Table 1.

3. Results

SNR's for the coincident photopeak energy pairs tabulated above
were calculated for all of the single and dual detector measurements
taken. SNR's were calculated by selecting each photopeak as a region of
interest in the ORTEC Maestro software. The signal was defined as the
gross area of each photopeak, and the noise was defined as the difference
between gross and net areas. SNR was then calculated as the ratio of the
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Fig. 7. Signal-to-noise ratios for all detector setups for low, high, and very high count
rates. The pair of coincident gamma-rays corresponding to each index are the pairs of
gamma-rays listed in Table 1 in order.

defined signal and noise. The following charts in Fig. 7 show the results
of the SNR calculations. Note that the SNR improvements vary greatly
between gamma-ray pairs. This is a result of the differing decay schemes
between each coincidence pair. The capability of coincident measure-
ments to improve SNR is highly dependent on the fractional intensity of
the coincidence gamma-ray pair. For gamma-ray pairs that have much
lower coincident intensities relative to their independent intensities, the
improvement from employing coincidence measurements is reduced. In
particular, gamma-ray pairs 5 and 6 have very low coincidence
intensities relative to their independent intensities.

The results also show that, in general, the improvements obtained
by employing coincidence measurements are greater in magnitude for
higher count rates scenarios. The HCR improvements in SNR for both
detector types are generally greater than the LCR improvements in SNR.
The most dramatic evidence for this is in the VHCR case. Only LaBr;:Ce
detectors in coincidence were capable of detecting almost all of the
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Table 1
A list of the coincident photopeaks selected for measurement.

Nuclide Coincident Photopeak Energy Pairs [keV]

152gy (121, 244), (121, 444), (121, 867), (121, 965), (121, 1112), (121,
1408)

133Ba (80, 276), (80, 303), (80, 356)

gamma-rays. HPGe detectors at this activity level were fully paralyzed.
Table 1.

4. Summary and conclusions

These data show that coincidence configurations result in substan-
tial SNR improvements over single detector configurations for gamma-
rays that characteristically decay in coincidence with high intensity
relative to their independent decay intensities. These data demonstrate
that, for complicated measurements of photopeaks subject to substan-
tial interferences from other sources, if those photopeaks exist in
coincidence it is of great benefit to exploit gamma-gamma coincidence
counting.

At lower count rates, HPGe detectors have superior SNR to LaBrs:Ce
detectors. However, in very high count rate regimes, HPGe detectors
are unable to perform. There are no data for VHCR HPGe detectors
because this activity level fully paralyzed the detectors. The maximum
count rate that was successfully measured with HPGe detectors was
about 150 kHz. By comparison, LaBrs:Ce detectors successfully mea-
sured data at over 400 kHz. This demonstrates that, for very high count
rate scenarios, only LaBrs:Ce detectors are sufficient. For safeguards
analysis, such as in situ measurements of spent nuclear fuel, LaBrs3:Ce
detectors are therefore an excellent option. Their portability, ability to
handle extreme count rates, and excellent timing performance make
them ideal for gamma-gamma coincidence measurements of very high
activity samples such as spent nuclear fuel.

The ability to handle extreme count rates is of particular importance
in coincidence counting. In single detector counting, moving the source
further away from the detector reduces the count rate, and makes
activity levels a non-issue. However, for coincidence counting, it is
critical that the two detectors are as close to each other, and as close to
the sample, as possible. This is because the efficiency of coincidence
counting drops off as x~ %, where x is the source-detector distance.
Count rate drops only as x 2 There is therefore no benefit to moving
coincidence detectors further away from the measured source. LaBrs:Ce
detectors therefore have the potential to fulfill the unique role of
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extending the capabilities of gamma-gamma coincidence spectroscopy
to extreme count rate regimes on the order of 400 kHz or greater.

5. Future work

LaBrs3:Ce detectors will be used to measure fission products in
irradiated uranium samples in order to back-calculate the uranium
enrichment. This will be done for samples with count rates that
preclude measurements on HPGe coincident detectors. This experiment
will further demonstrate the capabilities of LaBr;.Ce detectors to extract
useful information in difficult measurement scenarios.
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