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Abstract

Dissolved fission product samples were analyzed using advanced radio-emission spectroscopy techniques using a proof-of-
concept instrument. Reduction factors of 2—7 in the minimum detectable activity relative to traditional gamma counting were
observed for trace fission products and actinides. A gamma-gamma coincidence detector was combined with a custom liquid
scintillation counter to evaluate the benefits of alpha and beta coincident and anti-coincident analysis. The improvements
observed in the detection sensitivity of fission products and actinides achieved by combining time-correlated radiation sig-
natures is of value to applications such as nuclear physics, environmental monitoring, reactor releases, and nuclear forensics.
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Introduction

Beta/gamma and gamma-gamma coincident radiation spec-
troscopy techniques are used to study the decay schemes
of single isotopes and conduct low-level counting. Decay-
scheme measurements are made using a known single-iso-
tope standard or purified ion beams with an absolute atom
count made using ion current or absolute beta counting as
the atom basis for measurements of short-lived isotopes.
The use of alpha/beta coincident counting methods is less
common, in part, because evaluating the data from mixed
analyte samples using these and other more advanced radio-
emission spectroscopy techniques is difficult. Multi-detector
instruments require custom data acquisition systems and lack
commercial resources to interpret the data. Furthermore, few
full-featured analysis resources are commercially available
that provide the necessary quality assurance pedigree. These
technical challenges and few practical applications limit the
widespread adoption of coincident spectroscopy. Applica-
tion requirements ultimately drive incentives for more pro-
lific use of different techniques.

Refinements in nuclear physics modeling, particularly in
actinide fission theory, are in need of more sensitive analysis
techniques to expand the number of measured fission prod-
uct yields. In addition to fundamental nuclear physics, select
national security applications need faster, more sensitive
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analysis techniques as well, warranting a review of current
capabilities and benefits that alpha/beta coincident gamma
spectroscopy may provide to the analysis of mixed fission
product (MFP) samples.

In this manuscript, the benefits of alpha/beta-gated,
gamma—gamma coincidence counting applied to a MFP
sample acquired 8-days post irradiation for isotope identifi-
cation and quantification will be presented. Improvements in
detection sensitivity and methods for optimizing the detec-
tion limit for weaker trace analytes is also discussed. More
than 22 separate alpha, beta, and gamma emitting radionu-
clides were present in the sample, of which eight typically
require chemical isolation for radiometric quantification
using traditional high-purity germanium (HPGe) assay.

Background

Coincidence spectroscopy techniques have been used to
reduce background, avoid interferences, and improve detec-
tion sensitivity for decades and are used regularly in nuclear
astrophysics for quantifying trace activities of primordial
positron emitters [1, 2]. Cosmic and terrestrial background
sources can interfere, shroud, or reduce the accuracy of
measurements, especially where the coincident emission of
two 511 keV gammas from positron annihilation is the pri-
mary signature like *°Al and *’Na.

Instruments using fundamentally similar methods to those
presented in this manuscript are in use today and measure
decay transition lifetimes on the order of nanoseconds using
fast scintillating gamma detectors [3]. The beta-gamma-
gamma coincident instrument in use at the Kyoto Univer-
sity Reactor-Online Isotope Separator (KUR-ISOL) makes
use of a LaBrj; scintillator, a HPGe detector, and a plastic
scintillator to estimate nuclear level transition times using
the scintillators and gating on specified transitions using the
energy resolution of the HPGe detector.

Variations on alpha- and beta-gated gamma spectroscopy
have been demonstrated as a useful method for reducing
environmental background by orders of magnitude [1, 4, 5].
Improved detection sensitivity to fission products is a cross-
cutting need, valuable to the nuclear physics, safeguards,
treaty verification, and forensics communities. Problems
within these communities are complex, relying on many
signatures to inform scientifically-derived conclusions.
Several fission products have low-probability gamma transi-
tions (°'Y), small fission yields ("3%Eu, '9'Tb), weak specific
activity ("37Cs), or combinations thereof. These characteris-
tics make it difficult to quantify directly from MFP samples
using convenient, cost-effective techniques like gamma-ray
spectroscopy. Isotopes, like 3°Sr, 1Y, '1Ag, 115Cd, 136Cs,
137¢g, 1538 m, 15®Eu, and '°'Th, commonly require chemical
separation to quantify from a MFP sample [6—9]. Others,
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like 5°Sm, 1*°Nd, '5'Pm, '3Ag, '28Sb, 45Pr, 7Ge/As, and
82Br, are short-lived, making chemical purification time sen-
sitive. Accessing all of the fission products directly from
unseparated samples requires better detection sensitivities
and more sophisticated radiometric analysis techniques.

Experimental

On February 21st, 2020, a sample of 93% highly enriched
uranium (HEU) was irradiated with thermal neutrons in the
center core flux trap of the Massachusetts Instituted of Tech-
nology reactor for 12,000 s starting at 6:14 PST. The sample
was shipped to Los Alamos National Laboratory and dis-
solved using 4 M HNO;. A fraction of the dissolved material
was transferred to Pacific Northwest National Laboratory
(PNNL) for chemical separation and analysis. A fraction
of the material was analyzed by the PNNL service center.
This service center includes state-of-the-art gamma-ray and
mass spectrometry facilities that commonly perform quality-
assured analysis of samples for environmental monitoring as
part of the Hanford nuclear waste site cleanup. The analy-
sis results of the gamma spectroscopy and radiochemical
analysis of this sample by the PNNL service center were
used as the reference for the analysis conducted using the
newly commissioned Gamma-Alpha—Beta Radio-Isotope
EvaLuator (GABRIEL) detector[10]. The analytical support
operation service center at PNNL conforms to the Hanford
Analytical Service Quality Assurance Requirements Docu-
ments (HASQARD) [11].

This service center determined that there were
3.33E+ 12(+/—4%) fissions from 235U/g of solution con-
tained in the sample received by PNNL. All sample prepa-
ration was subsequently performed gravimetrically. Added
uncertainty from sample preparation has been historically
evaluated to be comparable to the scale uncertainty. An ali-
quot of 0.0309(4) g (equivalent to approximately 1E+ 11
fissions) of the original sample in 4 M HNO; was brought
to near dryness and transposed twice with 0.5 mL of optima
grade concentrated HCI. The aliquot was subsequently
brought to near dryness before reconstituting the material in
1 mL of 0.55 M HCI. After the sample was fully transposed,
9 mL of UltimaGold A/B liquid scintillation cocktail was
added. The sample was inverted several times to complete
mixing.

Data were collected from two matched 50% relative-effi-
ciency Ortec GMX-50200-S n-type coaxial HPGe detectors
and two R11265U-200 Hamamatsu photo-multiplier tubes
(PMTs) time-synchronously. The instrument was assembled
inside of a square cubic foot volume inside a graded gamma
spectroscopy lead shield. The instruments were connected
to two CAEN digitizers: a DT5781 digital multi-channel
analyzer for the HPGe detectors, and a DT5730 waveform
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digitizer for the two PMTs. Both digitizers were synchro-
nized to a common clock using a DT4700 clock pulse gen-
erator. A diagram of the setup is presented in Fig. 1. The
blue wires indicate the clock synchronization cables, orange
the signal trace cables for the PMTs, and black signal trace
from the HPGe detectors.

The DT5781 performed trapezoidal shaping using the
digital pulse processing-pulse height analysis (DPP-PHA)
firmware version 4.19_128.71; a 6 ps shaping time and
1 ps flat top were used to collect the data. The DT5730
used the DPP-pulse shape discrimination (DPP-PSD)
firmware version 4.17_136.16. A 160 ns pulse integration
window was used with an 18 ns pre-trigger start and a
24 ns short integration time. Figure 2 illustrates how the
provided PSD constants translate to pulses from the PMTs.
A standard method of PSD leveraging the ratio of the peak

Fig. 1 A depiction of the digital acquisition and detector configura-
tion. (colour figure online)

area integration to the total area (sum of short and long
window) was used to separate the alphas and betas.

Alpha radiolysis is a high linear energy transfer (LET)
interaction. Most of the kinetic energy of the alpha par-
ticle is deposited into a few molecules of the fluorescing
cocktail relative to betas. This type of interaction produces
more ionization relative to excitation. Alpha energy depo-
sition within the fluor molecules in the liquid scintillation
cocktail produce more electron—ion pairs in close prox-
imity. These charged pairs produce more triplet bound
states during recombination. Triplet states transfer their
excess energy between adjacent fluors to produce delayed
photon emissions [12]. The extended lifetime and delayed
interaction of triplet states produces delayed photons from
subsequent singlet states that are observed as small after-
pulses following the primary pulse. The region following
the primary pulse in green of Fig. 2 is physically related to
the ionization potential of the incident interacting particle
and was used to discriminate between alphas and betas in
this work.

A NIST-traceable multi-nuclide standard was counted a
priori to characterize the HPGe detector performance. Fig-
ure 3 presents the measured full-energy peak efficiencies
for the two HPGe detectors along with a plot of the fitted
efficiency residual. Radionuclides with gamma emission
energies outside of the calibrated energy range were not
used to avoid the use of extrapolation in the efficiency fit.

Fig.2 Example oscilloscope 03 i e . i
trace of an alpha scintilla- ! b !
tion event with after-pulsing. ! b !
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the baseline, red the event ! i !
pulse, and green the post-pulse 02+ i !
trace. (colour figure online) ' i !
L a
1 8) (RN 1
e .12 il |
= 01 & == Short Window !
> ;9 | |
Loa | :
1 [} I
1 1 1
VAN |
0.0 1 f
i Lo i
- o i
! bl Long Window !
| o |
1 I [} 1
— 0_1 1 1 1 I L . I I I L L 1
0 20 40 60 80 100 120 140
Time (nsec)

@ Springer



Journal of Radioanalytical and Nuclear Chemistry

Fig.3 Measured full-energy 10! "
peak detection efficiency for the | ® O Data #1
two HPGe detectors .-":"\‘ Data 2
S(P& o Data |
R | - Fit #1
¢ \
I X Fit 12
g 6
.2 1 LS
é ‘. \\;~....
® 4 ol
! [C NG
~ B,
[ \\;@‘.;:L‘;:: .....
2! \@ :‘""6'-';:;: 1 T ——
| ----;';:;-_-g.‘.“_‘_
0!
b f :
: 2:_8 ............ Q""D e
= [ T T T T T T T T T T T O i v R
e
g _2: _____ .E_]A_.-._.-._._A...-._...A..._A_._._.-.-A_.-.-A._._.-.__.._...A.....A-.-A_._.-.-A-.-.__.:.-_n.;c}i:1b.’-.;
-4t e - +20 ]
500 1000 1500 2000
Energy (keV)

Data and analysis

Data from each detector within the GABRIEL system were
recorded in separate files using a serial event binary for-
mat with start of acquisition corresponding to time-zero.
Each event was composed of two short integers represent-
ing the board and channel number, followed by a 64-bit ps
resolution time-stamp, two short integers representing the
analog-to-digital (ADC) energy bin number and DPP-PSD
short integration window ADC bin number, and a 32-bit flag
describing the type of event. The flash ADC accumulated
digital representations of each pulse transient exceeding a
user-defined threshold and performed both a fast differential
and long shaping analyses to classify each event for preci-
sion dead-time estimates.

The raw list-mode data were parsed and stored using
CERN’s ROOT data analysis C++ framework for easier
manipulation, visualization, and analysis [13]. Binary data-
sets from each detector were post-processed to reconstruct
the coincident data sets. A sorted nearest neighbor search
was conducted between detectors using the time differences
within the search to build separate coincident datasets. The
time-sorted nearest neighbor search cross-checked paired
events within the list against adjacent events to avoid double
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counting coincident events, only storing paired events in
closest proximity. A graphical example is provided in Fig. 4.

Beta detector characterization

The beta detector energy and efficiency calibration were
estimated using peak area ratios between the PMT gated
and ungated HPGe spectra. Table 1 shows the fission prod-
ucts and their respective beta-correlated gamma signatures
used to characterize the LSC counter. Most of the fission
products used to measure the j efficiency have multiple ener-
gies. However, the predominant $-energy feeding the gamma
level transition makes up the majority of the associated betas
when inspecting the ratio of a primary gamma-line using
beta-coincidence counting. Although not perfect, this ratio
can be treated as a reasonable surrogate for a single f-energy
efficiency measurement.

Peak areas between the beta-gated and ungated spectrum
were used to internally calibrate the custom LSC. The beta
detection efficiency did not exceed ~93% at peak energies
and decreased to a minimum of ~20% for low-energy f,,..-
Figure 5 depicts the best estimate of the beta detection effi-
ciency as a function of beta end-point energy.
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Fig.4 Graphical demonstration of nearest-neighbor matching algo-
rithm used to post-process and reconstruct coincident datasets from
the HPGe detectors and LSC. Time differential sets are intercom-

Table 1 Gamma-line ratios and associated beta end-point energies
used to estimate the beta detection efficiency as a function of energy

Fission product Gamma energy (keV) Energy
(keV)
%Nb 765.8 159.8
Szr 756.7 366.9
132Te 228 240
14TNd 91 804.9
14TNd 531 365
144Ce 133.5 185.2
14l ce 1454 435
193Ce 293.3 111.3
“Mo 739.5 437.2
“Mo 181 4372
1998, 537.3 466

o
e
n
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0 A

pared with different forward differences depicted in red and green and
the stored event in black. (colour figure online)

Beta spectra associated with select gamma-gamma coin-
cidences were used to estimate the LSC energy calibration.
Figure 6 depicts the best estimate of the beta energy calibra-
tion as a function of beta end-point energy and Table 2 lists
the endpoint beta-energy associated with select coincident
transitions.

Mixed fission product (MFP) spectra

Elements with atomic numbers from zinc to dysprosium, and
everything in-between, are produced by fission. Hundreds of
radionuclides and isomers are accumulated in the sample,
many with short half-lives. In MFP samples, isotopes decay
along their respective isobar decay chains until only the
longer-lived (half-lives on the order of days) daughter radio-
nuclides remain. Many of these radionuclides can be directly
quantified using traditional gamma counting techniques [14]

.Ce-143  La-140 _La-14 Fit Function
L J
La-140 0.934448 — 0.662079 g~0-00573397 (x-105.176)
0.8+
Fit Evaluation
Estimate Standard Error t-Statistic P-Value
-~ 0.6 i A 0.934448 0.000577728 1617.45 2.00808x1028
e B | 0.662079  0.00311541 212.517 1.30833x10°19
2 Aa | 0.00573397 0.0000349044 164.276 1.71636x10718
o
= u 105176 0.0000118272 8.89273x108 7.957x10766
w
« 04 1
ANOVATable
DF SS MS
Model 4 4.17384x10° 1.04346x10°
0.2+ Error 10 3275.36 327.536
Uncorrected Total |14 4.17711x10°
Corrected Total |13 74580.6
0.0t

500 1000
B End-point Energy (keV)

1500

Fig.5 Estimate of beta detection efficiency as a function of beta end-point energy in keV
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Fig.6 Estimate of beta LSC calibration as a function of beta end-point energy

Table 2 Gamma-gamma transitions used to estimate the beta energy
calibration

like Zr/Nb, *7Zr, Mo, 'PRu, 32Te/1, *!1Ce, '*3Ce, and
144Ce, and 'YNd. Figure 7 depicts the measured gamma

Fission product Gamma-pair (keV) Energy f,,,, (keV) spectrum with and without beta-gating and with alpha-
gating for reference. Other radionuclides, like °'Y, ''Ag,
M0y 487/1596 1676.9 1154, 136Cs, 137Cs, 153§ m, 5By, and '9'Tb, are not quanti-
99 £ 2 b & & b
14240 7397181 4372 fied directly with high accuracy from MFP using traditional
Ba 304/162 379 gamma-ray spectroscopy because of Compton shadowing
132Te 228/50 240 -
- and gamma-ray interferences.
mCe 293157 11113 The datasets from the four detectors were parsed and
Nd 31991 365 stored as ROOT TTree objects. Post-acquisition coincident
datasets were generated between the two PMTs first. Liq-
uid scintillation counting is commonly performed using
two PMTs operating in coincidence to reduce the dark
current background. The coincident PMT data set was then
8 — ysingles
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Fig. 7 Measured gamma spectrum of the mixed fission product sample with and without beta gating (blue/red), beta veto (black), and alpha gat-
ing (green). The channel space width was 0.2 keV/channel. (colour figure online)
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used to generate the PMT/gamma coincident datasets for
each HPGe detector. A coincident dataset between the
two HPGe detectors was then produced and subsequently
used with the coincident PMT dataset to generate a PMT/
gamma-gamma coincident dataset. Log-plots of the time-
difference between the two PMTs, the PMTs and one of
the HPGe detectors, and between the two HPGe detectors
are provided in Figs. 8, 9, 10, respectively.

More than 99% of all events depicted in Fig. 8 were
recorded within a 100 ns time window (50 ns from 0).
The remainder of the events are likely associated with
coincidences between high-energy beta decay events reg-
istered in one PMT and small after pulses or conversion
electron emissions registered in the second PMT.

The timing distribution presented in Fig. 9 is more
interesting. The large peak occurs at~ 1000 ns because
the time difference plotted is the difference between the
beta and the HPGe event time, which more often occurs
after the PMT fires and represents 99.7% of all events.
Figure 10 illustrates the traditional timing distribution
observed between two matched germanium detectors.

Results and discussion

Alpha- and beta-correlated radiation signatures were
acquired and studied to quantify the improvements to the
detection limit for fission products and actinides. Cases
where there was improvement for an observed gamma-
line were compared based on statistical quantification and/
or MDA. The MDA used is based on the Currie method
described in the Mirion Genie2000 Customization Tools
Manual.
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Fig.8 Time-differential measured from the two PMTs used in the
LSC counter (bin width is 10 ns)

T

10?

LRI

10

counts/bin/sec

LRI

LRI

|

sttt

| | |

~3000 —2000 —1000 0

107"

A it g ety PPy

T

po Lo o b v a beva o byaay
1000 2000 3000 4000 5000
AT (nsec)

Fig.9 Time-differential measured between coincident PMT light
events and one of the HPGe detectors (bin width is 10 ns)

Quantified analytes

Spectra acquired from MFP samples often contain hundreds
of separate and overlapping gamma signatures; many of
which can be attributed to the same radionuclide. For exam-
ple, *°La and !*’I have more than 20 prominent gamma-
lines each that can be directly observed in MFP samples. A
list of primary gamma energies useful for quantification of
various fission products and measured results as compared to
PNNL’s service center measurements is provided in Table 3.
A total of 3.33E + 12 fissions/g of stock solution was meas-
ured using these prominent fission product and associated
fission yields.

91Y

The °'Y gamma transition occurs in rapid succession with
the emitted beta. Virtually no reduction in background
is achieved by only processing gammas coincident with
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Fig. 10 Time-differential measured between the two HPGe detectors
(bin width is 10 ns)
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Table 3 Inter-comparison of

o Isotope Gamma-line (keV) PNNL atoms/g +/-% GABRIEL atoms /g +/- Ratio
measured results by traditional
gﬁmn}a counting fm:i raQiO(-i oy 1204 1.89E+11 5.8 2.05E+11 50 108
chemistry to results derive 95m
from GABRIEL Nb 236 - 1.27E+11 2.0 -
S7r 756 2.16E+11 2.0 2.07E+11 2.0 0.96
7r 743 2.04E+11 2.8 2.16E+11 2.0 1.06
“Mo 739 2.01E+11 2.0 1.88E+11 20 094
103Ru 497 9.98E+ 10 2.0 9.77TE+ 10 2.0 0.98
115¢cq 336 3.87E+08 3.8 3.51E+08 4.0 0.91
1327Te 228 1.44E+11 2.8 1.39E+11 3.4 0.97
136Cg 1048/1048-340 2.02E+08 2.1 1.75E+08 16.7 0.87
B3¢y 662 2.18E+11 2.0 1.75E+11 50 081
140, 537 2.09E+11 22 2.09E+11 2.0 1.00
H4ce 145 1.94E+11 33 1.93E+11 2.0 1.00
43ce 293 2.00E+11 32 1.96E+11 20 098
144ce 133 1.79E+11 24 2.09E+11 3.0 1.16
4INd 531 7.12E+410 32 7.26E+10 2.0 1.02
153Sm 103/103-41 3.96E +09 4.6 4.13E+09 11.0 1.04
By 185 6.34E+18 8.4 5.11E+18 50 081
o 0.1f oy Table 4 Estimated atom concentration of *'Y using radiochemical
g 0_092_ . separation and directly using GABRIEL
£ E ——— B-coincidence 0-1800 keV
e} 0.08F MDA (atoms/g) Measured (atoms/g)
D - B-coincidence 0-850 keV
S °'°7§ \ ekt RadChem 2.77E+08 1.89E+11
8 0'065_ Standard HPGe 1.38E+11 -
0.05¢ : GABRIEL 7.52E+10 2.05E+11
0.04?
0.03F-
0'025_ Table 4 presents the measured result using the opti-
0.01E | 1 | 1 1 mized beta window as compared to the value measured
1160 1170 1180 1190 1200 1210 1220 via traditional HPGe counting of the chemically separated

Energy (keV)

Fig. 11 Successive plots of the °'Y region with increasing beta win-
dow to the beta ungated spectrum (top)

betas. However, a more significant reduction in back-
ground can be achieved by only counting gammas associ-
ated with lower energy betas or beta gating.

The primary source of background in the energy region
of °'Y gamma emission is from Compton down scattered
14012 1596 keV gammas. Using an optimized beta win-
dow, peak area was reduced by 30% and background was
reduced by a factor of 3.4 for an overall reduction in the
MDA by a factor of 1.2. Figure 11 depicts the 1191, 1205
and 1207 keV peaks of the sum-coincidence of the 523
and 667 keV gamma-lines of '*2I, °'Y, and '*!'Te, from
left to right, in the singles gamma spectrum, starting with
the narrowest beta window at the bottom and successively
broader beta windows upto the ungated spectrum at the
top.
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Y fraction along with the reduction in MDA in atoms/g.

95mNb

The parent isotope, >>Zr emits two high-intensity gamma-
rays: 724 and 756 keV and can be readily quantified
directly from singles gamma spectra. The parent-daugh-
ter activity ratio between *>Zr/Nb is commonly used as a
chronometer to estimate the time of fission. The half-life
of the daughter, SNb, is 34 days and can be difficult to
measure at early times. The isomer daughter, *>™Nb, has a
much shorter half-life of 3.61 days and can be quantified
using beta anti-coincidence counting. Figure 12 illustrates
how the photon peak associated with *™Nb at 236 keV
becomes apparent with beta anti-coincidence counting.
The MDA from traditional HPGe counting to that on the
GABRIEL detector was reduced from 5.26E + 07 Bq to
1.48E + 07 Bq, a reduction factor of 3.5 with beta anti-
coincidence counting.
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Fig. 13 Illustration of the impact of beta coincident and anti-coinci-
dent gating on the 739 keV gamma-line of *’Mo and *’Zr. Beta gat-
ing reduces the interference from *’Zr on Mo and anti-coincidence
enhances the sensitivity to *’Zr

77Z¢/*’Mo

Beta anti-coincidence improved the detection sensitiv-
ity for °’Zr. The MDA was reduced from 1.12E + 10 to
2.74E+9 atoms/g, a reduction factor of 3.9. The detection
sensitivity for Mo was improved in the beta coincidence
spectrum from 7.00E+9 to 6.49E +9 atoms/g because of the
decreased background and uncertainty in fitting the multi-
plet caused by the reduction in the 743 keV gamma of *7Zr.
Figure 13 depicts the beta-gated and ungated and beta anti-
coincidence spectrum of the 739 and 743 keV gamma-lines.

115cd

Like ®>™Nb, this nuclide also highlights the value of beta
anti-coincidence counting as applied to mixed fission

Table 5 Estimated concentration of ''>Cd using radiochemical sepa-
rations and directly using GABRIEL

MDA (atoms/g) Measured (atoms/g)
RadChem 4.76E+6 4.01E+8
Standard HPGe 3.96E+8 -
GABRIEL 7.85E+7 3.51E+8
[&) F
Q L
Y
£ i
Q L
12}
C
S L
8
—— fy-singles
107 —— B-coincidence
r — B-veto
325 330 335 340 345
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Fig. 14 Illustration of the improvement in sensitivity to Inl15m
achieved using beta anti-coincidence counting at 336 keV

product samples. The visibility enhancement obtained using
charged particle coincident gamma spectroscopy in Fig. 14.
The MDA was reduced from 3.96E + 8 to 7.85E 4+ 7 atoms/g,
areduction factor of 5. With beta anti-coincidence counting,
5Cd was successfully quantified and agreed based on a
fissions/g comparison made using known fission product and
their yields. Table 5 provides detection sensitivities by direct
counting, GABRIEL assay, and radiochemical analysis; it is
advantageous that ''>Cd can be measured without separation
in a whole solution due to its short half-life.

136cs

This radionuclide is a hard-to-detect fission product because
of its very low yield of 5.53e —5 atoms per fission; it is
also a prominent coincident gamma emitter with two high-
intensity pairs, the 1048-818 and 1048-340 keV. Because
of the decreasing HPGe detection efficiency as a function
of energy, the 818-340 pair is the most prominent coinci-
dent feature; however, the 816 keV gamma-line from 140p 4
obscures the 818 in both the singles and coincident planes
making the 1048-340 pair the cleanest feature to use for
quantification. Figure 15 depicts the 340-1048 keV pair.

A 30-40% reduction in background can be achieved
using beta coincidence counting. The primary source
of background in the coincidence plane around the
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Fig. 15 Gamma-gamma  coincidence  plane  depicting  the
341/1048 keV coincidence region a without charged particle coinci-
dence, and b with beta-coincidence and a beta-energy window. The
channel space width is 1.6 keV/channel

340-1048 keV feature are the '*’La 487-1596 keV coin-
cident events. When both the 487 and 1596 Compton
scatter, the two photons are recorded within the fitting
region encompassing the '3°Cs coincident feature in the
coincidence plane and contribute to the peak background.
The *°La coincident gamma events are commonly asso-
ciated with a g, energies in excess of 1 MeV while the
136Cs coincident events are associated with betas with a
0.34 MeV f,..«- Applying a high-energy threshold above
0.35 MeV on the betas reduces the number of observed
40La events in this region as shown in Fig. 15. Table 6

@ Springer

Table 6 Estimated concentration of '°Cs using radiochemical sepa-
ration and directly using GABRIEL

MDA (atoms/g) Measured (atoms/g)
RadChem 6.36E+6 2.02E+8
Standard HPGe 9.64E+7 -
GABRIEL 4.36E+7 1.94E+8
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Fig. 16 Illustration of beta anti-coincidence counting improvement to
sensitivity for '¥’Cs at 661.6 keV

Table 7 Estimated concentration of '*’Cs using radiochemical sepa-
ration and directly using GABRIEL

MDA (atoms/g) Measured (atoms/g)
RadChem 1.19E+9 2.17E+11
Standard HPGe 4.45E+10 -
GABRIEL 1.11IE+10 1.75E+11

depicts the improvement in detection sensitivity for *°Cs
obtained with beta-coincidence counting.

137cs

The MDA for '¥’Cs was reduced from 4.45E + 10 atoms/g in
traditional HPGe counting to 1.11E+ 10 with the GABRIEL
system, a reduction factor of 4. With beta anti-coincidence
counting, this nuclide was successfully quantified and was
found to be in agreement to the reference and the known
fission yield of this isotope. Figure 16 illustrates the signal-
to-noise enhancement for the 661.62 keV peak. Table 7
presents the reduction in the detection limit and compares
quantification results from the two methods.
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Fig. 17 Dependence of MDA on the upper beta energy window with
the lower end fixed at zero

Table 8 Estimated concentration of '**Ce using radiochemical sepa-
ration and directly using GABRIEL

MDA (atoms/g) Measured (atoms/g)
RadChem 1.74E+9 1.79E+11
Standard HPGe 8.44E+9 1.77E+ 11
GABRIEL 5.04E+9 2.09E+11
1 44ce

This isotope has only one strong emission line 133 keV. This
gamma is interfered with directly by the '“°Ba at 132.6 keV
and "°La at 131 keV. Both of these isotopes emit betas at
higher energy than the Sy 4x of '**Ce. By vetoing gam-
mas and Compton scatter associated with higher energy
betas, the background surrounding this radionuclide can be
reduced without impact to quantification. Figure 17 depicts
the MDA as a function of the f;,x cutoff applied to the
measured gamma spectrum.

This isotope also has a long half-life, its specific activ-
ity at early times does not compete effectively with '“’Ba
making the interference correction a prominent source of
uncertainty when quantifying '#*Ce. Using beta coinci-
dence with selective energy thresholding, both the *°La/
Ba background contribution can be reduced as shown in
Fig. 18. The optimal detection limit based on the beta energy
window was evaluated and the optimal energy cut-off was
identified at 100 keV, in good agreement with the low beta
end-point energy of '#*Ce (185 keV). Table 8 depicts the
improvement in the detection sensitivity observed using the
GABRIEL instrument compared to traditional singles count-
ing (Fig. 18).

147Nd

This isotope has two primary lines: 91 and 531 keV, both
of which are associated with different beta energy feeding
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Fig. 18 Effect of varying beta window on the 133 and 137 keV
gamma-lines of '**Ce and "*°Ba
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Fig. 19 Dependence of MDA on the beta energy window for 'Y/Nd
for the 91 and 531 keV gamma-lines

Table 9 Estimated concentration of '“’Nd using radiochemical sepa-
ration and directly using GABRIEL

MDA (atoms/g) Measured (atoms/g)
Standard HPGe 9.73E+8 7.16E+11
GABRIEL 8.07E+7 7.26E+11

levels. As such, they have different optimal beta windows
as shown in Fig. 19.

The largest improvement in detection sensitivity for the
91 keV gamma-line (~ 10%) was immediately observed
with beta gating by removing the Compton continuum
associated with *™Tc. The optimal detection sensitivity
was observed with a beta window spanning 0 to 700 keV
producing a 2.5% reduction in peak area and a 40% reduc-
tion in background for an overall reduction in the MDA
of 13%.

The improvement in the detection sensitivity of the
531 keV gamma-line was more significant relative to the
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91 keV gamma-line. The optimal beta window was observed
spanning 0-200 keV for a 15% reduction in peak area, a fac-
tor of 2.7 reduction in background for a 30% reduction in the
MDA. Table 9 presents the improvements in the detection
limit observed for the 91 keV gamma-line as compared to
that of traditional HPGe spectroscopy.

153Sm

The primary gamma energies associated with '*Sm are cor-
related with beta decay. The second most prominent gamma-
line, 69 keV, which precedes the primary gamma at 103 keV
is a prominent, K-shell electron converter such that the coin-
cident beta can be observed with elevated energy due to the
coincident conversion electron emitted in rapid proximity
of the original beta. This nuclide can be measured directly
from a single HPGe detector in a MFP sample using the
highest intensity gamma-line at 103 keV but has high uncer-
tainty associated with the measurement. The 102 keV inter-
ference from '*!™Te along with the prominent back-scatter
feature produced by the 140 keV gamma-line of **™Tc make
this region of the spectrum dynamic. Around the 103 keV
gamma-line there is significant background, limiting the pre-
cision of the measurement and reducing confidence. The two
highlighted interferences often bias the measured result from
direct quantification. Figure 20 depicts the 103 keV gamma-
line with the accompanying 112 and 116 keV gamma-lines
of '¥Teas observed directly from the MFP spectra.

The 103 keV peak from '3*Sm can be selectively iso-
lated using gamma/X-ray coincidence; a better method than
gamma-gamma coincidence since the 69 keV transition from
the 172 keV level to the 103 keV level converts through
k-shell electron emission 4.48 times more often than by
direct gamma emission.
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Fig.20 Gamma spectrum of >Sm at 103 keV and '*?Te at 112 and
116 keV
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Fig.21 Gamma-gamma coincidence plane depicting the 69/103 keV
and 41/103 keV coincidence region a without charged particle coin-
cidence, and b with beta-coincidence and a beta-energy window from
0 to 425 keV. The gamma/X-ray signature of '3*Sm is approximately
3.5 times larger than the 103/69 keV coincidence signature; however,
the gamma/X-ray feature is shrouded by the 140 keV back-scatter fea-
ture without charged particle coincidence

Table 10 Estimated concentration of *Sm using radiochemical sep-
aration and directly using GABRIEL

MDA (atoms/g) Measured (atoms/g)
RadChem 4.88E+6 3.96E+9
Standard HPGe 1.04E+9 5.16E+9
beta-coincidence 3.75E+38 4.12E+9
yy-coincidence + beta 423E+8 5.56E+9

coincidence
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Fig. 22 Peak-to-total ratio pulse
shape discrimination plot for
the LSC counter. Area below
the red line and above 0.4
represents the alpha coincidence
PSD cut

Peak/Total

©
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Figure 21 depicts the pure gamma-gamma spectrum
neglecting the beta information and the same spectrum in
coincidence with LSC. Since the *™Tc¢ gamma is not cor-
related with a beta decay, the peak and associated spec-
tral features are reduced using beta gating. This method
serves as an effective way of isolating the 103 keV fea-
ture for quantification using single or coincident HPGe
spectroscopy. Table 10 presents the improvement in MDA
observed over standard counting when using beta coinci-
dence with a single germanium detector and when applied
to two coincident HPGe detectors.

235U

Charged-particle separation between alphas and betas is
complicated by random summing in high-activity sam-
ples. The probability of two pulses occurring within the
same window of time is proportional to the square of
the count-rate if all events are Poisson random events.
In this case, the count-rate observed in the liquid scin-
tillation counter was ~ 2000 counts/s and the processing
window length was 160 ns for a random sum probability
of 3.2E — 02%. In practice, however, the number of ran-
dom sum events is closer to 0.8% because many of the
observed beta decays precede delayed level transitions
associated with conversion electron emission.

In cases where a subsequent conversion electron was
emitted with appreciable energy > 10 keV, after-pulsing
increases the tail integral clouding the area where alpha
scintillation events are likely to be observed. Figure 22
depicts the peak-to-total ratio along with the threshold
function used to separate the alpha and beta spectra; the
events below the red line represent alpha events.
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Fig. 23 Tllustration of the effect of alpha coincidence gating on the
185 keV gamma-line of 225U and 181 keV gamma-line of *Mo

Table 11 Estimated concentration of 233U using radiochemical sepa-
ration and directly using GABRIEL

MDA (atoms/g) Measured (atoms/g)

RadChem 1.85E+16 6.34E+18
Standard HPGe 1.42E+18 -
GABRIEL alpha-gated 237E+17 5.11E+18

Using the threshold shown in Fig. 22, no reduction in
peak area was observed in the 185.6 keV gamma-line of
25U with a factor of 35 reduction in background or 5.9 in
MDA. This translates to an atom per fission sensitivity
of 27 atoms per fission. Figure 23 depicts the ungated
gamma spectrum and the alpha-gated gamma spectrum
for the 185.6 keV gamma-line and Table 11 compares the
detection sensitivities of the various methods of analysis
examined in this publication.
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Conclusions

Significant improvements to the versatility and sensitivity
of gamma-ray spectroscopy can be achieved for MFP sam-
ples using list-mode acquisition from a time-synchronized
liquid scintillation counter. This versatility is achieved
through the range of expanded analysis methodologies
made available through different coincident and anti-
coincident analysis techniques.

This manuscript demonstrated how: (1) beta coinci-
dence counting can help to reduce interferences in *’Mo
from *’Zr, and '**Sm from photon backscatter via **™Tc,
(2) beta coincidence counting with select beta windows can
improve detection sensitivities for radionuclides like °'Y,
136Cg, 44Ce, and '“'Nd, (3) alpha/beta anti-coincidence
counting can be used to improve detection sensitivities for
radionuclides like **Sr, ®>™Nb, *’Zr, ''°Cd, and '*’Cs, and
(4) pulse shape separation of alphas and betas can improve
detection sensitivities for alpha emitting actinides, such as
2354, by factors of 5-7.

There were limited impacts on the peak counting statistics
and with improved beta detection efficiency, virtually all
peak losses would be reduced or removed. In addition to the
improved selectivity and spectral control afforded by the
various gating techniques shown, the impacts to quantifica-
tion were also limited, provided the detection efficiencies for
the gamma and beta detectors were known.

Future work

As noted throughout this study, the beta detection effi-
ciency was not comparable to a commercial liquid scintil-
lation counter and requires optimization to attain maximum
detection sensitivity. The HPGe crystals used in constructing
this instrument were relatively small (~50% relative effi-
ciency) with poor energy resolution (~3 keV FWHM @
1332 keV) and the counting geometry, depicted in Fig. 1,
was not optimized.

Based on preliminary simulation results, further reduction
factors as large as an order of magnitude beyond what was
achieved with this instrument may be achieved by improv-
ing the beta and gamma detection efficiencies and energy
resolution of the HPGe detectors. This technique may show
broader benefits in a range of applications include nuclear
material safeguards characterization and spent fuel charac-
terization in the presence of overwhelming fission product
activity.
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