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KSr,I5:Eu 2* scintillators exhibit better than 3% energy resolution at 662 keV and may be significantly less
expensive to produce than other, similar energy resolution scintillators. However, KSr,I:Eu** exhibits a 6.5
Bq/cm? intrinsic background from the presence of*K. This background is not only the well-known 1.46 MeV
gamma, but also the 1.31 MeV end point of the beta spectrum. This paper computationally evaluates the
optimum data acquisition parameters of KSr,I:Eu** and compares them to Nal(T]) for the detection of single

line gamma sources between 0.01-2.2 MeV with incident source strengths between 5 s~! and 100 s™! striking
the detector. We found a strong dependence of the time-to-detection on the data acquisition parameters, where
the time-to-detection of KSr,Is:Eu®* was 1-3 times larger than NalI(Tl) across the parameter space. The largest
discrepancy observed was between 0.6 MeV and 1.2 MeV, where the intrinsic 1.31 MeV beta dominates the

background.

1. Introduction

A new scintillator, KSryls:Eu?*, or KSI, is under development as a
low-cost, high-energy resolution radiation sensor. Literature suggests
that KSI may be grown at several mm per hour with high yield and
requires only inexpensive source materials [1,2]. The combination
of low cost and decent energy resolution would be valuable to the
detection of radioisotopes, as the detector energy resolution has been
shown to be critical [3,4]. However, the presence of 4°K results in an
intrinsic radioactivity of ~6.5 Bq/cm?®. The decay of “°K results in beta
emission 89.25% of the time and a 1.46 MeV gamma ray via electron
capture 10.55% of the time [5]. The beta particle has a maximum
energy of 1.31 MeV and peaks at 560 keV. Currently, it is unclear what
effect the intrinsic radioactivity of KSI will have on its performance in
detecting weak gamma-emitting sources.

While high energy resolution scintillators like Srl,:Eu?* [6,7] and
LaBr;:Ce®t [8,9] are available with no, or a much reduced, intrinsic
radioactivity, respectively, they are considerably more expensive than
Nal(T1). While KSI will likely never be as inexpensive as Nal(Tl), its
apparent faster growth rate and yield suggests it should be cheaper than
its lower intrinsic background counterparts [10,11]. For this reason,
we report here on the first computational evaluation of the effect of
the intrinsic radioactivity of KSI on the time it takes to detect single
line gamma rays. Specifically, the data acquisition parameters were
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systematically evaluated over a range of gamma ray energies and
source strengths to identify the lowest time-to-detection (TTD) of single
gamma lines and compare the results to a standard NaI(Tl) using the
same methodology.

2. Methods

Comparison of the single gamma line sensing capabilities of KSI
compared to Nal(Tl) is evaluated through using a region of interest
around each gamma line [12]. The minimum TTD is computationally
evaluated through a systematic evaluation of these data acquisition
parameters: boxcar sum window (BCS), integration window around
the gamma energy (referred here on as integration window), and
false positive rate (FPR). Each scintillator is assumed to sample the
number of counts observed from the source and background at a
frequency of 10 Hz. The background utilized in the computations were
experimentally measured using 1¢x 1 inch cylindrical KSI and NaI(Tl)
scintillators coupled to a Hamamatsu 6231 PMT (see Fig. 1). The size
of each cylindrical scintillator was 1gx 1 inch. The gamma energy
range simulated for both KSI and NaI(Tl) was between 0.01-2.2 MeV,
in steps of 0.005 MeV. The intrinsic efficiency of each scintillator
was simulated using MCNP6 [13] and the pulse height light tally to
determine the rate of full energy deposition (i.e., photopeak efficiency).
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Fig. 1. Experimentally measured background of KSI and NalI(Tl). The energy bin width
is 0.6 keV for KSI and 0.7 keV for NaI(Tl). The number of bins is 4096 for each
spectrum.

Fig. 2. Expected average signal of KSI for a source strength striking the detector (sps)
of 20 s7!, gamma energy of 1.5 MeV, BCS of 8 s, FPR of 0.01%, and peak integration
window of +0.95¢. Overlaid on the image is a graphical depiction of an assumed
Gaussian distribution of observed counts at each sample, where the green shaded region
corresponds to the probability that the observed number of counts in that sample will
pass the threshold. The inset on the top left is the corresponding sequential difference
of the normalized probability of sample “i” passing the threshold.

The MCNP6 simulations assumed a plane wave of incident gammas on
the front face of each 1¢x 1 inch cylindrical scintillator. The plane wave
nature of the source removes the geometric dependency of the results
on detector-source separation distances several times greater than the
diameter/length of the detector. The source radiation strikes per second
(sps) on the detector varied between 5 sps and 100 sps.

Rather than utilizing a single interval test, the TTD is evaluated with
an equal distribution of background and source plus background time
intervals plus twice the time width of the BCS. Instead of simulating
thousands of randomly generated background and source counts per
parameter space, we rely on the fact that using the average number of
background and source counts expected at each sample will produce
the same result as the number of simulations approach infinity. The
BCS is defined as the sum of counts observed over some time interval,
as described in Eq. (1). Here, the expected gross count rate within the
integration window, C;, for each sample is summed backward in time
to the evaluated window, z,.,, yielding a total observed count of C,. In
these simulations, the background count rate is flat before the source is
turned on, at which point the observed counts exhibits a constant rate
of increase until the BCS is entirely over the source plus background
region of the dataset (see Fig. 2).
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The threshold C,, defined in Eq. (2), is dependent on the FPR,
where Cy is the average background rate expected for a given param-
eter space. The multiplier M was found by utilizing the cumulative
Binomial probability distribution and requiring that the probability of
observing two or more samples above the threshold in ten sequential
samples is equal to the desired FPR. The FPR was evaluated at both 1%
and 0.01%.

Cp=Cg(1+M) 2)

The number of observed counts per sample from each scintillator at
each gamma energy and source strength was determined by summing
over different areas of the photopeak region. Each photopeak was
assumed to be Gaussian, and the integration window varied between
+0.25¢ and +4o0, in steps of 0.05¢. The width parameter ¢ was found
using the detector energy resolution (Eg) at 662 keV (Eg sk = 3.5%;
ER NarsTr) = 6.5%) and appropriately scaled using their known resolu-
tion curves at each simulated gamma energy. The BCS varied between
10 and 150 samples (1 s to 15 s). The overlap of the observed counts at
each sample with the FPR threshold defines the probability P, of each
sample causing a gamma source detection event. This is graphically
displayed in Fig. 2 via the shaded area underneath the two Gaussian
curves. Taking the sequential difference of the normalized P,, the
most probable sample position (i.e., TTD) when the source is detected
is found. The reported TTD is the minimum value found across the
simulated integration window (+o¢) for a given parameter space. To
summarize, the simulated parameter space in this report is the BCS (1
s to 15 s), gamma source energy (0.01 MeV to 2.2 MeV), sps (2.5 s1
to 100 s71), integration window (+0.25¢ to +4c), and FPR (1% and
0.01%).

3. Results

While the output of this computational study is extensive, we
present a quantitative comparison between KSI and Nal(Tl) for two
different source strengths (15 s~ and 50 s~1). The output presented
is the optimum integration window that minimizes the TTD for each
parameter space and the corresponding ratio of the TTD of KSI to
Nal(Tl). The former is important in defining the optimum data acqui-
sition parameters for weak source detection using single gamma lines,
valuable in developing more complex isotope identification algorithms.
The latter provides a quantitative comparison of the effect of the
intrinsic background of KSI on single gamma line sensing compared
to Nal(TD).

In Fig. 3, the optimum integration window that minimizes the
TTD for 15 sps is provided. The optimum integration window for KSI
is roughly equal to NaI(Tl) for low gamma energies, but becomes a
little larger in the region where the 1.31 MeV beta dominates the
background for larger moving windows. This is due to the interplay
between the source-to-background (S/N) ratio, threshold C;,, and the
normalized sequential difference of the probability P, that minimizes
the TTD. As an example, the background and source (photopeak) count
rates as well as the threshold C,, at an integration window of +1lc¢
and +1.3¢ is provided in Table 1 for an incident 662 keV gamma
ray at a source strength of 15 sps with a BCS of 1 s. In evaluating
the data, the poorer energy resolution of Nal(Tl) results in a large
observed increase in the background rate of 31.3%, which is mostly
compensated by the large 30.4% increase observed for KSI due to
its dominant internal background from the 1.31 MeV beta particle
around 662 keV. The source rate for Nal(Tl) and KSI increases as the
integration window increases by 18.2% and 17.7%, and C,, increases
by 17.4% and 19.9%, respectively. From the observed changes, it would
seem that the optimum integration window between these two options
would be +1¢ for KSI. However, the increase in source rate results in
more overlap of the gross count rate C, with C;, as the boxcar window
moves across the point in time when the source is turned on, resulting
in a faster TTD (see Fig. 2). Obviously, as the integration window
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Fig. 3. Optimum integration window of KSI ((A) and C)) and Nal ((B) and D)) as a function of energy and box car sum (BCS) at 15 sps for a FPR of 0.01% (A)-B)) and 1% (C)-D)).
The optimum integration window that minimizes the TTD in the chosen parameter space is larger for KSI than NaI(Tl) due to the need to optimize the S/N ratio in the region
where the 1.31 MeV end point energy beta from “°K decay dominates the background spectrum of KSI. The blue vertical lines above 1.5 MeV are due to the transition between
green and blue color bar legend regions and the effect of the low probability, high energy background gammas have on the optimum integration window. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1

Background and source (photopeak) count rates at two different integration windows
for a 662 keV source strength of 15 sps and a BCS of 1 s. Also included is the associated
threshold C;, used to evaluate the TTD for the data acquisition parameters.

Detector Cy (cps) Source (Photopeak) rate (cps) Cy, (cps)

+lo +1.30 +lo +1.30 +lo +1.30
Nal(Tl) 0.16 0.21 1.87 2.21 1.02 1.20
KSI 1.61 2.10 2.03 2.39 4.36 5.23

continues to increase, the source rate increases at an ever slower rate
compared to the background, resulting in C, increasing to a degree that
the TTD becomes larger. It is this interplay that has been optimized and
presented in Fig. 3.

A two dimensional plot of the optimum integration window at 15
sps and 50 sps and a BCS of 1.5 s and 10 s at a FPR of 0.01% in
Fig. 4 better illustrates the optimum integration window trend across
the simulated source energies. In agreement with the aforementioned
example, as the sps increases, the difference between the optimum
integration window for KSI and Nal(Tl) in the 0.5-1.3 MeV range
becomes less pronounced, and both shift upward slightly. Of note is
the large increase in optimum integration window around 1.46 MeV,
which is the gamma energy from 40K decay present in the background
observed by both NaI(Tl) and KSI. The width of the band observed in
Fig. 3 is larger for Nal(Tl) than KSI, which is a consequence of the better
energy resolution of KSI. Finally, the effect of the FPR on the optimum
integration window is minimal, varying on average by just a few step
sizes (+0.056) across the parameter space.

38

The KSI-to-Nal(Tl) TTD ratio is provided in Fig. 5, where it is
apparent that the internal 1.31 MeV beta of KSI increases the TTD by
several multiples. For a sps of 15 s~! and a FPR of 0.01%, the TTD of
KSI is two-to-three times larger than NaI(Tl) between 0.6-1.1 MeV, but
decreases somewhat as the BCS window increases. For larger source
strengths, the difference in the TTD between KSI and Nal(Tl) is less
sensitive to the BCS. Additionally, the TTD ratio increases slightly as
the BCS window width increases at a source strength of 50 s~!, opposite
of that observed at a source strength of 15 s~1. Further, as the required
FPR is reduced, the difference in TTD between Nal(Tl) and KSI is much
less pronounced, but the same general trends in sps are observed.

Increasing the BCS increases the source-to-background count ratio
as the window moves across the time domain. However, having a large
window also results in a slower response of the system, where the TTD
for a single gamma line at 1 MeV increases from 1.9 s to 3.6 s for KSI
when the BCS width increases from 1.5 sto 10 sat a sps of 155! and a
FPR of 0.01% (see Fig. 6). For Nal(Tl), the TTD increases from 0.6 s to
1.4 s with the same change in parameter space. Further, the increase in
the TTD ratio as the BCS increases at a sps of 50 s~! indicates that there
is an overall minimum TTD ratio for the combination of BCS and sps.
Above 1.5 MeV, KSI exhibits a better TTD than NalI(Tl), which is outside
the range of the intrinsic background from #°K and is a consequence of
the greater stopping power and better energy resolution of KSI. While a
smaller BCS results in a faster TTD in all cases for both scintillators, it is
also subject to more random noise. Although this source of uncertainty
was not a subject of this investigation, a balance is required between
the optimum data acquisition parameters and the actual TTD for a given
application.
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Fig. 4. Optimum integration window of KSI and NalI(Tl) for a BCS of 1.5 s (A)-(B) and 10 s (C)-(D) and a sps of 15 s™! (A) and (C) and 50 s~! (B) and (D) at a FPR of 0.01%.
Here it can be observed that the optimum integration window of both KSI and Nal(Tl) are very similar, with KSI being slightly larger than NaI(Tl) for the lower sps of 15 s~! and
in the region where the 1.31 MeV end point energy beta from “°K decay dominates the overall background of KSI. Further, increasing the BCS results in additional separation of
the optimum integration window between the two.

Fig. 5. TTD ratio of KSI-to-NaI(Tl) as a function of the boxcar width and gamma energy. The evaluated source strength is 15 s~! (A) and C)) and 50 s~! (B) and D)) for a FPR
of 0.01% (A)-B)) and 1% (C)-D)). The TTD ratio is largest in the region where the 1.31 MeV beta from “°K decay dominates, particularly for a FPR of 0.01% and small BCS.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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Fig. 6. Comparison of the actual TTD of KSI and Nal(Tl) for a sps of 15 s~ using a BCS of 1.5 s and 10 s and a FPR of (A) 0.01% and (B) 1%. It is apparent that the TTD
decreases as the window width decreases, and the TTD of KSI is better than NaI(Tl) where the background from 4°K does not dominate the total background observed by KSI. As

the FPR is decreased, the TTD of both KSI and NalI(Tl) decrease.
4. Conclusion

In this report, we presented a quantitative comparison via com-
putational analysis of the time-to-detection of single gamma lines for
the scintillators KSrZIS:EuzJr and Nal(Tl). The lowest time-to-detection
was determined by identifying the optimum photopeak integration
window for the parameter space (source striking strength, gamma
energy, false positive rate, and boxcar window). We found that the
optimum integration window was relatively insensitive to the desired
false positive rate, but noticeable differences were apparent where the
1.31 MeV beta dominates the observed background in KSr,Ig:Eu*.
The time-to-detection for KSryls:Eu>* was larger than NalI(Tl) by a
factor of one-to-three where the intrinsic background was present,
the largest difference occurring between 0.6-1.2 MeV. The time-to-
detection difference decreased as the acceptable false positive rate was
increased from 0.01% to 1%, and KSr,I5:Eu’** was able to identify any
single gamma line faster than Nal(T]) at very low energies (E, < 200
keV) and above the beta end point energy (E, 2 1.3 MeV). Although
the parameter space was bounded, the results indicate that there is a
global minimum TTD ratio between KSrZIS:Eu2+ and Nal(Tl) between
BCS and sps.

While the results indicate that KSI exhibits a higher time-to-
detection than Nal(Tl) in this study, it does not represent a reduced
capacity for isotope identification. The results presented merely indi-
cate the expected optimum data acquisition parameters and associated
time-to-detection of single gamma lines. Using this technique alone,
the time-to-detection of KSI for 137Cs decreases from 0.46 s (662
keV only) to 0.403 s (662 keV and 32 keV), or by 12.4%. Corre-
spondingly, Nal(Tl) decreases its time-to-detection from 0.221 s to
0.210 s when considering both photons from Cs-137, which is only
a 5.0% decrease. However, it is demonstrated in the literature that
more advanced techniques to isotope identification are available [3,14—
19]. Some of these techniques may benefit from the results and / or
methodology presented [15-19], and others clearly indicate that the
better energy resolution and predictability of the intrinsic background
will likely yield more favorable results [3,14]. Considering KSI, further
investigation is required to identify the optimum isotope identification
technique to maximize its value to the community, and whether its
lower cost offsets its intrinsic background compared to other good
energy resolution scintillators like Srl,. Eu>*.
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