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1.0 Introduction

Identification of nuclear events (Hayes et al. 1999; Ringbom et al. 2003; Le Petit et al. 2008;
Prelovskii et al. 2007) rely on accurate measurement of radioxenon releases (Arthur et al. 2001; Auer et
al. 2010; Bowyer et al. 1998; Bowyer et al. 2000; Bowyer et al. 2006; Bowyer et al. 2009; Bowyer et al.
2011; Le Petit et al. 2006; Mclintyre et al. 2001; Ringbom 2005; Saey 2009; Saey et al. 2013).
Measurement of radioxenon relies on accurately knowing the detection efficiency for each isotope.

Four xenon isotopes are of interest: 1¥Xe, 1*¥Xe, 3¥MXe, and 1™Xe. Each isotope has a unique
signature; however, there is overlap between each signature. A series of ratio terms, called interference
ratios, helps account for the challenges created by the overlap. The ratio and detection efficiency terms
are all determined during the initial detector calibration. Additional spectra are needed for a complete
calibration: the radon daughter 21*Pb/?1Bi, the detector background, and the *’Cs quality control (QC)
(see Figure 1.1 for spectra not including QC [Reeder et al. 2004]).

133Xe

131mxe 133mxe (I33Xe)

100 200 300 400 500 600 700 8O0
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% Y00 200 300 4p0 500 600 700 800
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214Pb (222R )

Background

100 300 400 500
E, [ke\]

4D0 500 600 700 800
:pgke'ﬂ

% 100 200 300 400 500 600 700 BOD
E [keW]

Figure 1.1. Examples of Typical g-y Calibration Spectra

1.1 pyRadioxenon Regions of Interest

The current method used in radioxenon analysis is based on defined regions of interest (ROIs). Each
of the five isotopes (*1*Pb, 13Xe, 133Xe, 1¥¥mXe, and *1™Xe) has one or more defined regions of interest
that encompasses the strongest -y decay. Based on the defined ROI, interference from other measured
isotopes may exist, which are accounted through the previously mentioned interference ratios. The
calibration method makes use of the same ROI definitions as used in sample analysis. The definition is
based upon the physics of each isotope (see Table 1.1).
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Table 1.1. A list of the Regions of Interest used in a seven-region radioxenon analysis. The third column
notes the nomenclature used to reference net counts and detection efficiencies associated with
a particular ROL.

Region Isotope of interest Equation Nomenclature y range (keV) B range (keV)
1 222Rn (352 keV of 214Pb) R1 313-391 4-672
2 135Xe R2 220-280 4-830
3 133Xe (80 keV) R3 63-99 4-346
4 133%e (30 keV) R4 15-48 4-392
5 138Imxe RS 15-48 90-164
6 133mx e R6 15-48 165-238
7 133X e (exclusion) R7 15-48 87-241
4-7 138%e R47 15-48 4-86, 242-392

The ROIs are defined in energy; therefore, the detector energy to channel (and vice versa) needs to be
determined. Initial setup of a coarse energy range for the  and y detectors is performed using a quality
assurance/quality control (QA/QC) **'Cs check source, mentioned earlier. However, the actual energy
calibration is performed using the xenon calibration spikes. The centroid of each peak is measured and
paired with the appropriate energy. Table 1.2 lists typical § and y energy calibration values. A linear least-
squares-fit is then used to convert between energy and channel and aligns the measured data with the
defined ROIs.

Table 1.2. A list of energy and corresponding channel for typical peaks measured during the energy
calibration of a B-y detector

B Energy (keV) Channel y Energy (keV) Channel
129.4 34.6 31.6 11.3
158.4 42.5 81.0 30.1
198.7 59.3 163.9 57.4

233.2 80.3
249.8 86.7
295.2 103.5
351.9 122.0
609.4 207.9

A QC measurement should be performed prior to each radioisotope measurement to verify gain
stability. The centroid of the 661.7 keV y peak should be fixed to a specific channel and verified it is in
that channel before measurement. The typical placement for the 661.7 keV peak in PNNL developed
detector systems is channel 230. The peak is found by fitting a Gaussian to the peak between 550 keV
and 700 keV seen in the y~singles plot in blue in Figure 1.2. The 8 energy endpoint is determined by
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using the Compton scatter line seen in the S-yspectrum. Fitting a line to the Compton line and
extending it to the Ez axis will provide an endpoint energy which the typical placement would be channel
200.

Counts

s Pl UL -|-: ER S S r'|- '|:|--|'l|' Il'; N T AR AT a
1] 100 300 400 500 600 700 800 \
E; [keV]

Figure 1.2 Typical *¥'Cs Calibration Spectra. The top plot is s-singles (blue) and the B projection of the
Sy spectrum (green). The right plot is y~singles (blue) and the y projection of the S-y
spectrum (green).

The ROIs determine the number of measured events associated by energy to a given isotope;
however, several sources for the counts appear in an ROI. First, there is ambient background radiation
that is accounted through subtraction of detector background spectra from the sample of interest. Second,
there may be a residual sample (memory effect) that needs to be accounted for through a gas background
file. The gas background file measures the residual radioxenon present from previous samples. Finally,
there is potential interference between isotopes that are present in the sample. In a calibration all of these
terms may be present. However, if the calibration gases are introduced to minimize the memory effect,
then only the detector background needs to be accounted and the interference terms will be measured for
each calibration sample. The interference terms are simply a ratio of the net counts for each ratio. In the
case of 1P, six ratios will be calculated (see Table 1.3).
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Table 1.3. Interference ratio terms determined during the calibration process

R2 R3 R4 R5 R6 R47
214
Pb CNetRmz CNefR013 CNefR014 CNetRms CNetRom CNefR0147
CNetRon CNetRon CNetRon CNetRon CNetRon CNetRon
135
Xe CNefR013 CNefR014 CNetRms CNetRom CNefR0147
CNetROlz CNetROlz CNetRmz CNetRmz CNetROlz
133
Xe Chetgors Chetrors
CNetR013 CNetR013

The interference ratios are calculated with the assumption that the samples are isotopically pure, but
additional data analysis may be performed to account for impurities or contaminates present in the
samples. Additionally, every measurement has a background component that relates to the environmental
radiation (i.e., the thorium content of concrete flooring will influence the detector background based on
distance). The background is assumed to be constant in that it will be composed of long-lived isotopes
that appear constant for the relatively short duration of the calibration measurement. Therefore, the net
counts are the gross counts with the background subtracted out:

Countsye, = Countsgyoss — COUNtSpackground
—Countsyerserence — Countsyemory Eq.1

However, Countspterference aNd COUNLS yemor-, d0 NOt Need to be accounted for during a
calibration since they are not present; a radioxenon calibration spike is isotopically pure (except for
133mxe) and spikes introduced after each previous spike has decayed away. Therefore, the net counts has a
simpler equation:

Countsy,; = Countsg,oss — COUNtSp4ckground Eq. 2

The ROls are also used to calculate the detection efficiency. In the remaining sections of this report,
the counts used in the equations represent background-subtracted counts in the defined ROI range.
However, there is a special situation for cases where [3 singles counts are used. Since the 3 single counts
will contain events that have [3, conversion electrons, and Auger electrons, the energy range needs to be
extended to higher energy than the  endpoint would suggest. The typical B single-energy range used in
the calculation will cover the full B continuum, but care must be taken to not include any signal noise
within the range. If noise is present, the range may need to be reduced to remove the extra counts from the
calibration analysis.

1.2 Calibration Methods

Three typical calibration methods are employed in characterizing a nuclear detector. The first and
easiest method is to use a radioactive source standard, or National Institute of Science and Technology
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(NIST) standard. In this method, the activity of a source is accurately measured using a calibrated detector
standard. The measured source activity (often considered a known source) is then used to determine what
the detection efficiencies are for the nuclear detector of interest. This method is only as accurate as the
calibration of the well-known detector. Another limitation is the selection of isotopes that have y-rays at
or near the energies expected from a sample. For radioxenon measurements this will be approximately 30,
80, and 250 keV. When using a y source standard, it is often necessary to interpolate the efficiency results
to the energies of interest, which adds to the overall measurement uncertainty. An alternative calibration
source is radioactive xenon gas standards, which have known activities and should have a gas
composition matching the composition of an expected sample.

Another more accurate calibration method is to calibrate with a radioactive sample that has been
measured using a well-characterized nuclear detector. This method will remove the necessity of
interpolating between energies since the calibration source can be the same material expected for sample
measurements. In the case of radioxenon, this would be one of the four xenon isotopes of interest (**Xe,
133mxe, 133Xe, and ¥1MXe). However, this method is still reliant on how well the efficiency calibration is
known for the well-characterized nuclear detector. Furthermore, understanding the uncertainties in a gas
sample transfer is extremely challenging and is an additional calibration uncertainty.

Because of the difficulties in the previous methods, a third method has been chosen for g~y nuclear
detector calibration at Pacific Northwest National Laboratory (Bowyer et al. 1999; Carman et al. 2005;
Cooper et al. 2005; Cooper et al. 2007a; Cooper et al. 2007b; Hennig et al. 2006a, Hennig et al. 2006b;
Hennig et al. 2007; Mclintyre et al. 2001; Mcintyre et al. 2007; Ringbom et al. 2003). The third method
exploits the -y coincident measurement to make an absolute activity measurement (Cooper et al. 2013a;
Cooper et al. 2013b; Ely et al. 2010; Knoll 2010; Mcintyre et al. 2012; NCRP 1985) and, consequently,
an efficiency calibration. The absolute efficiency calibration method uses the four-radioxenon isotopes
(15Xe, 138mxe, 13¥Xe, and B¥1™Xe), radon (***Pb), and detector background files as the calibration standard
(see Figure 1.1 for examples). The method is not reliant upon a known activity sample because it
inherently determines the absolute activity, but does need isotopically pure samples to obtain an accurate
calibration.

1.3 pyCalibration Methodology

The calibration technique discussed in this document can be used for any coincident detection system;
however, for -y systems that have near 4 solid angle coverage, the components that need to be
accounted for will make the method extremely complex. For the S—y calibration discussed in this paper,
several simplifications can be used (Knoll 2010). For instance, the detector geometry allows for nearly 4n
solid angle coverage for S-decay, meaning the sample is surrounded by the S-detector. This allows
angular correlations among radiation types to be ignored (NCRP 1985). In addition, the radioxenon
samples are produced in nearly radioisotopically pure form, and no complicating radioactive interference
terms exist (Gohla et al. 2016; Haas et al. 2009; Houghton et al. 2016; McGrath et al. 2013; Mclntyre et
al. 2008; Watrous et al. 2015). This specific method leverages the -y coincidence detection to determine
the total number of decays (or absolute activity) by comparison among the numbers of S-single, j-single,
and S-y coincidence detected decays. The total decays (AN) can be written in three different forms, one
for each type of decay: -7, yand g.
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C C
AN = —Br _ _ _"Bv Eq. 3
BRpyegy  BRyepy

AN = -

BRy gy

Eq. 4

AN ‘s Eq. 5

"~ 1-(1-£p)(1-&cg;BRcE;)

Where BR is the known branching ratio, € is the detection efficiency, Cg, is the number of decay events
observed in the B-y detector, and the subscript symbols y, and g and CE (conversion electron) are
radiation types.

By solving Eq. 3 with respects to Eq. 4, it is possible to determine the absolute effective S efficiency
(¢p) for the particular ROI. However, the most complex and difficult efficiency to determine is the y

efficiency because of the multiple decay paths. Each decay path offers another opportunity to detect a 5 or
CE, which will increase the probability that any given nuclear decay is observed. These additional decay
paths are taken into account by determining the probability that any one nuclear decay is detected. In the
calculations that appear later in this document, a decay path may have an effective efficiency associated
with it, which will be used to determine the overall effective isotopic detection efficiency. The effective
efficiency is often the combined detection efficiency for the 3 decay as well as a CE or Auger electron
(AE). To discriminate between the effective detection efficiencies for the different decay paths a
nomenclature for the efficiency terms will be implemented. The efficiency terms may have two
components as a subscript; the first term will identify the primary decay (either B, CE, or AE), while the
second term will have - or X-ray energy associated with the B/CE/AE coincident decay.

An example of the complexity of the calculation is 1**Xe. As can be seen in Figure 1.2, the primary
signatures for 133Xe are the 80.997-keV j-ray in coincidence with a A, and the 31.606-keV X-ray in
coincidence with a 45-keV CE. However, two other decay paths can occur in anti-coincidence with the
primary. The additional decay paths result in several terms that need to be included in the calibration
calculation.
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Figure 1.3. Decay Scheme from ¥¥Xe to **Cs with Additional Internal Conversion Decay Process
Included (Cooper et al. 2013a)

1.4 Radioxenon Samples

One other critical component to the calibration of radioxenon g-y systems is the availability of
isotopically pure xenon. Four radioxenon isotopes are of interest as nuclear explosion signatures and
calibration sources. Until recently, only two of the four have been available. Both 1¥3Xe and *1™Xe have
been available through standard medical isotope facilities. However, Idaho National Laboratory and
University of Texas have built the capability to supply $3*Xe (Figure 1.4a) and **™Xe (Figure 1.4b) in
addition to the other two xenon isotopes.

1.7



100 200 300 400 500 600 700 800
E, [keV]

v

100 200 300 400 500 600 700 800
E,; [keV]

Figure 1.4. A: -y Coincidence Plot of the *°Xe Calibration Sample Data. B: -y Coincidence Plot of
the **™Xe Calibration Sample Data with *33Xe and a Small Contaminate of **Xe. The region
in Figure B circled in blue within the expanded **™Xe region is the 1**"Xe $-y coincidence
peak, and the other horizontal peak is 1*Xe.

The availability of all four xenon isotopes allows the absolute calibration of g-y systems for all four
isotopes. However, several constraints to the calibration exist. First are time constraints for the calibration
of the systems. Each radioxenon isotope has a different half-life, so it is important to calibrate the -y
systems using the correct radioxenon sample order. The order progresses from the shortest half-life
(1%5Xe) isotope to the longest-lived (**1™Xe), which allows for the fastest calibration. In addition, because
of the memory effect in the 8 cell, adequate time needs to be given for each radioxenon isotope to decay
away prior to the introduction of a new radioxenon isotope. The process will take approximately one
month to complete, based upon the timeline in Table 1.4, and includes measuring the ambient
background.
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Table 1.4. Calibration Process Timeline. Times are selected to work within normal business hours and
sample shipment restrictions (assumed process begins on a Friday at 8:00 a.m.).

Process Time (days)
187Cs Setup, energy calibrate, gain matching 0.5
Detector Background Background collection ~3.5
135Xe Count 0.5
Pump and flush (delay for decay) 2
Gas background 0.5
133%e Count 0.5
Pump and flush (delay for decay) 6
Gas background 0.5
1331133 g Count 0.5
Pump and flush (delay for decay) 6
Gas background 0.5
18Imx e Count 0.5
Pump and flush (delay for decay) 12
Gas background 0.5
Radon Count 0.5
Pump and flush (delay for decay) 2
Total time 36.5 days

A second constraint to the calibration is the importance of a very precise low-uncertainty
measurement. Although the calibration method is usable for standard sample measurements because it
determines the absolute activity present, standard samples typically have very low counting statistics and
result in conditions that will bias the system. Consequently, it is desirable to determine the -y detection
efficiency to very high accuracy in a calibration setting and avoid additional uncertainty terms. This high-
accuracy detection efficiency requires high counting statistics, and therefore high-activity samples. In
general, the uncertainty inherent in a measurement due to the counting statistics is the square root of the
number of counts in the ROI. Therefore, to obtain a 1% statistical uncertainty, more than 10000 net
counts in the ROI are necessary because uncertainties propagate for each term subtracted (including
background and any other interference terms).

In all cases one must account for background radiation (see Eq. 6). This means that a shorter
calibration sample count time is desirable to reduce the impact of the background term, which is
estimated as being a constant activity source. Furthermore, the longer the time the calibration samples
reside in the plastic scintillating 3 cell, the more radioxenon uptake there is (also known as memory
effect). A typical memory effect for plastic p cells is 3% to 5%, but the actual percentage is dependent on
residence times. These effects drive the sample activity and time limits at the point of introduction into
the system.

Livetimesgmpie

AC = Csam —-C *
ple background . .
Lwetlmeback‘qrmmd Eq. 6

1.9



Finally, small amounts of contaminants are present in the samples. These contaminants are a very
small fraction of the total activity, but begin to be observable in the data after several half-lives of the
sample isotope of interest; therefore, the samples need to be measured in the -y detector relatively
quickly based on the isotope half-life. For instance, 1**Xe has a 9.14-hour half-life and has a small ***Xe
contaminant with a 5.243-day half-life. This means that after two days the **Xe will begin to influence
the 135Xe calibration results. The presence of contaminants primarily affects 1*Xe and 13mXe because of
their shorter half-lives. Pacific Northwest National Laboratory recommends measurement of **Xe within
one day of irradiation to reduce this effect.

The next four sections of this document systematically provide the calculations to determine the
detection efficiencies for each isotope and region of interest. In this document the X-ray detected for each
of the four isotopes will be referred to as 32-keV even though it is a sum of several X-rays and the
branching ratio weighted mean energy can vary from 32-keV by + 2-keV. y-ray energy will be referenced
as 81 or 250-keV when in fact they may be slightly higher or lower as seen in Figures 2.1, 3.1, 4.1, and
5.1.
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2.0 Detection Efficiencies for 133Xe

The most complex isotope, in terms of decay structure, is **Xe. It goes through a B decay followed
by a prompt (6.27 ns) j-ray decay (Figure 2.1). However, additional decay mechanisms come into play
(Cooper et al. 2013a). The decay mechanisms are S/4-ray, /X-ray/CE, S/ CE/IAE, and S/.CE. As of this
report’s publication, the quad detector is unable to differentiate CE from S and X-ray from j-ray, so there
are three calculation methods (5, y, and f-) for determining the total decays (AN). Spectra showing the
three channels of decay are shown in Figure 2.2. The equations in this section step through the process
used to determine the detection efficiencies for the -y nuclear detector. Five basic equations represent the
p-singles (Eq. 133-1), y-singles (Eq. 133-2 and Eq. 133-3), and -y (Eq. 133-4 and Eq. 133-5)
coincidence for the two primary decay signatures: 80-keV y-ray and 30-keV X-ray.

oy
v
5.243 d S
£+ 0 Q/ ™
. ™ 0
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- (\/ * ('\/ o Q/
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Figure 2.1. Decay scheme from 13¥Xe to ***Cs with additional internal conversion decay process included
(Cooper et al. 2013a)
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_ Cp
AN - BRCE76'[1_(l_gﬁ)'(l_SCE75)] Eq 133 1
BRyg1-€gr3+ +BRy32°[1-(1-2g)-(1-£cEas)]

+BRyg26'[1-(1-£5)- (1-£cgas) (1-£4526)]

Where, BRcgas = BRy 3, + BRyg26 due to the 31.6-keV X-ray and 25.5-keV AE being the primary decay
methods in coincidence with the 45-keV CE.

C
AN = Y8 Eq. 133-2
BRyg1°€yR3
AN = SRt Eq. 133-3
BRy32°€yRa
C C
AN = —Br® _ _ ___BYRS Eq.133- 4

BRgyg1'€gyR3 BRyg1'€gyR3

AN = —Sprer Eq. 133-5

BRy32°€gyR4
Where £gyra = £gra&yra, and furthermore ggpq = [1 — (1 — £pg3) - (1 — £cgas)]

BRgys1 = BRyg; = 0380 £ 0.007
BRg = 0.999 + 0.014

BRcpe = 0.1041 + 0.0016
BRCE4-5 = 056 i 001
BR,g,6 = 0.057 + 0.002
BRy3, = 0.488 £ 0.015

The first step in determining the detection efficiency is to pick the simplest decay path. In the case of
133X e, the 80-keV j-ray in coincidence with a S is the simplest path (contains the least number of radiation
types and energies). Using Eq. 133-2 and 133-4, one forms Eq. 133-6.

AN = —Spres  __ Cyms Eq. 133- 6

BRyg1'¢gyr3  BRyg1°€yR3

The B efficiency is calculated by comparing the observed 80-keV y-ray decays with the 80-keV j-ray
decays in coincidence with the 3 decay.

Cpyr3 " BRyg1 " €,r3 = Cyr3 " BRyg1 " €gyr3 Eq.133-7

Since &g, = & - &, EQ. 133-7 may be rewritten as Eq. 133-8

Cpyrs " BRygr €yrz = Cyr3 " BRyer &5 "Spr3 Eq.133-8
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After canceling terms and solving for the [ efficiency, Eq.133-8 can be simplified to Eq. 133-9.

£gps = 28 Eq. 133-9

Once the B efficiency has been calculated, the next step is to determine the more complicated decay
efficiencies. The 30-keV X-ray is in coincidence with a 3 and CE. Once again, a comparison between
ysingles and S-y observed decays is used to determine the detection efficiency for a 45-keV CE. Eq. 133-
10 can be written using Eq. 133-3 and Eq. 133-5.

AN = —Cpre  __ Cyms Eq. 133- 10

BRy32'eyra’€gyra  BRy32°€yRa

Eg. 133-11 shows the cancellation of terms from Eq. 133-10 and the substitution of variable &gy g4-

CﬁyR4- _ CyR4- ]
BRysyepry[1-(1-2pr3) (1-gcras)]  BRysz-eyna Eq.133-11

Eqg. 133-12 through Eq. 133-14 show the regrouping of terms from Eq. 133-11, and arrive at the solution
for the 45-keV CE efficiency shown in Eq. 133-15.

% =1—(1—egr3) - (1 — £cpas) Eq.133-12

1- % = (1 —epr3) - (1 — &cgas) Eq.133-13
)

1 ecpas = Gy Eq. 133- 14
22

Ecpas = 1 — @T,ym) Eq. 133- 15

The next step is to solve Eq. 133-1 and 133-2 in terms of the -y detection efficiency for the 81-keV
region of interest (ROI-3). However, by assuming

EcEas = €cE76 = €AE26/ Eq.133-16

Eq. 133-1 becomes

CpyR3 CB
AN = —& = Eq.133-17
BRyg1'€gyR3 BRcg76'[1—-(1—£gr3) (1—£cE76)] 9
BRyg1'€gr3+ +BRy32'[1—-(1—£gpr3) (1—&cEas5)]

+BRyg26'[1-(1—£gR3) (1—€cpas) (1—€4E26)]

Setting Eq. 133-15 equal to Eq. 133-16 results in Eq. 133-17. After combining terms in Eq. 133-17
one arrives at Eq. 133-18.
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BRcg76 - [1 - (1 - fﬁRs) (11— 36576)]

CB : BR}'SI : 8B7R3 = CByR3 . BR}/BI : SBR3 + +BR},32 . [1 - (1 - SBR3) . (1 - SCE4-5)] “ Eq 133-18

| +BRygz6 [1— (1 — €pr3) - (1 — &cpas) - (1 — €4p26)]
Eg. 133-19 is determined by solving Eq. 133-18 in terms of the 81-keV B-y efficiency.
[ BRCE76'[1_(1_£BR3)'(1_£CE76)] ]
CB)/RS' BRgq€gp3+ +BRy32'[1_(1_£ﬂR3)'(1_£CE45)]
l +BRAE26'[1_(1_£ﬂR3)'(1_SCE45)'(1_8AE26)] J
gﬁVR3 = Eq.133-19

BR)/81'CB

Once the S-y detection efficiency has been determined for ROI-3, it can be used to calculate the total
number of **Xe decays, AN, which is then used to determine the remaining detection efficiency terms for
133X e. The remaining equations march through the efficiency calculations, keeping the variables in terms
of basic quantities (i.e., counts in a given ROI). The next decay involves the X-rays that have an average
energy of 32-keV X-ray in coincidence with a 45-keV CE and the . Using the result of Eq. 133-19 and
the ratio between Eq. 133-4 and Eq. 133-5, one arrives at Eq. 133-20 and Eq. 133-21.

C C
AN = ——BrR8 Bk Eq. 133- 20
BRyg1'€gyr3  BRy32°EgyRra
__ Cpyra'BRyg1°€pyR3
gﬁyR4 = C[i‘yR3'BRy32 Eq 133-21
C C
AN = —B&r&8  _ vk Eq.133- 22
BRyg18gyr3  BRy32&yR4
C ‘BR,g1°€
_ “yR4 y81'€ByR3 _
EyRa = —CByRB'BRy32 Eq. 133- 23
_ £pyr3 _ Cpyr3 )
EgR3 = e Oy Eq. 133- 24
£ Cc
Egpa = L1 = L8 Eq.133- 25
EyR4 Cyr3

Note that ROI-7 is a special case in that the defined energy boundaries make an excluded region,
which is used to select observed decays that will not be affected by the presence of metastable isotopes
(i.e., excludes ROI-5 and ROI-6). The efficiencies and interference ratios associated with ROI-7 are
actually ROI-7 subtracted from ROI-4. Furthermore, the gamma efficiency for the region of interest
(ROI-47) defined as ROI-4 — ROI-7 uses &, g4 for the gamma efficiency, but has an independently

determined beta efficiency.

AN = Cyra  _ Cgyra7 Eq. 133- 26

BRy32'€yra  BRy32€pp,-'EyR4
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3.0 Detection Efficiencies for 131mXe

181mXe is the cornerstone for p-y calibration because of its relatively simple signature, Gaussian
distribution in both y and . Although the signature is easily fit with Gaussian peaks, the (3 single events
do hide some underlying complexity. ***™Xe decays through CE and X-ray/CE (Figures 3.1 and 3.2).

312+

Figure 3.1. Decay scheme from *31mXe to ¥ Xe with additional internal conversion decay processes
included
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Figure 3.2. Typical $¥1mXe calibration spectra. The top plot is of A-singles (blue) and the B projection of
the S-y spectrum (green). The right plot is of y-singles (blue) and the y projection of the -y
spectrum (green).

Noting that g5, = &3 - ¢,

C C
AN = —B%5 £y Eq.131m- 1
BRgyrs'€gyrs ~ BRy30°€y30°€cE129 q m
AN = s Eq. 131m- 2
BRy30°€yRs
AN = Cors Eq. 131m- 3

BRcE160°€cE160 T BRy30°EcE129t BRAE25 [1-(1—£cE129) (1-€4E25)]
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However, since 129-keV and 160-keV CE are nearly the same energy, the efficiencies should be
nearly the same, for this reason €cg129 = €ck160-

The branching ratios for 1*¥Xe are given as follows:

BRg, = BR,30 = 53.8%

BRegips = 61.6%

BRpg1go = 35.5%

BR,gys = 6.9%

BRrota1 = BRcp129 + BReg160 = 97.1%

Therefore, Eq. 131m-3 can be simplified to only contain efficiency terms for the 129-keV CE and the
24.6-keV AE (see Eq. 131m-4).

AN C Eq. 131m- 4

(BRcE160+BRy30) €cE129+BRAE25 [1-(1—-£CE129) (1—€4525)]

Just as in the 133Xe case, ¥1™Xe detection efficiency is calculated by the process of creating ratios
between the different total decay equations (Eq. 131m-1 through Eq. 131m-4). The first ratio is between
the y-singles and the coincidence (ROI-5).

CpyRs CyRs
AN = By = —2 Eq.131m-5
BRy30'€yRr5'EcE129  BRy30°EyRs
Cpyrs _ BRy30°'EyR5'€CE129
AriS = 30y Eq.131m- 6
Cyrs BRy30°€yRs

After combining terms and simplifying, the resulting detection efficiency for the 129-keV CE is
determined.

ECE129 — (;{i:;f: Eq 131m-7

The next step is to determine the 30-keV X-ray detection efficiency through the ratio of the B-singles
to the coincidence. This step is more complicated because the equations leverage almost all of the physics
involved; the counts associated with the 3-singles needed an extended range to incorporate both the 24.6-

keV AE as well as the 160-keV CE (it does not use the defined ROI boundaries). Taking Eg. 131m-1 and
Eq. 131m-4, one arrives at Eq. 131m-8.

AN = —SBrBs ‘s Eq. 131m- 8

BRy30'cgyrs  (BRcp160+BRy30) €cE120+BRag25 (1-(1—£cF129) (1—€4F25))

After recombining terms,

(BRcg160 + BRy30) * €cp120 +

-Cgyrs Eg. 131m-9
BRg2s (1 — (1 — £cg129) - (1 — €4£25)) br

BR 30 " €yps “ Ecp120 " Cp =
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Because the 24.6-keV AE has very little impact to the overall detection of *1™Xe (there is only 0.7%
difference between 0 % and 100 % efficiency), it is safe to assume it has a similar efficiency to the 129-
keV CE. Under this assumption Eq. 131m-9 further simplifies to produce the final equation in
determining the X-ray detection efficiency for $*'"Xe, Eq. 131m-10.

(BRcg160+BRy30) €cE120+
_ BR g5 (1-(1—£cg129)?)
BRy30'€cE129'Cp

"“BYRS

EyRs Eq. 131m- 10
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4.0 Detection Efficiencies for 133mXe

133mx e has similar characteristics to 1*X™Xe; however, unlike 3!™Xe, its ground state (***Xe) is
unstable (Figures 4.2 and 4.3). Since it decays to **Xe, there is a continuous source of interference for the
133mx e efficiency measurement. Removal of the 133Xe from *¥™Xe relies on both the 13MXe (with 133Xe)
and pure *3Xe. The subtraction process normalizes the *3Xe spectra (5, 7, and -7) using a ratio of the
80-keV ypeak from the 133Xe to the 80-keV y peak from 1*¥Xe contaminant in the ***"Xe. The normalized
183X e spectra are then subtracted from the 133MXe spectra to arrive at nearly pure **mXe data.

Once the subtraction is made (and uncertainty propagated), the remaining calculations become nearly
identical to those done for *1Xe. The following calculations are written assuming *33™Xe has been
deconvolved from the **Xe. Initial equations will once again calculate the total number of decays

(Eq. 133m-1 through Eq. 133m-4) based on the three signatures: g-singles, j-singles, and -y coincidence.
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Figure 4.1. Decay Scheme from ¥mXe to **Xe with Additional Internal Conversion Decay Processes
Included
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Cpyre CpyRe
BRgy30'€gyre  BRy30°€CcE199'EyR6

Cyre
BRy30°€yRe

_ Cp

BR(E229°€cE229+BRy30°€cE199+ BRAE25 [1-(1—£¢E199)-(1—€4E25)]
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The 199-keV CE is in coincidence with the 30-keV X-ray and is therefore relatively easy to calculate.
Once the 199-keV CE efficiency is determined, it will be assumed that the 229-keV CE and 24.6-keV AE
have similar efficiencies. This assumption is possible for the AE efficiency because it has very little
impact on the overall 33™Xe -y efficiency. In other words, whether the 24.6-keV AE is 0% or 100%,
there is less than a 1% change to the overall 3¥*™Xe detection efficiency. This is can be seen based on the
relatively small branching ratio as can be seen below.

BRyz33 = 10.3%

BRg, = BRy3; = 56.32%

BRcp190 = 63.1%

BRegza0 = 26.86%

BR,gys = 6.828%

BRcr = BReg199 + BRep2ao = 89.96%

The detection efficiency for the 199-keV CE is determined by the ratio of the y-singles (in this case it
is actually X-rays), Eq. 133m-2, and the -y coincidence (X-ray coincident with CE), Eg. 133m-1.

c C
AN = —BYR6 _ _ ___vRS Eq.133m- 4
BRy30'¢gyre  BRy30°€yRe 9 m
Cyre " BRyzu €gyre = Cpyre " BRyzu" EyRe Eq.133m-5
Since,

€gyR6 = €CE199 " €yRe6:

Then,
Cyre " €cE199 “€yre = CpyRre "€yre Eq.133m- 6

Eg. 133m-6 is solved in terms of €.199, arriving at Eq. 133m-7.

Cpyre
E€cE199 =

Eq. 133m- 7
Cyre
Once the 199-keV CE detection efficiency is known, it is time to determine the detection efficiency

for the 30-keV X-ray by setting the total number of decays calculated through -y coincidence and j3-
singles equal to each other.

AN = —SBrRs s Eq. 133m- 8

" BRy30°EgyRe BRcE229°€cE229
+BRy30°EcE199

+BR g5 (1-(1-£cp199) (1-£4£25))

Eg. 133m-8 can be simplified by setting, as described earlier, the 229-keV CE and 24.6-keV AE
detection efficiencies equal to the 199-keV CE detection efficiency,
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€cE199 = €CcE229 = €4AE25-

Cpyre Cp
BR,30°2gyRe BR(E229°ECE199
+BRy30'€cE199

+BR g5 (1-(1—£cp199) (1—-£¢E199))

Eq. 133m-9

After the substitution, Eq. 133m-9, the equation can combine terms to arrive at Eq. 133m-10.

Cpyre  _ Cp
BRy30'¢gyre  (BRcEp229+BRy30)'€cE199+BRaE25 [1-(1—£cF199)?]

Eq.133m- 10

After some additional arranging Eq. 133m-10 becomes Eg. 133m-11.

[ (BRcgazo + BRyzo) " €CE199

_  Cyore Eq. 133m- 11
+BR g5 - (1 — (1 — £¢g199)) by

BRys30 - £gyre * Cp
Since,
€pgyr6 = €CE199 " €yRé

Then, Eg. 133m-11 becomes Eq. 133m-12

(BRcE229+BRy30)-£cE199

£ g6 = +BRA525'(1—(1—€CE199)2)
YR6 —

"Cpyre

Eq. 133m- 12

£cE199'BRy30°Cp
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5.0 Detection Efficiencies for 13°Xe

The final xenon isotope used in the efficiency calibration is 1**Xe. It is usually the first isotope
measured in the calibration procedure because of its short half-life. The detection efficiency of ¥*Xe is

one of the easiest to calculate because it has one dominate decay that has a 249.77-keV j-ray in
coincidence with the g decay (Figures 5.1 and 5.2).
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Figure 5.1. Decay Scheme from *Xe to **Cs with Additional Internal Conversion Decay Processes
Included
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Figure 5.2. Typical **Xe Calibration Spectra. The top plot is of A-singles (blue) and the B projection of
the -y spectrum (green). The right plot is of j~singles (blue) and the y projection of the S-»

spectrum (green).

For the purposes of the efficiency calibration all three signatures: y-singles, p-singles, and -y
coincidence are used (Eq. 135-1 through Eq. 135-5).

CpyRr2 Cgyr2
AN = By — By
BRgy250'¢gyr2z BRy250°E8°EyR2
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AN = —r®2 Eq. 135- 2

BRy250°€yR2

Cp

aN= BRcrza5°[1-(1-¢p) (1-¢crz45)] Eq.135-3
BRy250€p+ +BRy32°[1-(1-£p) (1~-&cE214)]
+BRap26°[1-(1-£p) (1~ecp214) (1-4£26)]
C
AN = T Eq. 135- 4
£y32'BRy32°[1-(1—£p) (1—£cp214)] q
AN = 2 — Eq. 135-5

BRy32°€y32

Because the AE has a 0.6% branching ratio (see the branching ratios given below), it provides an
insignificant contribution to the overarching ***Xe detection efficiency. Therefore, the detection efficiency
for the 25.5-keV AE will be assumed to be the same as for the 214-keV and 245-keV CE.

BRgy250 = BRy 250 = 90.0%
BRy3; = 4.95%

BRgy6 = 0.6%

BRegzas = 1.12%

Because the 250-keV is coincidence with only a B, it provides and easy mechanism to determine the 8
efficiency for 1**Xe. By setting Eq. 135-1 and Eq. 135-2 equal, one is able to determine the 3 efficiency.

AN = —Seree . Cme Eq. 135- 6

BRy250'€gyrz BRy250°€yR2

After solving Eq. 135-6 for £g,, 52, One arrives at Eq. 135-7.

_ Cpyr2'BRy250°€yR2

SBYRZ = Eq 135-7

Cyr2'BRy250

By substituting €g,250 = &3 * €250 and canceling terms one gets Eq. 135-8 and Eq. 135-9.

Cpyr2 BRyzso €prz
gy ————————— Eqg.135-8
p t‘ Cyr2 BRyzse’ q
__ “ByR2 _
£g = _Csz Eq.135-9

Now that the B efficiency has been determined, the next step is to determine the detection efficiency
for the 214-keV CE by setting the 32-keV f-yand jy-singles total decay equations (Eq. 135-4 and Eq. 135-
5) equal.

AN = Cpys2 = 2 Eq. 135- 10

€y32°BRy32-[1-(1-2p)-(1-£cp214)]  BRy3z-&y32
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Eq. 135-10 simplifies through cancelation of terms.

Cpy3z Crse
? | Eg.135-11
epa2BRyzz [1-(1-£p)-(1-gcp214)]  BRysz-€ysz q

Then, Eqg. 135-11 can be rewritten as Eq. 135-12.
8532 _ 1 _(1-g5) (1 - cp214) Eq. 135- 12

Cy32

After solving Eq. 135-12 one arrives at Eq. 135-13, which will be used to simplify the g-singles
equations for the remaining calculations.

(-
Cy32

EcE214 — 1- W Eq 135-13

The next step is to determine the 250-keV y efficiency by setting Eq. 135-1 equal to Eq. 135-3.

C
AN = EyR?2

" BRy2s0 " Egyr2

Cp
BRCEZ‘I-S'[1_(1_£ﬁ)'(1_£CE245)] ] Eq- 135 14

+BRy32°[1-(1-£p) (1~&cE214)]
+BRag26°[1-(1-£5)-(1—-&cp214) (1—£4526) ]

BRy250'£ﬁ+

Which in turn simplifies Eq. 135-14.

BRyZSO ' Sp
BR . o= | +BR¢gags - [1— (1 - ) (1 — £cpa1a)] | c Eo 135. 15
v250 " Epyr2 " Cp = | +BRy3; [1— (1—£5) - (1 — £cp214)] | priz L
|+BR 26 - [1-(1-g) 1 £CE214)2]J

After combining terms and recalling that eg,,50 = €3 * &,r2 EQ. 135-15 becomes Eq. 135-16, the final
250-keV vy efficiency equation.

+(BRCEZ45+BRy32)'[1_(1_£ﬁ)'(1_£CE214)]
BR 406 |1-(1—£5)-(1— 2
Eypy = + AE26[ ( Sﬁ)( £cE214) ] Eq. 135- 16
14 £ﬁ'BRy250'Cﬁ

BRy250°2p
‘Cpyre
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6.0 Energy Resolution

The full width at half maximum (FWHM) of the peaks found in Table 1.2 must also be determined to
create a relationship between the detector energy and the resolution. The FWHM and uncertainty in units
keV of at least two points in the § energy must be found and six points in the y energy. To determine the
resolutions, a Gaussian must be fitted to each peak where

f(E) = ae~(E-kD)*/20¢% Eq. 6-1

where a is the amplitude of the peak, p is the centroid of the peak, and ¢ is the variance. The FWHM is
related to the variance of the Gaussian by

FWHM = 2v2In20 = 2.35482¢. Eq. 6-2

The two B points are determined from ¥1™Xe and *™Xe conversion electrons. It is not recommended
to use the 45-keV CE from *3Xe as there may be clipping on the lower end of the peak due to detector
threshold limits that will affect the FWHM calculations. Fitting the *¥™Xe CE B peak at 129.4 keV
should be done using only the projection of the ROI 5 onto the  axis. This will reduce any broadening of
the Gaussian peak due to Compton scattering and ensure a more accurate FWHM calculation.
Additionally, the B-singles spectrum of 31™Xe also contains several other peaks around 160 keV.
Although these CEs are coincident with x-rays, the x-rays are at low energies of 3.7 keV and 5.3 keV
(E =~ 4.5 keV) and are not present in the coincident spectrum. The additional peaks broaden the B-singles
spectrum as seen in Figure 3.2. Higher resolution B detectors such as silicon should be able to
differentiate these peaks, but plastic scintillators will not.

Determine the FWHM of the 13™Xe CE at 198.6 keV requires a little more attention due to the
presence of 13Xe in the sample. Similar to *¥™Xe, the coincidence spectrum must be used for the fit to
eliminate the higher energy CEs that are present from 1¥mXe. The B-singles spectrum contains peaks
from the 227.8 keV L-shell CE and 232 M-shell CE. Deconvolution of the 1¥™Xe peak from the 1**Xe
spectrum requires the use of the isotopically pure **Xe spectrum. The projection of the 30-keV **Xe
spectrum (ROI 4) can be normalized to the *3™Xe spectrum by looking at a ratio of counts in the 80-keV
region. The B spectrum from the 1*¥Xe can then be subtracted to reveal the 3*™Xe CE spectrum. A
Gaussian can then be fitted to this peak to determine the FWHM.

Determining the FWHM of y-ray peaks is straightforward. Use of the coincidence spectrum reduces
the background spectrum but is typically unnecessary due to the shortened length of the calibration count.
The measurement of all radionuclides are required to complete the energy resolution measurement. The
661.7 keV energy peak from **’Cs is not be used as a measurement for resolution as it does not accurately
represent y emitted from a source in the p-cell.
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7.0 Conclusion

The absolute calibration method, although generally known, is new in the application to radioxenon
[~y detectors. Previous calibration techniques rely upon known standards that are often difficult to use
because of the levels of activity and constraints on what isotopes are available. The absolute method
removes some of these difficulties by no longer requiring standards. Instead, the method relies on the
isotopic purity of the samples (efforts are ongoing to remove purity as a constraint).

The method leverages the three combinations of data generated by a -y detector: y-singles, f-singles,
and S-y coincidence. By intelligently analyzing the data sets, one is able to take advantage of the most
significant physics contributions to make a model that results in the determination of the total number of
decays in a given measurement. Given the total number of decays, determining the detection efficiency
for each decay path is a relatively process. The advantage of this method is that it allows accurate
efficiency calculations without knowing the sample activity in advance while reducing the sources of
uncertainty.
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