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Abstract

A project to research the application of nondestructive assay (NDA) to spent fuel assemblies is underway.
The research team comprises the European Atomic Energy Community (EURATOM), embodied by the
European Commission, DG Energy, Directorate EURATOM Safeguards; the Swedish Nuclear Fuel and
Waste Management Company (SKB); two universities; and several United States national laboratories.
The Next Generation of Safeguards Initiative — Spent Fuel project team is working to achieve the
following technical goals more easily and efficiently than in the past using nondestructive assay
measurements of spent fuel assemblies: (1) verify the initial enrichment, burnup, and cooling time of
facility declaration; (2) detect the diversion or replacement of pins, (3) estimate the plutonium mass, (4)
estimate the decay heat, and (5) determine the reactivity of spent fuel assemblies. This study focuses on
spectrally resolved gamma-ray measurements performed on a diverse set of 50 assemblies [25 pressurized
water reactor (PWR) assemblies and 25 boiling water reactor (BWR) assemblies]; these same 50
assemblies will be measured with neutron-based NDA instruments and a full-length calorimeter. Given
that encapsulation/repository and dry storage safeguards are the primarily intended applications, the
analysis focused on the dominant gamma-ray lines of '*'Cs, *Eu, and '**Cs because these isotopes will
be the primary gamma-ray emitters during the time frames of interest to these applications. This study

addresses the impact on the measured passive gamma-ray signals due to the following factors: burnup,

initial enrichment, cooling time, assembly type (eight different PWR and six different BWR fuel designs),
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presence of gadolinium rods, and anomalies in operating history. To compare the measured results with

theory, a limited number of ORIGEN-ARP simulations were performed.

Keywords: Passive Gamma;, Burnup; Cooling time; Gamma spectroscopy; Spent Fuel; Nuclear

Safeguards; Germanium Detector; Final Disposal; Non-destructive Assay.

1. Introduction

A project to research the application of nondestructive assay (NDA) to spent fuel assemblies is underway
at the central interim storage facility for spent nuclear fuel (Clab) in Oskarshamn, Sweden. The project is
a collaboration among the European Atomic Energy Community (EURATOM), embodied by the
European Commission, DG Energy, Directorate EURATOM Safeguards; the Swedish Nuclear Fuel and
Waste Management Company (SKB); two universities; and several United States (US) national
laboratories (Los Alamos National Laboratory, Oak Ridge National Laboratory, Lawrence Livermore
National Laboratory) participating in the Next Generation Safeguards Initiative—Spent Fuel (NGSI-SF)
project [1][2].The research goals of this project contain both safeguards and non-safeguards interests. The
safeguards interest include (1) verifying that a given assembly is the assembly that the facility has
declared to the regulators [International Atomic Energy Agency (IAEA), EURATOM, and national
authorities], which involves confirming the initial enrichment, burnup, and cooling time of each
assembly; and (2) verifying that the integrity of a spent fuel assembly is maintained by detecting missing
or replaced fuel pins. In addition, the interests of the Swedish facility and/or domestic regulations
motivate the inclusion of the following technical goals: (3) rapidly estimating the heat content in each
individual assembly and (4) measuring the reactivity of each assembly to ensure that all potential fuel

configurations are safe in terms of heat and criticality.

This study focuses on the passive gamma measurements made at Clab using SKB’s in-pool passive

gamma measurement station. These measurements were made during four campaigns that took place
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between August 2013 and December 2014. The NDA research needs and/or lessons learned from (1) the
Central Storage of Spent Nuclear Fuel and Encapsulation Plant, (2) the safeguard inspectorates [IAEA,
EURATOM, and the Swedish Radiation Safety Authority, (SSM)], and (3) the NGSI-SF project have
combined to shape both the fuel selection and measurement settings of this project. The 50 fuel
assemblies selected for measurement (see Tables 1 and 2) were chosen to span a wide range of fuel
parameters, such as fuel type, initial enrichment, and burnup, that are anticipated to be representative of
the fuels to be disposed of in the Swedish repository. The eventual NDA system selected for the Clink
facility (the encapsulation plant which is going to be integrated with the Clab facility), must be capable of
handling this kind of diversity. With respect to the cooling time of the fuel, it is expected that the Clink
facility will accept only fuel that has cooled between 10 and ~60 years. This selected time interval
motivated a focus on gamma spectral lines detectable during that time interval, in particular *’Cs and
'**Eu, but not to exclude the lines from shorter-lived gamma-ray emitters such as '**Cs. The selection of
this cooling-time range is relevant to the safeguards inspection need for “more sensitive and less intrusive
alternatives to existing nondestructive assay instruments to perform partial defect tests on spent fuel
assemblies prior to transfer to difficult to access storage” described in the TAEA’s Department of
Safeguards Long-Term R&D Plan [3]. This verification need, which includes dry storage, as well as

encapsulation applications, increased the interest in assemblies with cooling times of ~5 years.

An additional influence on both the fuel selection and measurement settings is the lessons learned over
the duration of the NGSI-SF project. At the most general level, the NGSI-SF project seeks to quantify the
capabilities and limitations of several integrated NDA systems to characterize spent fuel assemblies for
safeguards purposes. However, in pursuit of the technical goals described earlier, the use of data mining
analysis techniques is planned to obtain useful quantitative patterns among the measured signatures. The
primary motivation for using data mining techniques to look for patterns is the isotopic complexity of
spent fuel, both in terms of what isotopes are formed in a reactor and how these isotopes vary as a
function of time once they leave the reactor [5]. To determine what useful patterns may exist among the
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data, it was necessary to create a database of NDA signatures. The research presented here describes the

passive gamma data input to this database.

2. Experimental Setup

2.1. Description of assemblies in the SKB-50
To test the gamma-ray detectors and the advanced NDA instruments developed under the NGSI-SF
project, 50 spent fuel assemblies from Clab were selected (Tables 1 and 2) for measurements. Of these 50
assemblies, known as the SKB-50, 25 PWR assemblies were selected with initial 25U enrichment values
that span from 2.1% to 4.1%, burnup values that span from 20 to 53 GWd/tU, and cooling-time values
that span from 4 to 30 years; 20 of the PWR assemblies are 17 x 17, whereas 5 are 15 x 15. Of the 25
boiling-water-reactor (BWR) assemblies selected, initial enrichment spans from 1.3% to 3.4%, burnup
spans from 9 to 46 GWd/tU and cooling time spans from 7 to 27 years. For the 25 PWR assemblies, 8
different fuel designs are included, whereas for the BWR assemblies, 6 different fuel designs are

included; thus, some geometric variations exist among both fuel types.
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Table 1. Fuel characteristics for the SKB-50 PWR assemblies. The cooling time is the time between discharge

and the time of measurement for which the October 2014 measurement dates were used.

Assembly Fuel Initial Burnup Cooling Loading Discharge = Time
ID Type Enrichment Time (L) (D) D-L
*U%) (GWd/tU)  (yrs) (yrs)

PWRI1 15x15 PWR Fuel Type 1 4.096 52.6 5.4 04/05/2005  28/05/2009  4.07
PWR2 15%15 PWR Fuel Type 1 3.925 49.6 5.4 04/05/2005  29/05/2009  4.07
PWR3 17x17 PWR Fuel Type 1 3.694 48.2 14.3 06/07/1996  21/06/2000  3.96
PWR4 17x17 PWR Fuel Type 2 3.934 46.9 6.3 26/09/2004  04/06/2008  3.69
PWRS5 17x17 PWR Fuel Type 2 3.937 46.9 6.4 26/09/2004  02/06/2008  3.68
PWR6 17x17 PWR Fuel Type 3 3.600 45.7 15.3 08/07/1993  23/06/1999  5.96
PWR7 17x17 PWR Fuel Type 4 3.944 445 7.3 05/09/2003  27/06/2007  3.81
PWRS 17x17 PWR Fuel Type 5 3.306 44.4 26.1 20/08/1984  11/09/1988  4.06
PWR9 15x15 PWR Fuel Type 2 3.701 45.8 7.2 15/06/2003  01/08/2007  4.13
PWRI10 17x17 PWR Fuel Type 1 3.697 435 16.3 01/07/1994  17/06/1998  3.96
PWRI11 17x17 PWR Fuel Type 1 3.505 432 14.3 01/07/1994  21/06/2000  5.97
PWRI12 17x17 PWR Fuel Type 5 3.299 43.0 26.1 20/08/1984  11/09/1988  4.06
PWR13 15x15 PWR Fuel Type 3 3.199 40.9 27.5 25/07/1982  25/04/1987  4.75
PWR14 17x17 PWR Fuel Type 1 3.505 40.7 17.3 08/07/1993  24/06/1997  3.96
PWR15 17x17 PWR Fuel Type 5 2.803 40.5 27.1 17/04/1982  27/08/1987  5.36
PWR16 17x17 PWR Fuel Type 1 3.601 404 18.3 23/06/1993  21/06/1996  3.00
PWR17 17x17 PWR Fuel Type 1 3.704 40.3 15.1 22/09/1994  01/09/1999  4.94
PWRI18 17x17 PWR Fuel Type 1 3.426 39.8 19.3 09/07/1989  09/06/1995  5.92
PWR19 15x15 PWR Fuel Type 4 3.185 35.0 29.4 17/05/1980  01/05/1985  4.96
PWR20 17x17 PWR Fuel Type 5 3.101 34.0 28.3 04/07/1980  18/06/1986  5.95
PWR21 17x17 PWR Fuel Type 5 3.101 34.0 28.3 04/07/1980  18/06/1986  5.95
PWR22 17x17 PWR Fuel Type 5 2.801 31.2 28.2 18/04/1982  10/08/1986  4.31
PWR23 17x17 PWR Fuel Type 1 3.502 28.5 18.3 07/07/1993  21/06/1996  2.96
PWR24 17x17 PWR Fuel Type 5 2.109 232 19.3 02/07/1980  09/06/1995  14.93
PWR25 17x17 PWR Fuel Type 5 2.110 19.6 30.4 03/07/1980  24/05/1984  3.89

Table 2. Fuel characteristics for the SKB-50 BWR assemblies set. The cooling time is the time between

discharge and the time of measurement for which the December 2014 dates were used.

Assembly Fuel Initial Burnup Cooling Loading Discharge Time
ID Type Enrichment Time (L) (D) D-L
(235U%) (GWd/tU) (yrs) (yrs)
BWRI 10x10 BWR Fuel Type 1 3.144 46.4 8.3 28-Oct-1999  29-Aug-2006 6.8
BWR2 10x10 BWR Fuel Type 2 3.204 43.8 10.3 9-Jun-1999 17-Aug-2004 52
BWR3 10x10 BWR Fuel Type 2 3.413 43.6 12.3 18-Aug-1996  12-Aug-2002 6.0
BWR4 10x10 BWR Fuel Type 2 3.415 43.0 12.3 18-Aug-1996  12-Aug-2002 6.0
BWR5 10x10 BWR Fuel Type 1 3.146 42.0 8.3 28-Oct-1999  29-Aug-2006 6.8
BWR6 8x8 BWR Fuel Type 1 2.680 414 29.2 5-Aug-1978 12-Sep-1985 7.1
BWR?7 10x10 BWR Fuel Type 2 3.154 41.2 10.3 9-Jun-1999 17-Aug-2004 52
BWRS 10x10 BWR Fuel Type 3 3.147 39.7 9.5 29-Aug-2001  19-May-2005 3.7
BWR9 10x10 BWR Fuel Type 1 3.145 40.4 72 29-Aug-2001  7-Sep-2007 6.0
BWRI10 10x10 BWR Fuel Type 1 3.144 39.5 8.3 29-Aug-2001  29-Aug-2006 5.0
BWRI11 8x8 BWR Fuel Type 1 2.325 38.8 223 8-Nov-1980 22-Aug-1992 11.8
BWR12 10x10 BWR Fuel Type 4 2.962 335 9.5 24-Jun-1997 10-Jun-2005 8.0
BWRI13 10x10 BWR Fuel Type 4 2.962 36.8 9.5 24-Jun-1997 10-Jun-2005 8.0
BWRI14 8x8 BWR Fuel Type 1 2.637 36.1 29.2 5-Aug-1978 12-Sep-1985 7.1
BWR15 8x8 BWR Fuel Type 1 2.320 359 253 5-Nov-1980 25-Aug-1989 8.8
BWRI16 8x8 BWR Fuel Type 1 2.323 35.8 27.5 5-Nov-1980 11-Jun-1987 6.6
BWR17 8x8 BWR Fuel Type 1 2.779 32.7 284 1-Mar-1975 15-Jul-1986 11.4
BWR18 8x8 BWR Fuel Type 1 2.096 319 223 14-Nov-1980  22-Aug-1992 11.8
BWRI19 8x8 BWR Fuel Type 1 2.581 30.8 25.5 17-Oct-1984 10-Jun-1989 4.6
BWR20 10x10 BWR Fuel Type 4 2.975 26.4 9.5 2-Aug-1998 10-Jun-2005 6.9
BWR21 8x8 BWR Fuel Type 1 2.779 27.7 274 1-Mar-1975 1-Jul-1987 12.3
BWR22 10x10 BWR Fuel Type 4 2.975 20.4 9.5 14-Jul-2001 10-Jun-2005 39
BWR23 10x10 BWR Fuel Type 4 2.975 16.0 9.5 24-May-1999  10-Jun-2005 6.0
BWR24 8x8 BWR Fuel Type 2 1.281 133 274 17-Oct-1984 10-Jul-1987 2.7
BWR25 8x8 BWR Fuel Type 2 1.284 9.1 27.4 17-Oct-1984 10-Jul-1987 2.7
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The fuel selected for the SKB-50, particularly among the BWR assemblies, is somewhat atypical of the
fuel used in Sweden in terms of operating histories. The selection process for assemblies was influenced
by the practical need to minimize the number of large multiple-assembly storage containers moved from
the lower pools at Clab to the upper pools. Thus, containers full of assemblies of the same basic
parameters, which were the most common case, were not selected; instead, containers with several unique
assemblies were selected. The end result is that the fuel in the SKB-50 is more variable in terms of reactor
operation history as compared with a more random selection process. More specifically, ~30% of the
selected assemblies experience at least 1 cycle out of the reactor between the first and last cycles in the
reactor; 16 BWRs and 6 PWRs experience more than 5.9 years between first entering the reactor and
finally leaving it, a fact tabulated as “Time D-L” in Tables 1 and 2. Additionally, two PWRs and seven
BWRs came from startup cores, which had lower initial enrichments and lower burnups. All BWR
assemblies have burnable poisons, whereas seven PWRs have burnable poisons: this fact is not an
anomaly because the most recent fuel designs tend to use more and more burnable poisons to improve
reactor operations. Finally, one BWR assembly contains part-length rods; thus, the number of actual rods

at the top of the assembly is fewer compared with the middle and the bottom.

2.2. Physical setup and general operations
The experimental setup was designed into Clab (see Figure 1). On the wall of the pool, a collimator slit,
~10 m below the surface level of the water, allows a collimated gamma-ray beam into a neighboring room
where different detectors and acquisition systems were installed. The setup included a pool-based
mechanical system that can move the fuel assembly vertically and also rotate it around its central axis.
The horizontal width of the collimator allowed the entire horizontal extent of the assembly to be viewed.
The vertical width of the collimator's slit was set as 5 mm for all measurements. This vertical collimator
width corresponds to a 15-mm projection onto the assembly. The distance between the center of the

assembly and the pool wall is ~0.5 m, and the distance from the center of the assembly to the end of the
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collimator is 2.46 m, [6] [8]. Although not used, the collimator can be rotated as well as reduced to 1 or 2

mm in slit width.

For this collimator setup, measurements were made with the assembly in a fixed position, as well as with
the assembly moving past the collimator vertically. For the spectra obtained while the fuel moved, or
scanned, past the collimator, the count time was set by the time needed to move the fuel both up and
down; thus, the full length of the assembly was scanned twice. Note that one single spectrum was
collected with the Pulse Height Analysis (PHA) data acquisition system when the fuel was moving; thus,
the intensity of all lines is an average over the assembly. With the list-mode system, by which every pulse
is time-stamped, it is possible to look at the axial section of the fuel in post-processing. The combined
time needed for the fuel to go up and down was ~402 s for PWR assemblies, 400 s for non-slowly
varying-envelope-approximation (SVEA)-type BWR assemblies, and 406 s for SVEA-type BWR
assemblies. This time was determined with the list mode system by noting when 662-keV photons from
Cs were detected in front of the collimator. The current study is based on the data from static
measurements. A separate publication dedicated to the analysis of the data obtained with the list mode

system while the fuel moved vertically is to be submitted [9].
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Figure 1. Scheme of the measurement setup in which PHA stands for pulse height analyzer.

The passive gamma spectra were measured in four different measurement campaigns in 2013 and 2014 at
Clab. Two different p-type coaxial high-purity germanium (HPGe) detectors were used. In all campaigns,
when the assembly was moved in front of the collimator during data collection, the signal from the HPGe
detector was branched to two multichannel analyzers (MCAs). During the first two campaigns, Lawrence
Livermore National Laboratory provided an ORTEC GMX detector and a Canberra Lynx MCA [26] to
acquire the PHA spectra; SKB provided a Canberra Lynx MCA to collect the list mode data. During the
latter two measurement campaigns, EURATOM provided a Canberra GX detector and a digital MCA-527
by GBS Elektronik [10] to collect the PHA data; SKB provided a Canberra Lynx MCA to collect the list

mode data. Another Lynx MCA was provided by Los Alamos National Laboratory for medium-resolution



151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169
170

measurements with a LaBr; detector, beyond the scope of the present paper. Because of the different
detector characteristics and a desire to operate at a higher count rate during the latter two campaigns,
different thicknesses of absorber sheets were placed between the detector crystal and the collimator
among the campaigns (see Table 3, detectors characteristic are reported as taken from data sheets of the

producers [10, 26]).

For the fixed axial location measurements, mostly only the MCAs set to PHA mode were used. When
measuring a fixed axial location, in most cases, just the PHA data acquisition was performed. This
decision was made as the benefits inherent in list mode, such as post processing capability, were counter
balanced with the necessity of storing and managing large files. For a static measurements, the likely
benefit from list mode was considered not significant. Between the first two measurements campaigns at
Clab and the last two campaigns, a new support structure for the HPGe detector was fabricated by Clab.
This structure allowed the detector to be easily moved vertically in front of the collimator. This feature
helped to determine the location for obtaining optimal vertical detector position with respect to the
collimator slit, corresponding to the maximum count rate and optimum signal-to-background ratio. The

end position had the central axis of the detector crystal 3 mm below the vertical plane of the collimator.

Table 3. Comparison between the two detector setups used

Campaign 1 and 2 Campaign 3 Campaign 4
Detector type ORTEC GMX (Coaxial HPGe) Canberra GX (Coaxial HPGe)  Same as campaign 3
Relative efficiency at 1.33 | 44% 44%
MeV
Resolution at 1.33 MeV 2.0 1.8
(FWHM keV)
Peak-to-Compton ratio 60:1 69:1
Trapezoidal rise time 3us 3us
Trapezoidal flat top 0.6 us 1 ps
Absorbers positioned between [~ 8 mm lead — 8 mm lead — 3.2 mm lead
detector crystal and collimator |- 12 mm stainless steel — 21 mm stainless steel — no stainless steel
— 1 mm copper — 3 mm aluminum — no aluminum
— 1 mm copper — 1 mm copper

“FWHM = Full width half-maximum.
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In nearly all cases in the last 2 campaigns, 8 spectra were measured for each of the 50 assemblies: 1 axial
up-and-down scan for each of the 4 corners and 1 static measurement on the burnup plateau for each
corner. Given that only two isotopes emit a reasonable amount of detectable photons over the duration of
interest to the Clink facility, *’Cs and "**Eu, due to half-lives of 30.1 years and 8.59 years, respectively,
the net peak areas, in counts per second (cps), from these two isotopes are of primary interest. Because
the 662-keV line of *'Cs line is so dominant, the statistical uncertainty of the peak areas was always
<1%. Thus, the guiding metric for count time selection was the detection of the most dominant line of
'%*Eu, the 1274-keV line, to <~1% statistical uncertainty for the average count rate among the assembly's
corners.

The experimental plan for the measurement of spectral lines was to measure in a way that weighted a
photon from each of the outer pins in a nearly identical manner. We decided to point each corner of the
assemblies toward the collimator for 4 different measurements for two primary reasons: (1) When the
spectra from all the corners are added together, each exterior pin is nearly weighted the same. Simulations
[8] indicate that a pin on the center of a face is weighted at ~80% of the corner pin on a per photon basis
for a 662 keV photon. (2) The spectral intensity is insensitive to assembly rotation within the possible
range of motion when the corner is pointed toward the collimator; the same is not true when a flat side of
the assembly is pointed toward the collimator. All results in this paper, except where notes otherwise,
used data that was averaged over all 4 corners. The reason why one corner only was measured in the first
two campaigns was because it was not possible to measure the other corners, due to mechanical
difficulties. However, this restriction provided time to measure more axial locations and to have longer
measurement times. Furthermore, two independent detectors measured one corner of a significant fraction
of the SKB-50 assemblies, which allowed for comparison between the systems, providing confidence in
the quality of the data. The assembly positions measured in the first two campaigns were re-measured in
the latter two campaigns and as such are not a part of the data illustrated in the paper, except where noted

otherwise.

10



197

198

199

200

201

202

203

204

205

206

207

208

209
210

211
212

3. Experimental Results

3.1. General features of the acquired spectra
Figures 2 and 3 present some examples of the acquired spectra for BWR and PWR assemblies with
features spanning over the range of the available fuel. The main peaks, which will be analyzed in the
following paragraphs, are marked.
As a qualitative analysis, we can observe that shorter lived isotopes, as '*'Cs, are not detectable in the
older fuel and cannot be taken into account for those assemblies characterization who require quantitative
evaluation of their peak area (i.e. for burnup or cooling time calculation).
Even if shorter cooled fuel exhibits a high dead time (above 40% both for BWR and PWR fuel), the
consequent resolution degradation is still tolerable: in fact we can still observe a clear separation between
the two peaks of the 996 keV — 1004 keV doublet from '**Eu. The set-up conditions are thus proving to be

compatible with an acceptable detector performance even at a high count rate.

(@

Counts

L} 500 1000
1340g 1370s  134¥Cs B4y 154EY 1340
T

(b)

1e+031

Counts

1e+014

o 500 1000 1500 2000
Energy [keV]

Figure 2. Gamma Spectra from BWR irradiated fuel assemblies. (a) BWR9: 7.2 years cooling time, 43.10%
deadtime, 100s livetime ; (b) BWR 6: 29.2 years cooling time and 18.03% deadtime, 400s livetime.

11



213
214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

1240g 1T70g  1M0g ey 154E 140y

(b)

Counts

W

] 500 1000 1500 2000
Energy [keV]

Figure 3. Gamma Spectra from PWR irradiated fuel assemblies. (a) PWR4: 5.2 years cooling time, 44.45 %
deadtime, 515s livetime ; (b) PWR25: 30.4 cooling time and 5.97 % deadtime, 872.9s livetime.

3.2. Spectra evaluation method
The spectra were analyzed in two ways. The isotopic analysis code Fixed energy Response function
Analysis with Multiple efficiencies (FRAM) was used [11], [12]. The basic function of FRAM fits
various regions of the spectrum to obtain the areas of the peaks, and from these the code calculates the
total efficiencies of the photon peaks that are detected. This total efficiency includes detector efficiency,
geometry, sample self-absorption, and attenuation in materials between the sample and the detector. It
then calculates the relative activities of the isotopes using the ratio technique. However, for the current
paper, only the net peak areas were used, whereas other papers by NGSI-SF researchers will deal with a
detailed analysis of the FRAM spectra evaluation and isotope ratios [13], [14], [15]. Additionally, for the
spectra obtained with the ORTEC GMX, the net peak areas were determined using the Genie 2000
software [16] connected to the Lynx electronics, whereas for the data taken with the Canberra GX

detector, an additional analysis of the net peak area was done using the PeakEasy software [17]. For the
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static measurements, the spectra were dead-time corrected, using the value of dead-time reported
respectively by the Lynx electronics, for the data taken with the ORTEC GMX detector, or estimated by

the MCA-527 electronics [18] for the other campaigns.

In Table 4, for the PHA data obtained from the burnup plateau, the average count rate among the four
corners' static measurements is listed for each peak. The 1-sigma statistical uncertainty, as reported, in the
average count rate was calculated by taking the square root of the sum of the square of each individual
measurement. For most peaks of most assemblies, this statistical uncertainty is smaller than the variation
in the photon flux from the different corners of the assembly, which is caused primarily by variation in
the fuel burnup of each corner.

For the geometric setup used, the gamma rays generated in the fuel rods closer to the collimator have
larger contribution to the gamma-ray flux density of the full-energy peak than the gamma rays originating
from other rods. Indeed, the detection probability of emitted photons of depends both on their energy and
on the pin from they originate. As shown by the Monte Carlo calculations by Jansson et al. [8] in Figure
4, self-absorption of photons within the assembly is a very large factor, resulting in roughly 90% of the

detected photons coming from the outer two rows for all energies.
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Table 4. Net Peak intensities measured for the most prominent gamma-ray-emitting isotopes from the
assemblies in the SKB-50. The data were obtained with the Canberra GX detector and GBS Elektroniks’
MCA-527, and the net peak areas are the average of all four corners' static measurements. No correction was
made for decay time because discharge was applied to the data. (ND = Nondetectable; NA = Nonapplicable)

137-Cs Unc. 154-Eu Unc. 154-Eu Unc. 154-Eu Unc. 134-Cs Unc. 134-Cs Unc.

662 996 1004 1274 605 796

keV keV keV keV keV keV

(cts/s) (%) (cts/s) (%) (cts/s) (%) (cts/s) (%) (cts/s) (%) (cts/s) (%)
PWR1 1780 0.26% 41.84 1.61% 73.84 1.01% 259.6 0.52% 516.2 0.39% 1253. 0.36%
PWR2 1693 0.28% 38.71 1.47% 69.06 0.98% 241.1 0.55% 439.0 0.49% 1059. 0.40%
PWR3 1339 0.32% 18.05 1.45% 32.19 1.00% 114.2 0.77% | 2249 2.12% 56.94 0.67%
PWR4 1397 0.27% 30.19 1.56% 55.14 1.00% 194.3 0.61% | 245.0 0.51% 603.2 0.36%
PWR5 1364 0.27% 29.75 1.49% 52.24 0.99% 188.4 0.61% | 238.1 0.54% 583.3 0.33%
PWR6 1217 0.35% 15.36 1.34% 27.32 0.96% 99.19 0.72% | 13.86 2.95% 33.93 0.83%
PWR?7 1354 0.30% 26.51 1.54% 48.01 0.99% 1729 0.62% | 1732  0.65% 415.7 0.48%
PWRS 946 0.37% 6.08 1.63% 11.14 1.10% 40.07 0.77% ND NA 0.86 8.47%
PWR9 1505 0.30% 28.81 1.51% 51.28 0.99% 185.8 0.61% | 2052 0.55% 497.0 0.44%
PWR10 1176 0.35% 13.18 1.74% 23.52 1.16% 84.61 0.88% 9.28 4.31% 21.68 1.15%
PWR11 1133 0.40% 14.65 1.51% 25.66 1.00% 91.03 0.87% | 1131  3.58% 27.06 1.00%
PWR12 962 0.38% 5.94 1.63% 10.51 1.11% 37.76 0.81% ND NA 1.04 7.07%
PWR13 812 0.33% 4.52 1.46% 8.03 0.96% 29.00 0.81% ND NA 0.51 9.77%
PWR14 1055 0.39% 11.09 1.71% 19.93 1.17% 73.01 0.98% 6.13 5.60% 13.99 1.35%
PWR15 862 0.38% 5.36 1.51% 9.36 1.06% 33.51 0.69% ND NA 0.69 8.66%
PWR16 1038 0.33% 10.07 1.50% 18.21 0.95% 65.77 0.68% 3.47 7.23% 8.82 1.39%
PWR17 1086 0.15% 13.75 0.58% 23.92 0.40% 86.21 0.29% | 12.14 1.26% 29.97 0.35%
PWR18 929 0.40% 8.46 1.54% 15.04 1.02% 54.03 0.99% 1.51 17.6% 4.27 2.51%
PWR19 672 0.34% 3.21 1.60% 5.73 1.13% 20.45 0.67% ND NA 0.25 16.7%
PWR20 714 0.29% 3.84 1.35% 6.73 0.96% 23.71 0.52% ND NA 0.38 10.2%
PWR21 700 0.47% 3.81 2.13% 6.87 1.41% 24.18 1.12% ND NA 0.36 16.6%
PWR22 646 0.43% 3.48 2.23% 6.20 1.51% 21.39 1.42% ND NA 0.40 14.4%
PWR23 728 0.37% 6.01 1.76% 10.92 1.12% 39.67 0.79% 2.55 8.49% 5.93 1.64%
PWR24 477 0.44% 4.06 1.43% 7.28 0.98% 26.39 0.67% ND NA 1.33 3.41%
BWR1 3628 0.20% 34.02 1.10% 60.81 0.73% 184.2 0.49% 290.3 0.41% 522.6 0.34%
BWR2 3333 0.27% 30.23 1.31% 51.74 0.90% 160.1 0.49% 175.2 0.64% 310.6 0.49%
BWR3 3205 0.32% 25.42 1.29% 44.67 0.87% 137.0 0.60% 82.4 1.06% 145.6 0.53%
BWR4 3008 0.30% 24.84 1.25% 43.82 0.84% 132.4 0.63% 70.4 1.16% 126.9 0.50%
BWR5 3299 0.27% 31.98 1.33% 56.92 0.87% 168.6 0.58% | 2652 0.47% 478.3 0.38%
BWR6 1665 0.31% 5.98 1.50% 10.58 0.99% 32.79 0.58% ND NA 0.56 13.0%
BWR7 3146 0.28% 27.89 1.25% 49.43 0.82% 150.1 0.51% | 151.0 0.64% 272.4 0.43%
BWRS8 3056 0.26% 32.71 1.12% 57.78 0.74% 178.0 047% | 240.1 0.47% 439.5 0.36%
BWR9 3227 0.27% 32.22 1.39% 55.73 0.91% 171.0 0.59% | 3644 0.43% 655.8 0.41%
BWR10 3138 0.21% 34.59 1.10% 60.21 0.75% 181.4 0.46% | 3282 0.38% 591.3 0.33%
BWR11 1485 0.27% 7.20 1.16% 12.61 0.79% 39.15 0.48% ND NA 2.33 2.95%
BWR12 2564 0.29% 26.88 1.22% 47.01 0.82% 140.6 0.65% | 157.2 0.58% 285.7 0.39%
BWR13 2778 0.26% 29.00 1.25% 50.95 0.87% 153.7 0.59% 183.9 0.58% 327.2 0.46%
BWR14 1310 0.29% 4.16 1.56% 7.40 1.03% 23.22 0.66% ND NA 0.27 20.0%
BWR15 1336 0.28% 5.09 1.27% 8.75 0.85% 27.03 0.54% ND NA 0.84 6.08%
BWR16 1225 0.29% 4.31 1.80% 7.67 1.21% 24.14 0.75% ND NA 0.44 14.1%
BWR17 1349 0.29% 5.09 1.65% 9.02 1.15% 28.66 0.68% ND NA 0.44 12.4%
BWR18 1011 0.27% 4.28 1.66% 7.85 1.07% 24.11 0.66% ND NA 1.41 4.12%
BWR19 1513 0.29% 6.43 1.21% 11.34 0.80% 34.64 0.52% ND NA 1.25 5.08%
BWR20 2090 0.28% 19.94 1.20% 3443 0.82% 106.0 0.50% | 1293 0.57% 230.4 0.43%
BWR21 1110 0.29% 4.01 1.59% 7.01 1.09% 22.49 0.60% ND NA 0.41 10.3%
BWR22 1580 0.34% 11.19 1.97% 19.58 1.32% 59.01 0.88% | 66.64 0.96% 120.2 0.64%
BWR23 1254 0.22% 6.46 1.78% 11.75 1.12% 37.76 0.51% | 4524 0.71% 78.08 0.67%
BWR24 619 0.42% 1.69 2.35% 2.96 1.61% 9.14 1.19% ND NA 0.23 14.1%
BWR25 404 0.36% 0.76 3.05% 1.35 1.95% 4.05 1.45% ND NA 0.14 13.9%
PWR25 395 0.39% 1.58 2.11% 2.87 1.40% 9.88 0.98% ND NA 0 NA
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Figure 4. Distribution of the contribution to the gamma-ray flux density of the full-energy peak, at the
detector position from an 8x8 assembly as calculated by Jansson [8]. The detector position corresponds to the
lower left corner. The contributions are shown as parts per thousand of the radiation emitted by the assembly
at that energy.
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3.3. Comparison of data from the two experimental setups deployed at Clab
As mentioned previously, four campaigns, two for PWR and two for BWR fuel assemblies, were carried
out in 2013 and 2014 using two different detectors. During the first two campaigns, 25 PWRs and 17
BWRs were measured. A comparison of the areas for the '*’Cs 662-keV peak measured with the two
different HPGe detectors is illustrated in Figures 5 and 6 for the PWR and BWR assemblies, respectively.
Once the fuel is removed from the reactor, existing contributions from all other radioactive decay
processes (mostly spontaneous and induced fission) can be considered as negligible for the spectral lines
of interest, hence peak intensities were recalculated by simple half-life correction to the date of discharge

from the reactor.

Although the measurements in both of these figures were taken for the same corner of the assembly, they
were not taken for the same axial location. In the case of the PWR assemblies, the two locations were on
opposite sides of the burnup plateau, separated by ~120 cm (see Figure 1). All measurements were made
on the burnup plateau; an example of which is illustrated in Figure 8. For the latter two campaigns, from
which the data was extracted for future analysis, the measurement position was 1.35 +/- 0.1 meters down
from the top of the fuel. The small variability of the measurement location about the 1.35 m level was to
avoid measuring on a spacer grid. The later two campaigns benefited from lessons-learned in the first two
campaigns; the movement of the axial location measured to the 1.35 m location saved several minutes of

fuel movement time per assembly. Moreover, different attenuator layers were used (see Table 3).
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Figure 5. The 662-keV net peak area from '*’Cs, which was measured with the ORTEC GMX detector and
Canberra Lynx MCA, from the 45-degree corner at an axial location of ~260 cm down from the top of the
PWR fuel is presented. This area is compared with the measurement of the same peak, which was taken with
the Canberra GX detector and GBS Elektroniks’ MCA-527, for the same corner but at a difference axial
location, ~140 cm down from the top of the fuel (when not visible, the uncertainty bars are smaller than the
data points).

The shaded region around the curve fit of the data points depicted in Figures 5 and 6 represents the
uncertainty of the linear model, assessed as the variability (standard error) in the estimate for the model
coefficients [19][20]. Each point's measurement uncertainty is purely estimated from counting statistics
and for most data points is too small to be visible on the scale of the plots. The same approach to

uncertainty depiction is used in all the graphs in this publication where trend lines are calculated.
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Figure 6. The 662-keV net peak area of 137Cs, which was measured with the ORTEC GMX detector and
Canberra Lynx MCA, from the 45-degree corner at an axial location of ~153 cm down from the top of the
BWR fuel, is shown. This area is compared with the measurement of the same peak, which was measured
with the Canberra GX detector and GBS Elektroniks’ MCA-527, for the same corner but at a difference axial
location, which was ~138 cm down from the top of the fuel (when not visible, the error bars are smaller than
the data points).

From Figures 5 and 6, the following observations can be made: (1) both passive gamma systems appear to
be working as expected relative to each other given the linear relationship in the net peak area measured
from the same assemblies. (2) The noted variation from the linear fit is significantly greater among the
PWR assemblies as compared with the BWR assemblies. It is expected that this variation occurs primarily
because the measurement locations for the PWR assemblies were on opposite sides of the burnup plateau,
~120 cm apart, whereas the BWR measurement locations were separated by an axial distance of only

~15 cm. This variation is in accordance with what is presented in [9].
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3.4. Characteristic change in isotope abundance with burnup
The relation between the spectral peak areas and reactor operation for all 50 assemblies is central to this
study. In particular, the relation among the most intense gamma peaks (137Cs, 154Eu, and 134Cs) as a
function of the average assembly burnup is illustrated in Figure 7. To illustrate the burnup dependency,
the net peak areas were recalculated to the time of discharge from the reactor, taking into account only the
exponential decay of these isotopes with cooling time.
As a starting point for explaining the observed net peak areas, the buildup of '**Cs, "*’Cs, and "**Eu upon
discharge from the reactor is shown in Figure 7. The buildup of the **Cs, '*'Cs, and “*Eu activity as a
function of fuel burnup for a representative BWR was calculated by ORIGEN-ARP [21], assuming the
reactor's specific power as constant throughout the irradiation. The calculation used the declared burnup
and initial enrichment for BWR10, as well as typical reactor operating scenarios; detailed reactor
operating data for this specific assembly was not used. In fact, a more detailed simulation of the specific
assembly requires a more complex code than ORIGEN-ARP and is outside the scope of the current paper.
The assembly represented in Figure 7 is a 10x10 assembly, with an initial enrichment of 3.144% and a
burnup of 39.5 GWd/MTU; it was irradiated for five consecutive cycles (e.g., without intermediate
cooling beyond the duration of a typical intercycle shutdown).

. . 134 137 154
The increase in the " Cs, 3 Cs, and 5

Eu activity as a function of fuel burnup, as illustrated in Figure 7,
reflects the typical trends for these isotopes observed in the power reactor context [6], [22],[23]. The
production of '*'Cs is known to be nearly linear with burnup in the considered range because '*’Cs is
primarily a direct fission product, and the production yields of *’Cs from the fission of *°U, **°Pu, and
*'py are similar. The more complex variation in '**Cs and '**Eu is also illustrated. The data depicted in
Figure 7 are based on the results of a simplified simulation, (e.g. for one particular assembly irradiated in
one particular reactor operating scenario); a different initial enrichment or a variation in reactor operation

may cause a different pattern in the isotopic evolution. However, Figure 7 is a useful starting point for

interpreting the experimental data in the next section.
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Figure 7. The buildup of the 134Cs, 137Cs, and 154Eu activity as a function of fuel burnup for BWR10
(assuming the reactor's specific power as constant throughout the irradiation), as calculated by ORIGEN-
ARP.

3.5. Axial variation
Although the primary focus of this paper involves illustrating the variation in the dominant peaks from
134Cs, *'Cs, and "**Eu as a function of the 50 assemblies measured, it is important to emphasize that the
data presented in Figure 9 to 16 are given from a fixed axial location on the fuel that extends only 1.5 cm
in the vertical direction. Furthermore, in Figures 7 to 14 we are comparing this localized measurement
with the burnup of the fuel, which is a quantity that was determined for the full ~3.7-m length of the
assembly. In Figures 4 and 5, when the two measurement systems were compared, we noted that
measurements made 15 cm apart had better agreement than those made 120 cm apart. This fact motivated

a graph to illustrate the burnup variation, as represented by the *’Cs peak intensity, along the assembly.
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In Figure 8, the '*’Cs intensity measured from 34 separate static measurements along the 45-degree corner
of BWRO is illustrated. At the ends of the assembly, the fuel was moved in intervals of ~8 cm between
measurements, whereas on the plateau it was moved in intervals of ~16 cm. The ORTEC GMX detector

and Canberra Lynx MCA were used.

In Figure 8, the amount to which the '*'Cs intensity can vary over distances of 15 and 120 cm along the
plateau is clear. More importantly, the increased variation evident in Figure 5 as compared with Figure 6

can be understood by observing the variation of the shape of the plateau region among assemblies.
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Figure 8. Count rate for the 662-keV 137Cs net peak area as a function of axial location along BWRY. These
data were measured with the ORTEC GMX detector and Canberra Lynx MCA from the 45-degree corner.
The axial location is specified as downward along the uranium containing portion of the fuel (The indicated
absolute positions are accurate to +£10 cm, the error bars are much smaller than the data points).

3.6. Variation in measured peak intensity of 137Cs, 154Eu, and 134Cs with burnup
One of the goals of our collaborative research effort is to quantify the relative usefulness among a range

of passive gamma-ray measurement options, following the experimental plan described in paragraph 2.2.
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In particular, we want to quantify the benefit of measuring the gamma intensity from a single corner, as
compared with a combined measurement on opposite corners (i.e. performing a 180° rotation of the fuel
after having measured one corner), as compared with a combined measurement of all assembiely’s four
corners. Additionally, these three options will be tested for both static measurements (i.e. at a fixed level)
and measurements that scan the entire length of the assembly. The current publication is a starting point
along the research path to answer these questions. We plan to use various combinations of the passive
gamma data, combined with signals from other NDA instruments, to find optimal solutions for the five

technical goals outlined in the introduction.

Except where indicated otherwise, the data presented in this paper are the net peak area count rates
averaged for the four corners measured with the Canberra GX detector and GBS Elektroniks> MCA-527.
Also, unless noted otherwise, the axial locations measured were ~140 cm and ~138 cm down from the
point from which radiation from ’Cs was first detected from the fuel, respectively, for PWRs and
BWRs. It is anticipated that averaging among the corners will be beneficial in achieving our technical
goals because all of these goals involve properties of the entire assembly. For example, the declared
burnup value compared with in this section is the average burnup of the entire assembly.

In Figure 9, the cooling-time-corrected count rates for the 662-keV peak of '“’Cs for the 25 PWR
assemblies are illustrated. The data points are grouped according to their fuel type, as well as to the
presence or absence of gadolinium-loaded rods. Even though the pin size and number of pins are different
between the 15x15 and 17x17 assemblies, the two subgroups exhibit the same correlation between the
Cs peak area and burnup; all 15x15 assemblies are within two sigma of the best fit, with three
assemblies falling above the regression line and two below the line. Also, the presence of some
gadolinium rods in an assembly does not appear to bias the assembly; three assemblies with gadolinium
rods fell above the best-fit line, and four assemblies fell below the line. For the PWR24 assembly, the
7Cs intensity is estimated by the best-fit curve further from the measured data point; a count rate of ~500
counts per second (cps) was measured, whereas ~730 cps is predicted by the best fit. This variation is not
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surprising given that this assembly was in the core for two cycles, then removed for 10 years before being
returned to the reactor for two cycles. Because the cooling-time correction is based on the date of
discharge, the '*'Cs produced during the first two cycles decayed significantly more than was accounted
for by this correction, even considering the 30-year half-life of '*’Cs; thus, it is not surprising that the
measured value for PWR24 deviated from the regression line when compared with the other assemblies
that all had more typical reactor histories. In Figure 9 and in some of the subsequent graphs (Figure 10
and Figures 17 to 19) the intercept was forced to 0. This choice is consistent with the fact that, in an
environment with a negligible background at those specific energies, a fresh fuel assembly with a burnup
of zero does not contain any fission products, nor does it emit spent fuel characteristic gamma-ray lines.
From the data observed, this assumption can be considered as legitimate because, when excluding the
zero intercept constraint, the standard error on the intercept was smaller than its value (Student's t-test

).
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Figure 9. The peak area of 662 keV from '¥’Cs is depicted as a function of burnup for the measured PWR
assemblies. The error bars and the shading around the regression lines correspond to the standard error on
the linear fit's coefficients at the 95% confidence level (when not visible, the error bars are smaller than the
data points).

In Figure 9, the BWR data for '*'Cs as a function of burnup is illustrated. For these assemblies, the
division is clear among assembly types. The 8x8 assemblies clearly have a different regression line
compared with the 10x10 assemblies. This difference is not surprising given that the two groups of
assemblies are different in their uranium pellet diameters. The 8x8 assemblies have fuel rods with 10.44-
mm diameters, whereas the 10x10 assembly rods have 8.19-mm diameters [24]; however, the exterior
size of the assemblies is nearly the same. The 15x15 and 17x17 PWR assemblies have a smaller pellet
diameter difference of 9.3 mm and 8.17 mm, respectively. It appears from the measured data that this

smaller-diameter difference, combined with other features specific to the PWR fuel (e.g., the more
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densely packed assembly structure), make all the PWR assemblies trend similarly with respect to the
3Cs count rate vs. burnup data. The difference in the pellet diameter impacts many factors: (1) the actual
irradiation in the reactor is altered because the assemblies with smaller-diameter pellets also have more
water around each pin relative to the larger pellets; thus, a lower-energy neutron spectrum exists in the
8x8 assemblies; (2) since the dominant contribution to the detected gamma rays is from the outermost
pins (see figure 2), in-pin self-attenuation, more relevant on thicker pellets, can affect lower energy peaks’
intensity; and (3) the different assemblies do not have the same mass per unit vertical length, nor does a
unit mass experience the same irradiation as a function of distance inside a pellet; thus, the production of
¥Cs between the two cases is not easy to discern. The measured spectra are impacted by the combined

influence of all these factors and possibly others that are less evident.
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Figure 10. The peak area of the 662 keV from *’Cs is depicted as a function of burnup for BWR assemblies.
Two separate regression lines are used: one for the 10x10 assemblies and one for the 8x8 assemblies (when
not visible, the error bars are smaller than the data points).
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Despite the fact that the irradiation of BWR assemblies is inherently more complex than PWRs and that
more of the BWR assemblies experience at least one cycle out of the reactor between the first and last
cycles in the reactor, scatter in general is less about the respective regression line for BWRs as compared
with the PWRs. In Table 2, four of the BWR assemblies are indicated as experiencing abnormally longer
irradiation histories: more than 11 years passed between the assembly first entering the reactor and finally
being discharged. All four of these assemblies were 8x8s and are the four data points that have measured
count rates just below the 2 sigma uncertainty band in Figure 10. As was noted for the single PWR
assembly with a similarly long irradiation history, the oversimplification of the cooling-time correction,
using the discharge date rather than the date a certain isotope was created, is expected as the primary

reason for this result.

As mentioned earlier, the detection of gamma rays from '>*Eu, given its relatively long half-life of 8.6
years, may be the primary design criterion for the passive gamma system at the Clink facility. For the
measurement system used in the current research (2.5-m fuel-to-detector separation and HPGe detector)
the uncertainty of the 1274-keV line of '>*Eu for a ~27-year-cooled, ~30-GWd/tU-burned BWR assembly
was 1.5% for an ~8-minute live time with a single crystal. In designing a passive gamma system for
Clink, the designer can use attenuation, collimation and distance to keep the count rate within the
operating regime of a given detector. In the case of Clink, with fuel cooled for 10 years or more, there is
some flexibility in the selection of the detection material. A crystal such as LaBr3 has sufficient
resolution for the peaks of interest; this is an important point given that LaBr3 can tolerate much higher
count rates relative to HPGe. As a result, the detector can be positioned closer to the fuel. Furthermore,
attenuation rather than collimation and distance can be used to manage the count rate of the detector. This
is desirable in the context of measuring the 1274-keV line because the mass attenuation coefficient of
most gamma attenuating materials are much higher below ~1 MeV. Hence, attenuation as a means of

count rate management will the percentage of 1274-keV photons reaching the fuel relative to 662 keV
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photons of Compton scattered photons. As a result it is anticipated that the 1274-keV keV line can be
detected from fuel with cooling time of ~60 years.

Unlike “’Cs, '**Eu production is complex and is not directly produced in significant quantities from
fission. In fact, for uranium, more than 20 reaction chains lead to **Eu production [22],[23]. In Figure 11
11, the intensity of the 1274-keV line of *Eu is illustrated as a function of burnup for the 25 PWR
assemblies, whereas in Figure 12, the same graphs for the 25 BWR assemblies are illustrated. The trend is
consistent with the variation illustrated in Figure 4. A slight quadratic trend is evident >20 GWd/tU for

the PWR assemblies, whereas for BWR assemblies, the trend appears to be closer to linear.

The interpretation of the 154Eu net peak area, relative to the *’Cs peak area, is complicated by not only
the large range of production mechanisms, which render it more sensitive to reactor operation, but also by
the relatively shorter half-life, which makes 154Eu more sensitive than '*’Cs to inaccuracies in the
cooling-time correction. An additional difference is that the 1274-keV line of 154Eu is significantly more
penetrating than the 662-keV line of '*’Cs; thus, the detected 1274-keV photons from 154Eu come from
interior pins more than the 662-keV photons from '*’Cs, as illustrated in Figure 4. The following changes
were noted among the assemblies as the analysis moved from the 662 keV line to the 1274 keV line: (1)
PWR24, the assembly with a 14-year difference between first entering a reactor and final discharge, is
now within the 95% confidence interval, while for the 662 KeV line of 137Cs PWR24 was > 5 sigma
from the regression line; Also, (2) BWR11, BWR17, BWRI18, and BWR21 are not consistently low
relative to the trend line, as was the case with 137Cs. Because these assemblies do not vary in a manner
consistent with a cooling-time variation, it is suggested that factors other than cooling time are more

significant in these cases.
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Figure 12. Variation in the 1274-keV peak intensity of >*Eu as a function of burnup for BWR assemblies. The
trend line represents a linear fit (when not visible, the error bars are smaller than the data points).

The 2.1-year half-life of *'Cs is expected to limit the usefulness of this isotope for encapsulation
facilities, even though it is a prominent peak in many spectra at relatively short cooling times. The
production of "**Cs is mainly due to neutron capture in '*’Cs, an isotope which is primarily produced from
1 via 'Xe. Almost independent of the fission source, '**Cs is expected to depend roughly quadratic
with the burnup [6], [23]. However, because of its short half-life, **Cs decays significantly both inside
and outside the core; as a result, its isotopic content at a given moment in time is sensitive to reactor

operation and time; in addition, the abundance of '*'Cs is sensitive to the energy spectra of the neutrons

existing in the core.
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The peak count rate for the strongest detected line from '**Cs, the 796-keV line, is illustrated in Figures
13 and 14 for PWRs and BWRs, respectively. Given the large uncertainty due to counting statistics in
several points, a geometric trend line would have considerable scatter. The BWRs exhibit a shape
consistent with a quadratic increase with burnup, whereas for the PWR assemblies, such a trend is not
evident. The points with the biggest uncertainties are those with a longer cooling time and consequent

small peak-to-background ratio.
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3.7. 154Eu/137Cs characteristic peak variation burnup
The peak intensity ratios for "**Eu/'*’Cs and "**Cs/"*'Cs are frequently used when analyzing spent fuel
spectra to characterize assemblies. In this section we present data for the '*Eu/"’Cs given the

significance of these two isotopes to our research plans.

The ratios of spectral lines are used in addition to the individual lines for several reasons. One reason is
the relative insensitivity of ratios to variation in the detection efficiency due to the positioning of each

fuel assembly relative to the detector because both the numerator and the denominator in the ratio vary
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similarly. In the case of the Clink facility, uncertainty due to positioning is not expected to be significant
because the fuel is expected to go through an opening that will allow for relatively tight position control.
The “*Eu/'¥’Cs ratio is nearly linear with burnup for fuel, with burnups under ~35 GWd/tU, as shown in
both figures; therefore, the measured '**Eu/"*’Cs gamma ratio can be used to infer the fuel burnup, as long
as the fuel is in the appropriate burnup range. Another feature of this ratio is that it transitions from
linearly increasing to saturating/decreasing at burnups >~35 GWd/tU due to the combined effects of **Pu
saturation and "**Eu burnout at higher burnups [25]. Such saturation/decrease >35 GWd/tU is observed in

the BWR data but not in the PWR data, which warrants further investigation.
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3.8. Comparisons between measured peak intensities and calculated activities for the
BWR dataset

A fundamental challenge in interpreting NDA signals from spent fuel is the shear complexity of reactor

operation. Many factors (water temperature, fuel geometry, void formation, time in the reactor, power

level of the reactor, control blade deployment, duration of inter-cycle shutdown, initial enrichment, use of

burnable poisons, shuffling scenario, etc.) combine to determine the isotopic mixture in the assembly at

discharge. This complexity impacts the production and destruction of different isotopes in different ways;

this fact motivates the pattern recognition signal integration approach to be used. This complexity
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highlights the uniqueness of the spectrally resolved passive gamma signal because the spectral lines of

specific isotopes can be separated from one another.

To compare the measured passive gamma results with theory, it is necessary to use tools made to quantify
the impact of all the various important factors. This comparison to theory will be accomplished by several
different publications. A more accurate calculation, using detailed information from the reactor operator,
is in preparation [23]; in the current publication, we did simple calculations based on total burn-up and
cooling time: these are the minimum data made available by the nuclear operator, on a mandatory base, in
his declaration to the safeguards inspectors. For the BWR dataset, ORIGEN-ARP [21] that contains fuel
libraries for specific fuel types was used for the irradiation and depletion calculation. In particular, we
operated ORIGEN-ARP in “Express” mode: this specific feature of the program allows quick irradiation
and depletion calculations with a limited amount of initial input information; therefore, it was suited to
calculate .the activities of *’Cs, '**Cs, and '"*Eu, with the information available were calculated. In
Figures 17, 18, and 19, the measured count rates from the most prominent line of each isotope are
graphed as a function of the activity of each isotopes calculated with ORIGEN-ARP. The assemblies
BWR19, BWR24, and BWR25 (all “first-cycle fuel”) are excluded from this analysis because their initial
enrichment was outside the applicable range of the spent fuel libraries available. Because ORIGEN-ARP
can simulate both the irradiation and decay phases of the fuel evolution, the comparison includes the final
cooling in the simulation. The cluster of points around zero for '**Cs and '**Eu, corresponds to the oldest

assemblies for which those isotopes are almost completely decayed in Figures 17 and 18.
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The "*'Cs plot depicted in Figure 17 is particularly interesting. In fact, a separation between the 8x8 and
10x10 assemblies is evident. Given that the count rate plotted on the vertical axis is derived from the
experimental data, all aspects that might cause a separation between the two fuel types are included (mass
difference per unit vertical length, irradiation and photon transport effects, etc.). However, for the
simulated *’Cs activity on the horizontal axis, only the amount of the '*’Cs produced is included. If all
relevant physics were included in the simulation, we would anticipate a smooth variation between the
measured and the simulated results. Thus, the discontinuity that is observed between the two fuel types is
due to neglected physics in the simulation results. In particular, the omission of photon propagation from

the fuel to the detector is anticipated to be a large part of the discrepancy. To quantify the count rate
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difference due to this fuel type difference, the ratio of the slope of the two curves in Figure 16 was used to
form a correction factor. This correction factor adjusts for the fact that a given amount of '*'Cs activity in
the fuel does not result in the same detected signal in the 662-keV peak for each assembly type. In fact,
for the same estimated activity, the 10x10 assemblies produced 12.67% more detected 662-keV gamma
rays in the measured peak, as compared with the 8x8 assemblies. Using this correction factor, the
measured peak intensity for the 8x8 assemblies in Figure 10 was increased by 12.67%, rendering
consistent trending, as compared with the function of burnup among all BWR assemblies, as illustrated in

Figure 20.
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Figure 20. Plot of *’Cs vs burnup for BWR assemblies after applying a correction factor for different self-
absorption between the 8x8 and the 10x10 fuel types (when not visible, the error bars are smaller than the
data points).
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The simulated activity of '**Eu and "*Cs, using only the declared safeguards data, provides general
agreement with the measurement spectral data, as illustrated in Figures 17 and 18. These calculations
provide a point of comparison for future research that will use the more detailed reactor operator
declarations. It is important to quantify the capability of burnup calculations done with both sets of data to
understand what is available to inspectorates when only the minimum safeguards-required data are

provided or what might be concluded if more detailed data were provided and used.

The lack of a detailed power history as input in the simulations resulted in greater scattering of the data
points. In particular, the between-cycles cooling periods were not provided by the nuclear operator, thus
were not taken into account in the ORIGEN ARP calculation, with consequent alteration of the resulting
shorter-lived nuclides buildup.

Finally, no uncertainty was available on the operator fuel calculation results, used as input for ORIGEN-
ARP, so it was impossible to include this variance component in the uncertainty budget. However, an
estimate of the uncertainty of ORIGEN calculations is available from validation studies based on
comparisons between calculations and destructive analysis [27]: for the ENDF/B-V libraries the 1-sigma
estimated variations are 7.6% for **Cs, 3.7% for '*'Cs and 9.8% for "**Eu. In Figures 17, 18 and 19,

horizontal error bars represent a 2-sigma variation.

Conclusions

A collaborative research effort among SKB, EURATOM, and the US Department of Energy (DOE)
conducted four passive gamma measurement campaigns at the Clab facility in Sweden. The long-term
goal of this collaborative team is to demonstrate the merits of different integrated NDA instruments for
addressing safeguards and non-safeguards needs as compared with the capability of currently deployed

instruments, such as the Fork detector and/or the Digital Cerenkov Viewing Device (DCVD). The current
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study fits into this larger context by presenting the summarized results of over 400 spectra obtained from
50 assemblies. Given the complexity of the fuel measured (eight different PWR and six different BWR
fuel designs, fuel irradiated at different times over 3 decades, some fuel with burnable poisons and some
without, etc.) and categorizing how the measured signatures change (or do not change) with such
parameters, it is important to achieve the collaborations' technical goals. For the 25 PWR assemblies, the
trends in the spectral signatures of B7¢s, ¥*Cs, and **Eu as a function of burnup did not vary in a manner
consistent with the number of pins in the assembly (15 x 15 vs 17 x 17), nor did the presence or absence
of burnable poisons have a clear impact. For the 25 BWR assemblies, the same trends analysis was
undertaken as a function of burnup. In this case, the *’Cs count rate of a 10x10 assembly was measured
to be higher than a 8x8 assembly of the same burnup by 12.67%. For both PWR and BWR assemblies,
abnormally long periods out of the reactor between initial and final irradiation were evident in the "*'Cs
data, but not so in the '**Cs and '**Eu signals. ORIGEN-ARP simulations were performed, indicating
general agreement when only the safeguards declared data were used. Such comparisons indicate the
capability and limitations of such simulations to reproduce the broad trends in the isotopic content from
which the spectral signals are produced, especially in relation to the data available to the safeguards
inspectorates. Finally, the outcome of the current study consists ultimately of a unique gamma
spectroscopic dataset, which in the future can constitute the baseline of a next generation of irradiated fuel

verification tools for nuclear safeguards.
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