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SUMMARY

The growing concern regarding regulation and accountability of plutonium and
SNM produced in commercial and research nuclear refaugbhas driven the need for
new spent nuclear fuel characterization methods to enable quantification and qualification
of radioisotopes contained in used fuel in a reliable, quick, and inexpensive manner, with
little to no impact on normal reactor opengtprocedures. This research aims to meet
these objectives by employing advanced computational radiation transport methods
incorporated into an algorithm to post process scintillator detector data gathered from
used nuclear fuel in a spent fuel poolmair. An existing, novel post processing
algorithm, SmartID, has been updated to extract and identify unique photopeaks
represented in the underwater environment for pool cooled used fuel. The resulting
spectral data will be pogtrocessed using an uggdd SmartID algorithm folded with
deterministic adjoint results to render both qualitative and quantitative fuel content and
irradiation estimates. This work has much significance to the nuclear power industry,
safeguards, and forensics communities, singelds this information at room

temperature for a relatively low cost.
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CHAPTER 1

INTRODUCTION

The growing concern regarding regulation and accountability of plutonium and
SNM produced in commercial amelsearch nuclear reactor fuel has prompke need
for rapid, low costharacterization and attribution of fuel materials and mixed
radioisotopes for forensics purposes, and has driven the need for new spent nuclear fuel
characterization methods. Moreoyvany new methods must also enable quantification in
addition to traditional qualification of radioisotopes contained in used fuel in a reliable,
quick, and inexpensive manner, with little to no impact on normal reactor operations.
Achieving this with lav cost detectors augmented by advanced algorithnogjtisedin
this work, will not only aid in strengthening weaknesses in the current safeguards
protocols, but also will yield a capability for rapid, cost effective identification of

radionuclide contersupporting a variety of nuclear forensics applications.

1.1 Background

The IAEA estimates that kthe year 2020, approximately 445,000 tons of heavy
metal will have been discharged from the w
One quarter of tls amount (111,250 tons) is expected to be sent to fuel reprocessing
facilities. Given this large amount of material, the risk for undetected diversion or
tampering through loss of continuity of knowledge is real. Additional safeguards
measures are imptant and necessary to mitigate this risk by providing low cost methods
to quickly account for and confirm relative isotopic content of spent fuel rods in order to
flag discrepancies and enable forensics assessments of SNM where needed.
Additionally, theDOE Radiological Assistance Program (RAP) team currently

utilizes gamma data collected from Nal detectors in both grbasdd and airborne



platforms as part of their mission. This requires forensic analysis of the data to determine
whether or not one cadentify a potential nuclear threat. A ragahe data analysis

method optimized for this type of detection equipment is necessary for the detection of a
nuclear threat if a spent fuel pin or assembly was stolen and configured into a
radiological disperdalevice (RDD). The RAP team typically flies on the order of-100

1000 k4 above the ground to take gamma spectra data. From a Compton Scattering
mass integral perspective, gamma spectra behave similarly for sources at thousands of
feet from the detecton air and sources about 40 cm from the detector in water.

Therefore, the techniques and detector response functions developed for analyzing
gamma spectra in water from spent fuel are similar to analyzing gamma spectra collected

from an aircraft from agssible RDD.

1.2 Objectives

This research aims to meet the needs discussed by employing advanced
computational radiation transport methods incorporated into an algorithm tprposss
scintillator detector data gathered from used nuclear fuel in a spent fuel pool or in air. An
existing, novel posprocessing algorithm, SmartID, will be modified to extract and
identify unique photopeaks represented inuhderwater environment for peoboled
used fuel. Because of the manner in which SmartID processes the spectrum through
unfolding using interpolated transport theory detector response functions, it removes all
artifacts of scattering to yield the collective of photopeaks, even in regions where these
are normally masked due to severe Compton pileup in a typically low cost room
tempeature scintillator. The resulting spectral data in this work will be-pastessed
using the SmartID algorithm modified for water based operations, folded with
deterministic radiation transport adjoint computations to render both qualitative and
guantitdive fuel content and irradiation estimates. As already noted, this work has much

significance to the nuclear power, safeguards, and forensics communities, since it yields



this information at room temperature for very low cost. The proposed work ivsigodi
into five key goals, as follows:

1.) To employ computational radiation transport methods to model how a scintillator
detector responds to the radiation from a spent fuel assembly in water.

2.) To determine how Compton scattering in water affectgdh@ma spectrum at

singular discrete energies.

3.) To update an existing post processing algorithm for the characterization of gamma
peaks in order to extract radionuclide information important to determining plutonium
content and fuel burnup.

4.) To testhe algorithm by irradiating a natural uranium metal fuel rod and measuring
the emitted gamma radiation transported through water during active irradiation, and as a
function of cooldown time, with particular attention to short term irradiation products.
5.) To integrate adjoint transport computations with the radionuclide information

extracted from theost processed spectral data for plutonaamtent from fuel burnup

1.3 Current Technologies and Methodologies

A great deal of work has been accomplishsithg passive gamma signatures and
integrated gamma counts to determine burnup and cooling time of spent fuel assemblies
in pools; however, no work has been done leveraging the algorithrproasissing of
|l ow cost fipool tempesatduheotesci nhel iBbBdbokd
currently used at power plants, along with MOX python (SMOPY), and Cherenkov
viewing devices [2]. The Fork detector consists of cadrreumo-telluride (CZT) gamma
detectors along with a cadmium covered fission chambeetsure epithermal neutrons,
and an uncovered fission chamber to measure thermal neutrons [3]. These detectors can
produce the data to determine burnup, cooling time and assembly declarations, but they
do not have the capability to do so independentlgetermine initial enrichment. Early

models only included ionization and fission chambers to measure gross gamma and



neutron yields, rather than considering spectral information, but these models were
improved by adding CZT detectors to gather spectfafnmation.

The Fork detector is designed to focus on three key radionuclide sign&t(@ss:
peak at 662 ke\F3‘Cs peaks, and tH8°Ru peaks. It has long been studied and validated
that the burnup value of spent fuel has a nearly linear relationship witH@secontent
in the fuel. *'Cs is a proven indicator of burnup due to its negligible neutron absorption
cross section, approwrately equal yields from fission 6f°U and**%Pu, and a long 30
yearhalf-life [1]. The combination of these three attributes removes the necessity to
correct for reactor power history [1].

Furthemore ratios of fission products will also result indar relationships with
burnup for limited burnup ranges. TH&Cs/3'Cs activity ratio and th€*Euf*'Cs
activity ratio are valid for low and medium burnup (<50GWd/t), while'thes/>*Eu
ratio is valid at high burnups (>50GWd/t) [4]. Howeversiimportant to note that after
approximately 12 years of cooling, the enti€s signal is practically lost due ¥'Cs
decay (halfife of 2.0652 yard. As mentioned:*’Cs has a relatively linear relationship
with burnup, but this linear relationghmust be corrected for short cooling times due to
indicators from*‘Cs and'®Ru/Rh causing deviations from linearity [3]. Therefore, it
has been shown that corrections must be made to the gross gamma signal to determine an

fiadj u¥aseodnd. Tis adjustment ishown by the following equation,

0
P CHCYT TWCY

(1)

whereG 37 is the adjusted®’Cs count rateG is the gross gamma emission rakg, is the
measured activity ratio df‘Cs/*'Cs, andRos is the measured activity ratio of

1%RuA%Rh [3]. This correction has been shown to greatly improve results for a linear



trend of*'Cs with burnup in the experiments performed at the TVO KPA Store in 1999
[3].

The Safeguards MOX Python (SMOPY) isuanderwater detection system that is
designed to distinguish between MOX and LEU fuel.ohsists of a CZT gamma
detectorandafission chamber to measure neutron emission and determifié@sé®'Cs
ratio. Similar to the Fork detector, this device tuse operator data to determine
burnup, and it cannot detect fuel pin diversions [5].

Cherenkov viewing devices are used to observe the intensity of the visible blue
Cherenkov glow from used fuel assemblies in a spent fuel pool. They do not typically
provide any quantifiable information in relation to fuel burnup, but can indicate whether
or not a Adummyo fuel el ement is present.
discern if an element had@enkov glow, or it is being illuminated by a ne&ghbor
spent fuel element [6]. In some cases, the glow intensity can be utilized to estimate
burnup by comparing it to a known reference spent fuel assembly that has beeredneasu

in the same storage pool|[7

2.3.1Limitations

The desire of the IAEA ito find a lowcost, nordestructive method to quantify
plutonium content in spent fuel assemblies and detect the diversion of fuel pins. This is
not possible with current passive gamma methodologies discussed. Current passive
gamma measurements are alsable to detect pin diversionB this work, | determine
how postprocessing of room temperature scintillator spectra (from Nal) impacts this
IAEA requirement.

Many researchers have expressed in the literature that any gamma spectral
informationfroml ow ener gy gamma emitters such as
the substantial count rates and Compton pileup from the numerous fission products in the

source term. After fuel rods are removed from the reactor for one year, fission products



produce d@otal gammaray intensity of approximately 2 x {gamma/gs, but major

plutonium gamma rays only have intensities in the range %b100' gammas/es [8].

With the addition of Compton pileup effects in the detector, plutonium gammas are

completely hidlen in the spectra. According to the PANDA manual, the principle

gamma signatures emitted by plutonium isotopes are listed in Table 1.1.

Table 1.1:Principle gammaay signatures for plutonium isotop&}. [

Isotope Half-Life (y) Energy (keV) Branching Ratio

Activity( gamma/g-s)

2%py  87.74
2Py 24,119
Py 6564
Py 14.348
“Am 432

152.7
766.4
129.3
413.7
45.2

642.5
148.6
208.¢
59.5

125.3

9.37
2.20
6.31
1.47
4.50
1.30
1.85
2.12
3.59
4.08

10°
107
10°
10°
10*
107
10°
10?
10?
10°

5.90 1¢°
1.387 1C°
1.436 10°
3.416 10*
3.80 1¢°
1.044 1¢°
7.15 1¢°
2.041 10
4.54 10'°
516 1¢°

It is seen that the majority of plutonium gamma lines emit with energies less than

400 keV, which can be problematic to detect in cooling pools, although several key lines

are observed at 413.7 keV, 652.5 keV, and 766.4 keV. A sample spectrum of a used

PWR assembly, as shown in Figure 1.1, depicts how these key gamma peaks are lost in

the overabundance of high activity fission product gamma sources. The lowest energy

peaks visible are frotf°Rh and'*/Cs, and no plutonium peaks are visible.

! This is from?**Pu daughter produét’'u.
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Figure 1.1 A high resolutiorgammaray spectrum of a PWR fuel assembly burned to 32

GWd/tU and cooled for 9 monthS][

Therearecurrently99 commercial nuclear reactors operating in the United States
[10]. Like any other nonrenewable fuel sounceclear fuel s a finitdifetime;
therefore as the fuel diminishes, it must be replaced with new fresh fuel. In the case of
nuclear fuel, this process is not as basic as simply replacing old rods with new rods and
throwing out the old. The basis of a nuclear fissgaction is when an atomic nucleus
splits into two new lighter nuclei plus additional neutrons. The nuclei produced will
depend on the isotope undergoing fission. Different fission nuclei have differing yields

depending on the original heavy isotopewshdoy Figure 1.2.
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Figure 1.2: Mass distribution of fission products for the thermal fissioffdJ and®*° Pu

[9].

These new nuclarein an unstable state and go through miadyoactivedecay
processes before finding a more stable configuration (oftest they are neutron heavy
and undergdeta decay to new daughter products). These daughter products have intense
radioactivity resulting in heat generation and harmful gamma radiaBeoause of this,
spent fuel rods must be placed into temporary storage until they cool down gagudh
T 10 yearsto be placed in more permanent storage configurations. Additionally neutron
absorption reactions also take place in the fuel creatidig@ul isotopes such &3Pu,
240y, 24Py, and®*?Pu. These isotopes aresnffficient mass and lead tmn-
proliferationandsafeguardsoncerns Figure 1.2 shows how these isotopes grow into

the fuel assembly along with other U isotopes and figsioducts.
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Figure 1.3: Change in fuel composition versus neutron fluenc&tgry, and fission

products Neutron fluene is directly related to burnyf1].

1.4 Challenges

One of the key challenges is finding a detector that will be capable of regolvi
spectral peaks while keeping costs at a minimum. | considered three types of detector
materials for use in this project: sokthte, gas, and scintillator. Each type has certain
advantages and disadvantages, and there are many different materasitongwithin
each type. HPGe and CZT are the most talked about in spent fuel measurements above
water and below, Nal, and Csl are commonly used for their ruggeaine $stegrated
activity, but are often relied on for individual gamma ray asaag HFXe is a newer
type that shows promise for spent fuel applications. In ordertowdown these
detector choices to only one for experimentation, one can compare the most common and
relevant degctors available commercially. At sufficiently low burnepéls, less than

1,000 MWD/MTU, the concentrations of plutonium are consistent with weapons grade



plutonium (WGPu). WGPu is defined laaving a***Pu concentration greater than 90%
of the total plutonium contenlf]. It is important that a detecti@ystem can distinguish

this level of burnup.

Table 1.2 Comparison of specifications for different types of detectors.

HPGe ov4) HPXe LaBr; Nal(TI) Csl(Na)(TI)
(undoped)
Type Solid-state  Solid-state Gas Scintillator Scintillator Scintillator
Shape Planar Rectangular Cylindrical
2.3 cnf 5 cnf
Xsec area 5cm 1.5 cm [B] 5cm [13]
depth 1.5cm
Density 5.3 g/lcc 6.0 g/cc 0.4-0.5 g/cc 3.7 glcc 4.5 glcc
Intrinsic A 1.4¢A 8% at A 3% atBetterthan A 15% (A 35%
Efficiency 662keV 662keV 662keV Nal(Tl) [14]  662keV 1MeV[15]
A 81% A 100% A 1% at A 100%
122keV 122keV 1.332MeV 122keV [13]
A Smal |
[13] [13] photopeak
efficiency
Resolution A o.1tA 3.2% A225%at A B5%Wat A B5%at A B% &t
1.332MeV  662keV 662keV 662keV 662keV 662keV
A 0.2¢A 6.3% A 2wat A Bett¢A 12% (A 15%
662kev 122keV 1.332MeV Nal at 122keV 122keV
A 0. 4¢ A 7% at 122kev
122kev  [13] 122keV [16]
Operating Need For resistive  15-200[9] 4-43 degree  Change in
Temperature cryogenic  type,the Superior C [Canberra] gain with
Range | cooling resolution temperature  Gain change temp. Some
significantly stability [13]  at high commercial
changes at temperature  systems track
T>10C changes gain drift and
For a schottky compensate,
type, changes widening the
T>33C [17] temp range
[13]
Lifetime
Cost Expensive Not as Moderate Inexpensive  Inexpensive
expensive as costs relative
HPGe to Nal

1C



Table 1.2 Continued

Operational
mode

Contamination

Radiation
exposure
effects

Availability

Convention Significant

al Ge
detector
show
resolution
change
after 10
n/cnt [18]
but
gammax
detector
claims
show little
change up
to 10°°
n/cnt [22]

resolution
losses after
7x10° n/ent
but resolution
losses largely
recovered

after 12 weeks
of annealing at

room temp.
[19]

lyr after order

lonization
and
scintillation
(2nsdecay
time)

Resistant to
radiation
damage[13]

Constellation
Technology
Not mass
produced

22/Ac and
138La
impurities
Significant
change of
yield and E
resolution
after £
irradiation
with 0.1kGy
dose. As
much as 22%
of yield lost
and res inc
from 2.8% to
4.6%

4-8 wks after
order

Susceptible
to radiation
damage.
Prolonged
exposures
degrades
performance
[20]

2 wks after
order

Only
undoped Csl
is radiation
hard. No
substantial
changes up
to 10 rad.
Doped
versions are
susceptible
to radiation
damage [21]

Table 1.2 shows which detectors have potential in my proposed application, and

which ones do not. High Purity Germanium (HPGe) deteeti@$deal for high

resolution spectra, but they suffer from many drawbacks for an underwater system.

These detectors will become severely damaged ofurationing without proper

cryogenic cooling, either from liquid nitrogen or an electronic coolintegays They are

also extremely expensive, typically more than twenty times the cost of a single Nal

crystal; therefore, utilities or inspection agencies are often unwilling to subject them to

harmful radiation in wet/hostile environmentghere they have greater likelihood of

being damaged. Because of this, HPGe detectors cannot be a viable low cost option for

underwater spent fuel NDA.
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Scintillators are known to have low energy resolutions, but make up for that in
their efficiency, ruggedness and loast. Nal has the lowest energy resolution out of all
of the detectors listed, and a high intrinsic efficiency which would result in this type of
detector needing sufficient shielding to mitigate detector deadtime. Although it is rugged
in many applicatios, it is susceptible to radiation damage after prolonged exposures that
will degrade its performance. Csl (doped with Na, Tl, or undoped) is similar to Nal in
that it is also a scintillator, is relatively inexpensive, and has low energy resolution. This
detector material has slight modifications to its operating specifications depending on
whether or not it has been doped with Na or Tl. Doping does help with energy
resolution, but it also makes the detector much more susceptible to radiation damage.
Udoped Csl detectors are Aradiation hard, o
changes in resolution due to high radiation exposures. These undoped detectors see no
substantial changes up to a dose ofra@ [21]. This should not be a concerning issue
since a background measurement must be taken with the detector and subtracted out for
proper analysis. Therefore, Csl is a better candidate for spent fuel detection than a Nal
detector.

The third scintillator under consideration is a La@&tector. Tiese detectors
have a much better energy resolution than both Nal and Csl, but theyagiso
experiencesignificantgain change with increasing temperatumed have a natural
radioactivity inherent in the materiallhese detectors are more expensive Nenbut
are still much less expensive than HPGe detectors. ;ldsBectors experience gamma
ray contamination from’’Ac, and**%La impurities. They also suffer from significant
radiation damage effects after 0.1 kGy dose.

The final detectoconsidered, HPXe, is a relatively new detector that has shown a
lot of promise for applications in spent fuel pools. HPXe detectors are very rugged
allowing them to be able to operate for years without maintenance and servgting [1

One of the most beficial attributes of an HPXe detector is that its high energy

12



resolution stays stable over a wide temper

detector is also the most resistant to radiation damage out of the group since it is a gas
and not a plastiscintillator or soliéstate detector. Its intrinsic efficiency is much lower
than the other detectors considered, a quality desired for high activity sources such as
spent fuel. Therefore, less rigorous shielding will be necessary for protectionaahd de
time optimization. There are, however, some downfalls to this detector. It is subject to
electronic noise caused by the highitage power supply, acoustigicrophonenoise and
the geometry of the electrodesusingexcessive electrical capacitanc8][1Brookhaven
National Lab is working to overcome these problems by using a bettevdiigige
power supply, and using a new midtiode design to help improve the energy resolution
and reduce the gsitivity to acoustic/microphonicoise of large volum HPXe ionization
chambers [3]. Some researchers claim that the Rigitity xenon needed for HPXe
detectors is a lot lower than that of HPGe and CZT, at $1/g as opposed to $50/g for HPGe
and $300/g for CZTZ3]. However, they araot currently mass proded, making it
much more difficult to procurevhich would drive up production costs

Although | showed that Nal(Tl) igotentiallynot the besideal detector for
measuring gamma radiation from a spent fuel assembly, it is the easiest detector system
to acquire, most cost effective, and is not susceptible to large electronic noise
interferences. By choosing this detector, my work will also essentially eliminate the
limitations of HPGe systems in water based environments. Although Nal detectors
producemuch lower resolution spectra in comparison to HPGe detectors, this issue will
be largely solved through the use of a novelqpostessing algorithm, SmartlD. The
SmartID algorithm is designed to extract detailed spectral information from a low
resolution detector spectrum such as one from Csl or Niging transport results
adapted to the datd,@nables one to screent all Compton and other spectral
interference features with an optimized analysis to unveil gapimotpeaks across the

energyspectrun. Figure 2.3 shows an example Nal(Tl) gross spectrum of shielded
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weapons grade plutonium (WGPu) and the background spectrum for the measurement;
note how the resulting photopeaks are rendered from the region. The background was
subtracted out, and Smidtsubsequently extracted each photopeak to reveal the many
redphotopeakines representinfull energy peaks normally masked by Compton pileup.
The spectra gathered from the irradiated fuel experiment will be similarly processed in a
few seconds by SmidD to determinghekey fission products discerned with nuclide

attribution in an underwater environment.
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Figure 1.4: Correctly identified shielded WGPu spectrum in air by SmartID post
processing algorithm. The measured spectrum is shown in blue and the background is

shown in yellow. Gamma emissions are identified by the red vertical [R¥gs.

A second challengefacedin this workwas toprofile a system that wilprovide
limited disruption tanormal plantefuelingoperations for forensics, safeguards, or
simple burnup assessment purposes. Power plants must pay attention to minimizing

costs, meaning any time thepend not producing power and conducting normal plant
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operations, they are losing money. If a detector system is built that can determine
relative isotopic content but significantly inhibrefuelingoperations, utilities and
governments will not sedis as an acceptable option that is cost effective with enough
benefit. Theefore, mywork follows a detector design thaill ensure there will be a
relatively small impact to plant operationsile still providing additional cost saving
benefits. Theectrum from a fuel bundle can be collected while fuel is being removed
from the reactor core to be placed into the spent fuel pool.

Further challenges arise in measuring the gamma spectrum for spent fuel
assemblies with short cooling times. Detectadltimes a prominent issue when trying
to make reasonable measurements. Collimator material, size, and getepetngon
detector efficiency and radiation exposure limitationss ilhportant to make sure a
detector system is not heavily weighed ddy shielding/collimation A proper support
structures necessary to hold the detector and collimation in place. | considered
collimationconstructed frontungsterwith a 1 mm pin holén orderto stop a majority of
the high energy gammas, and limitelgtordose andield of view.

The greatest challenge of this dissertation eff@s$ theanalysis of data produced
by SmartID and coupling that with deterministic transport adjoint importances to estimate
fuel content, specifically relating to plutomiu This is aifficult taskthat has not been
demonstrated previouslut | have been successfuldavelopng a method to alias
scintillator detected SNM photon peaks identified in SmartID to the actual activity for
each nuclide identified at specifiedations in the -® fuel assembly

This dissertation outlines the many integral parts to meeting this challenge. |
Chapter 2 | discugs detail the theory behind the SmartlD ppsbcessing algorithm,
how this algorithm has been updated to consider an underwater spent fuel sdanario
Chapter 3 | presemtow SmartlD performed witexperimentakpectra dataand in
Chapter 4 | showMCNP smulations developed for a compliea spent nuclear fuel

assembly. Chapter 5 details theterministic transport modegeneratedand how | can
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use the adjoint to estimate burnup from key gamma emissilhsf these parts are
fully integrated to shovinow | can achieve an estimate of plutonium in the spent nuclear
fuel. This research has the potential to greatly contribute to the many needs of nuclear

forensics, safeguards, and facility operations as specified earlier.
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CHAPTER 2

SMARTID

2.1 Background

SmartlD is a post processing algorithm designe@vealdetailed spectral
information from low resolution detectassch as Nal, Csl, or LaBr This algorithm at
its current state is the result of almost a decade of development. It has been rigorously
tested and verified for identifying radioactive sources in air, but has not yeapekesd
to highly complexfuel characterization applicatisin water. The logic behind
extracting photonuclear peaks and aliasing them to specific nudidesstinuedand
extended herffom previous work, however, many challenges arise with changing the
detection environment from air to water. Compton sdatjdras a much more dominant
role in the particle transport, significantly altering the gamma spectAdditionally, a
strong 2.2 MeV gamma peak resulting frorm , hydogeninteractions with the fission
neutrons arise$urther complicating nuclide ehtification. Therefore, | must develop an
entirely new detector response function (DRF) database in order to prepable the
algorithm to extract photopeaks in a Comptmm environment andlentify nuclides in

water.

2.1.1 Peak Finding

SmartlD enploys a systematic procedure for discovering and identifying
individual energy peaks in a Csl or Nal detector spectrum. It begins by removing noise
in the measured spectrum through an adaptives@iarec a | | e d sindothiHg P 6
algorithm [1]. This is ggeciallyimportantfor short counting times or low count spectra.

The Chisquare analysis waglectedver a weighted average analysis in order to limit
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furtherspectraresolution reductionThis methoddetermines whether or not the

differences betweetounts in neighboring channels are statistically significant or if they
areelectronicnoise. SmartIDconductghis analysisbased on a usapecified test

parameterlJ which is a significance value spanning from 0.005 to 0.995. This value

provides thdimit at which the differences in counts between neighboring channels are
consideredignificant. The process begins by looking at three channels; the center

channel is the channel of interest for noise removal. A least squares fit is utilized to

createa parabolic model fitting the 3 points [1]. Once these 3 points are fit, additional

points are considered and &guare values are computed. If the Chi value is greater

than the Chi value for the s papdecormgomdig U st a
degrees of freedonthe previous Chsquare satisfying model is applied [1]. This ensures

t hat an apparent Apeako in the spectrum i s
degradation [1]. Additionally, amoothparabolic least squares appch is also

implemented in order to mitigafec h o p gffects[@]0 Figure 2.1depictsa Nal(TI)

spectrum before denoising and after denoisiNgte how the peak resolution remains

unchanged.
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Counts

keV Erergy

Figure 2.1 Collected spectrum befofgellow points)and after(blue line) the ACHIP

denoisingprocedure.

Once both the rawollectedspectrum and background spectrum have been
denoised, the time scaladd denoisetbackground spectrum is subtracted fromdhass
collectedspectrum. Included in SmartlB the option to weight the background
spectrum by 8ackground Significance Factar order to increase or decrease the effect
background has on the subtracted spectrum. The effect shown by this factor on the signal

spectrum is shown by

y
YOY OY— (2.2)
Y
WhereS; is the signal spectrung is the total, measured spectrusgjs the background
spectrum;Tsis the signal spectrum counting timig,is the background spectrum

counting time, andF, is the background significance factor. By defdtitis set equal to

one. This allows the user to adjuste background in order to see what information can
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still be discerned from the spectrum if the locafimnmeasurement were thange to an
area with greater backgroursiich ast ahigher altitude.

Once the signal spectrum is computed, the seargthfiippeaks commences.
SmartlD searches for gamma peaks between the energies 20 keWlahd Ihe peak
search begins atMeV and scangrogressivelyower energies. Once a photopesk
located SmartiDdetermines the corresponding detector respawmunting for the
various physics effects taking plac&he detector responses precomputed by Monte
Carlo simulations, andreincluded in a data library for the SmartID coddCNP5 was
theselectedMonte Carlo code for the simulations.

The Monte Carlo computational method as implemented in the MCNP code is
currently the most extensively used, straight forward techriaugerticle transport. tl
has been widely demonstrated as being capable of representing very complex geometries
in a rigorous manner using robust particle physics by statistically tracking the outcome of
individual particle histories3]. MCNP can be used sBeveral transport modes, and was
developed with over 500 persgears of effort at Los Alamos National Laboratotty.
operates in neutron only, photon only, electron only, and combined ngitobon
transport problems where the photons are produceduiyoneinteractions, neutren
photonelectron interactions, photalectron, or electrephoton interactions.

The detector response simulations, now referred Bessctor Response
Functions (DRFs)were generatedsing photon only mode in MCNPThey arancluded
in the SmartID package for multiple types of detectors and shielding configurations,
including, but not I imited to 20x 206 Nal (T
and a Csl detector in air. For each detector scenario, 61 DRFsevemaigd for
individual gamma emissions. The energy emissions were chosen at 50 keV intervals
starting at 50 keV and ending at 3 MeV, with an additional emission at 20 keV.
However,it is important to note thdhe peaks identified in SmartID will fathibetween

many of these intervals and will have a response somewhere in between that of the
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nearest two DRFs. Instead of computing many more DRFs to account for every keV
gamma emissim a speciainterpolation procedure iacorporated to generate the
expected responseA simple interpolation is not sufficient to accurately portray every
physics interaction taking place, arftetalgorithm must conserve these interactions.
Depending on the incident gamma emissions energy, different features willFoise.
example, mgle escape peaks and double escape peaks only occur when the incident
gamma is greater than 1.022 MeMetails on these types woiteractions and features
will be described in more detail later on in Bection 2.2

Spectral informatiomccurring near these featuiiedinearly interpolated based

on how far from the feature the point of interest is. For example, consider a gamma

emi ssion with an energy of 460 keV. The

450 keV and 500 keVArbitrarily choosing an energy in the spectrum, 180 keV, it is

seen that this occurs 116 keV from the Compton edge. Therefore, the detector responses

compared for the 450 keV and 500 kaké also predicted tmccur also at energies 116
keV from their respctive Compton edge. Thesesultingenergies are 181 keV and 175
keV respectively. Now that the comparison energies are determined, a simple linear
interpolation can be applied to determine the respdnae180 keV for a 460 keV

gamma emission showay

M pPRA® Q pXVAW®
VTRQ®MT VL RQW

M pyYRA® TOeRQAWT VL TRAK (2.2)
wheref,60(180 keV)s the number of counts per second at 180 keV for a 460 keV gamma
emission. Similarlyfso(181 keV)s the number of counts per second &t k8V for a

500 keV gamma emissipandfsso(175 keV)s the number of counts per second at 180
keV for a 450 keV gamma emission. Once

response is determined, Gausdamedening is appliedo account for electronic
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i det edowadenmgThe relative amount of broadening applied for each energy is
determined from FWHM data incorporated in a file to be read by Smafrthe.

A FWHM. t yroperly ccourgfor the specifialetector propertiegand a new file
must be created for every new spectrum collected when the energy calibration has
changed This file contains full width half maximum (FWHM) data that can be

determined from known calibration sources. Figure 2.2 shawsthis file is organized.

FWHM.txt - X
Energv(lkeV) FWHH{leV) —d
45 3 7.1 0
86 55 g 44
105 .31 9.05
511 ag .1
661 .657 44 EE
1173 . 228 56.59
1274 537 58 .59
1332 . 492 59 .21
2614 94 .03
|

IK |

Figure2.2Smart 1 D AFWHM. t xto fil

This information isapplied in the following equatidio determine the Gaussian

distribution

. - & v 8
"0'0Nn h, é‘Q q—_Q (2.3)
» N Ow "Oinc”

whereg is themean or energy of the peaX is the varianceE is the energy, and G is the
probability density.To determine the appropriateunts at an energk, the following is

applied
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6 © 6 ‘Qoog, (2.4)

whereCewis the new number of counts at enekjyandC,q is theold number of counts
at energy [4].

After the full detector response is transformed, it can be subtracted from the
measured spectrum to unveil additional hidgkotgeaks. This process is reated for
the remaining countsntil no more peaks are found in the spectrum. Figure 2.3
summarizeshe procedure diow SmartID identifies energy peak information from an

initial raw spectrum.

Scale Background
and Subtract from
Spectrum

Denoise Spectrum
and Background

Subtract peak
spectrum from Remainder Net

remainder Spectrum

Apply Detector
Response Functions Search for Peak

Report Peak
Characteristics No more peaks to

identify... Finish!

Figure 2.3 Paradigm of the ASEDRA peak identification algoritfdh
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Onceall peaks are identified, additional options selected or adjusted in the
SmartID input will determine how isotope energy emissions will be matchibese
peaks Emissions within a specifigolerance of an identified peak are considered a
match for the peak. This tolerance is determined by the SmartID user and can be set such
that any emission within the tolerance is considered a match, or set to determine the most
likely scenario within anaximum set tolerance. In the latter method, a search begins
with a tolerance of 0.01 (1% energy window), and gradually increases by given step size
(0.005 by default) until the maximum tolerance is reached or an isotope is scored greater
than the spedid high correlation threshaqldr the highest scored isotope does not
change when increasing tolerance. Details on how nuclides ard seerdescribed later
on in the following sectionOn occasion, one peak may be identified as two peaks. In
order b resolve thiscenarigablur coefficientis specified to determine whether or not
two peaks should actually be combined into one. This coefficient is by default set to
0.15 which essentially combines gamma lines that are within the energy window of th
energy6s FWHM multiplied by the blur coeff

greater the energy range for combining peaks.

2.1.2 Nuclide Scoring

Once the algorithm has completed its search for peaks, it compares the peaks
identified with emisgin energies from various isotopes in a database. The SmartiD
i sotope database consists of 204 nuclides
with hydrogen, G&esc, and WKalpha. The isotopes are listedthe libraryalong with
their emissions, nebabilities of decay, halffe, andclassification. Isotopes are classified
by fission product, special nuclear material, medical isotope, daughter pradpatent
of important nuclidessuch a*Pu

SmartlD identifies the peaks through a syftithecoring scheme designbyg a

combination of dase score and bonus scores. Equatiselbws how these scores
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contribute to an overall total score which identifies the most likely nuclides present in a

spectrum.
Y O 0 0 0 Y oY | Y | Y (25)

where"Y is the base score with Y  p, "¥deare bonus scorespd are bonus score
weights, andY is the total scored]. Additionally, the total score is multiplied by a
scaling factoof 100to achieve the final score for nuclide identification.

The base score is computed from an equation relating the number of peaks

matched to the number of emissions of a given isatbpe/n by

OAT”é QO DA QN QI
Mne Qo ¢ i (2.6)

T

This equation is further developed taking into accounthow the emissions from a given
nuclide are actually released. For exampi®&a nuclde emits two gammas at the same
rate but a>>Nb nuclide emits three gammas at differeattionsof yield of decay. For
example the 765.81 keV emissions b only account for 99.8% of the total decay
rate of the nuclide. Equation7Zshows how these branching ratios are taken into

consideratiowhen computing thbase score,

OATB 0 YOO
"Y I?O YO (2.7)
T
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whered is the branching ratio (yield) for th gamma emission, arfd is the
detectability for theé™ emission &]. 0 is the matching factor for the peak matching
emission.

Detectabilityis basegurelyon the properties of the detectord possible shield
in place and is calculated for each energy emission. The intensitgammamission
will exponentiallydecrease as it passes through the detector in a similar manner as it

decreases throughshietl. This is depictedch Figure 2.4

Figure 2 4. Detectability for a typical detector with shieldifg.

Equation 28 shows how the detectability calculatedas an estimate dfie

detector and possible shigttenuatiorproperties.

o0 " A@gD, 0 p ADD, ;0 28)

where O is thei™ emission energy:;  is thei™ detector photoelectric attenuation
coefficient at energD; , f is thei™ detector total macroscopic cross section at energy
O;, jis the shielding total cross section at enédgydo ando are the detector

characteristic size and shielding size, respectivgly [
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The final variableM, in Equation 2 relateshow muchthe emission energy is

aligned with the peak enerd@yund in the spectrum. This is computed by

6 © P O p -h T - 2.9
mh 7 -
wherg ,and| is the relative difference between the emisdignergy

and a given peak energdjs a predefined constant (by defauk=0.85), and - is a
userdefined tolerance to identify matching pea#ks [This tolerance refers to the energy
window. For example, # 18t ¢ then the energy window spans fro@t ¢ ‘Oto
pdr¢ O

In addition to the basscore, three bonus scores are computed to account for the
number of matched peaks, peak height score, and an emission/peak height distribution
preference. The first bonus score, similar to the base score, relates the number of peaks

identified to the ttal number of emissions a given nuclide. The relationship is shown by

G

o | Y | 0 P p (2.10)

where0 is thenumber of matched emissioms is thetotal number of emissionand

| is afixed factor to adjust the contribution of the bonus score to the total 4fofienp
power coefficientk, is designated constant set by the user. The default setting is k=1.8,
which gives increasing score emphasis as the number of matchedrnoee&ses. This
scoring method helps to identifiygh emissiomuclides such as fissigroducts For

132|

example has 173 emissions |isted in Smartl D

impossible fo'SmartIDto identify every emission in a spectrum, esakly at the lower
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energies. Therefore, this scoring technique helps compensate for number of missing
emissions when a nuclide has a large numbarai€hedemissions.

The second bonus score accounts for the number of counts expected in the full
energypeak for each emission. There are many cases where multiple nuclides have
emissions within the windoenergyrange of the identified peak, but this does not
necessarily mean every nuclide is present. Introducing a scoring technique to account for
the pe& height helps identify which isotopes are more likely present. The bonus score is

calculated by
0 LY | o= (211)

wheregl is a fixed multiplier to adjust the contribution of this bosuererelative to the

,O ' (2 13
O .

where gain,D is the detectability, anfis the number of counts attributed to an
identified peakk [4].

The final bonus scorakes into account the emissionpiak heighdistribution
preference. Much like the second bonus score, where detectability of a peak is
considered, the emission branch distribution is considered to determineeticav

nuclide is matched to an identifiedergy peak. This is calculated by

N
5 © a T (2.13)
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where’Oand6 are the normalized adjusted peak height and branch ratio value,
respectively. This bonus score is a function of the Kullblkelbler divergence of the
two normalized distributiong(and™Q [4]. Thelower the divergencen{eaninghe

distributions agree with each other better), the higher the bonus score.

2.2 Enhancementdor Water Stored Fuel

In order toproperly capturéghe complex interactions taking place in an
underwater fuel storage scenariommoyed computational modeling.developed
MCNP simulations to show the behavior of photons emitted from a spent fuel assembly
when they reachnd interact witla Nal(TI) detectosubmergedn water. The MCNP
models were created for a Nal(Tl) detectlarced 40 cm distal from a Westinghouse
PWR fuel assemblyFigure 2.5 shows the MCNP model geometry created for the DRF

simulations.

Figure 25: MCNP model geometry for a Westinghouse 17x17 PWR fuel assembly in
water (yellow) with a Nal(Tl) detector (green) collimated by tungsten shielding (pink) in
front of a concrete wall (orange). The left image shows a cross section alorgxise y

and theright image shows a cross section along tagis.

31



DRFs were generated from pulse height simulations in MAONR. real spent
fuel scenario, the detector would need to be highly shiel@ibd.original design
simulated waso completelysurround theletector with tungsten shielding collimated by
a small, 1. mm in diameter, pinhole. Howevarprder to achieveeasonablyood
counting statistics for the Monte Carlo simulati¢regarding model efficiencyjhe
tungsten collimation was adjusted to alltor a wider field of view. The collimation was
opened up at an angle equal to the average Compton scattering angle for a 1 MeV photon.
This required the calculation tfe average scattering an@ibe 1 MeV photons,
determined 0 b e 5 3. 2epading Comptentsaatieting forrthis application are
shown by Figure.6.

gEg(‘th3

Figure 2.6: Compton scattering interaction.

The new photon energy can be solved for by

(® (2.14)
vp

o
g A
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WhereO is the Compton energy of the phot@, is the incident energy of the photon,
ande is the Compton scattering angig.[

The source definition is set up to show the detector response from a single gamma
emission. Appendix A shows the MCNP input for a 200 keV gaemmasion As
described in Chapter 211 DRFs were generated for individual gamma emissions at 50
keV intervals. However, since the medium for gamma transport has changed from air to
water, the gamma emissions with low energies are much less likely to reach thar detect
Therefore, | only included gamneanissionintervals starting at 100 keV and ending at 3
MeV for a total of 59 DRF case$igures 2.728, 29 and 210 show four gamma
energies chosen to represent the typical gamma spectrums detected by Nal€Tl) in th

configuration discussed for producing the DRFs.

PulseHeight

10 10 ‘ ‘ ‘ ‘ ‘ ‘
0.0 05 10 15 20 25 30

MeV Energy

Figure 2.7: 3.0 MeV incident gamma MCNP pulse height spectrum with detecton¥0
from source in water. Average and maximwsigma errors were 1.71% and 3.82%

respectively for 1x18 particle histories.

33



PulseHeight
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Figure 2.8: 2.25 MeV incident gamma MCNP pulse height spectrum with detectom40
from source in water. Average and maximum 1 sigma errors were 1.57% and 3.05%

respectively for 1x18 particle histories.

10 ©
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PulseHeight
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Figure 2.9: 1.50 MeV ncident gamma MCNP pulse height spectrum with detector 40cm
from source in water. Average and maximum 1 sigma errors were 1.50% and 2.74%

respectively for 1x18 particle histories.
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Figure 2.10: 0.55 MeV incident gamma MCNP pulse height spectrum with detector 40
cm from source in water. Average and maximum 1 sigma errors were 1.98% and 3.66%

respectively for 1x18 particle histories.

These four energies were selected to illustrate how watleasing photon energy,
additional peaks with respect to the energy of interest show up in the energy spectrum.
Theseadditionalpeaks are a result of different interactions taking place with the high
energy photons and the low Z material. Althougls imuch less likely than Compton
scattering, pair production can occur when the incident photon energy is sufficiently high
(>1.02 MeV). Thigeactionresults in the complete disappearance of the photon, while at
the same time, the creation of an electpositron pair. The electron and positron are
only able to travel a few millimeters before losing all of their kinetic energy; therefore,
they never lave the detector and the energy deposited in the detectorié tiae less
than the energy of the incident pb{5]. This is evident in Figure 2.%here the 300
keV incident photon occasionally undergoes pair production regiuttia peak in the
spectrum at 80 keV, andn Figure 2.8 where th2250 keV incident photon produces an

additionalpeakin the detectoat 1230 keV. This is referred to as tdeuble escape peak
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since both annihilation photons escape from the detectsingle escape peatan also

occur when only one annihilation photon escapes while the other is absorbed in the
detecto5]. This results in a peak @t @ less than the energy of the incident photon.

A third phenomenon that is apparent with incident ganemergies gréer than 1.02

MeV is annihilation or combination with a normal electron of the positron in the detector.
If this occurs, both electron and positron disappear, and are replaced by two annihilation
photons with an energy &f & (0.511 MeV)[5]. Equatioss 2.14to 2.18 summarize

these effects.

(0] (o) (2.15)
Ogg O L p,dorO P8t C QW (2.19
Ogg O pht ¢,dor O P8I C @ Qw (2.17
0 % (2.19
(@]
(] O 0 (2.19
whereO  refers to the incident gamma emission , from a sourceO g gis the

energy of the single escape peak; sis the energy of the double escape peak.
O is the energy of the incident gamma emission when it is backscattered. This
is derived from equation 2.14 when s 1@ 0 e . refers tothe gamma energy

where the Compton edge begjds.
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Referring back td-igures 2.0 210, the MCNP models with pulse height tallies
show theDRFs are consistent with all necessary nuclear physics and interactions. These
models will be used to update the SmartID algorithm so that the Compton effects, along
with other radiation physics events in the water will be remdeading only the key
peak photoelectric related information to remain, as is consistent with the SmartiD

algorithm.

2.2.1. Running SmartID

Postprocessing spectra with SmartlD is a relatively simple task. Only five files

are needed. These incimdeaaFWidMEctirluen i F Wid|
energy calibration file AEnergy.txto, a ba
input file fAsmartid.inpo. The AEnergy. txt

first column followed by the corresponding eneng units of keV in the second column.
The AFWHM. txto file is set up in a similar
units of keV for a peak, and the second column lists the corresponding width of the
FWHM in units of keV. Figure2.11showse fAsmarti d. i npo input f

program.
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Spectrum File
"zspectrum.Spe"
Baclkground File
"blgd . Spe"

1.0
" FUHM. t=xt"

R apun it Wu pid g I RR T G ) o

10 0. 2500000

11| Aliasing Factor
14 "Energy . tmt"
16 -1

1a 0,005
19| Dector responses

24 1
26 1.0
28 0.100

2l =
34 3

3B 5.0ao0
37| =hield material

40 -5
41| tolerance ratio
42 0.01

44 0.01

ib 1.0

47| output file
48| "spectrum.out”

500 108 99 &0

52 0.001 0.005,

Baclkground Significance Factor
Hazx Energy FWHHM calibration table

Low energy tailing: height ratio, FUHHM in keV
23

13| Energy Calibration Tabl
15| Chi-=quared threshold

17| Alphal for adaptive chi

21| Rejection Threshold {(minimum peal height)

23 Relaiive channel threszhold percent of total spectrum in a channel

25| Scattered counts =scale factor

27| smartid paramethers: low energy cutoff (MeV)

29| high energy cutoff (HeV)

31| min ﬁé?flife unit {ignore smaller than s==second m=minute h=hour d=davy vy=vyear)
33| detector material (3=Nal. 4=C=I L5=LaBr3 &6=SrI2)

35| mean detector thickness (cn)
39| shield thicknes=s (cm,.<0:iteratiwely =earch for optimum thickness <absolute walues

43| blur cnéfficient {combine gamma lines if closer than FWHH*hlur)

45| energy mis=match weight

49| correlation threshold (highsmoderateslow setpoints)

1| tol_start, tol_step. iso range (iterate tol ratio)

{—1 diablse=. :0 elim pk wsin fract FWHM)

function (DEF) type (0-5=Hal. &=HPGe., Y-8=C=I. 9=Water)

{1=Fe. Z=Pb, O=uncertain--iterate)

{pk v= emi=s E: <0:fizxed wvalue=: :»0:adaptive up to wal)

3

Figure 2.11:l nput f il e, HAsmart i d-:-piocegsing Edlimar t | D

numberedor description

Many of the lines are sedixplanatoryhowever, each line will be explained afpn

with optionsfor clarification Linesland 2 pointo the location of the spectrum file

. Sp e otobepospracessed. Lines 3 and 4 refer to the background spectrum and

points to its locationLines 5 and 6 refeo the background significance factor which is

used to increase or decrease the contribution from the background spectrum when

subtracting from the gross count spectrum. Lines 7 and 8 point to the location of the
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AFWHM. t xt o fil e. Ilistednines @ and 1, yefetstow dnergyg, as
regions in the spectrum where the right side of the photopeak has a larger FWHM than
the left. The first parameter is the weight of the Gaussian with the larger FWHM, and the
second parameter is the larger AW in units of keV [6].

Lines 11 and 12 refer to peak aliasing which aliases peaks too close to dominant
peaks. This will eliminate these minor incidental peaks and add to the dominant peak.
This option helps with the accuracy tgcreasing sensitivityp a specific DRF model
[6].

The energy calibration i s whiehtispoimtedned fr
toin lines 13 and 14. Lines 15 and 16 introduce theghare threshold option. It is
recommended that this option be setlt@ince this riers to the adaptive ciprocessed
denoising explained in Chapter 2.1.1. If thish®senthe following lines, 17 and 18,
must be included. The alpha setting refers to the rejection criteria used in denoising. The
minimum value is 0.005. This can ibereased to 0.995. Increasing this valeereases
the amount oflenoising taking place, but also decreases the risk of removing real
features [6].

|l introduced the new DRFs into Smartl D
these new DRFs modelegeifically for a PWR fuel assembly in watédptions 05
refer to a Nal detector, but in differentdigurations and size. Optioni0s f orR d6a 20
Nal detector point source with no shield. Option 1 is similar to option 0 with an added
thin iron shidd [6]. Opt i om 03l 6i0s bbHarhgootal monitorwith a small
source and no shieldlhe source is located 140 cm off of the ground and 140 cm from
the steel portal monitor bd®]. Option 3 is similar to option 2, but tip@rtal monitor
boxis located above the lower box assemtBption 4 is similar to option 2 with an
added steel shield. Option 5 is similar to Optowith an added steel shiel®ption 6

refers to a 30 1 n di ameasanoptidwth alpointsBuocet ab | e
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and concrete flogi6]. Options 7 a2a Gskodsti eerom Wiot h
source. Option 8 also includes a small-@amst scatering plandg6].
The rejection threshold in lines 21 and 22 gives the minimum number of counts
that will be accepted as a peak. Peaks found that do not meet the minimum number of
counts will be rejectedThe relative channel threshadgtion in lines 23 and 2delps
preent Al eftovero subtracted cDhisgettisghdsr om | e«
the user input a minimum percentage of the original spectrum at that point that a
synthetic peak must represefitis recommended that this value is set to at leasi@%
The scattered counts scaling factor in linBg@d26 lets the user input the degree
upon which scattered counts are associated with a full energy photdfradxample,
inputting a value of 2 would double the amount of scattered counts [6].
Lines 27 and 28 give the user the option for the user to input the lowest energy
SmartID will consider for peak identification, whereas lines 29 angh8Wthe option
for the highest energy considered. The maximum is currently 3.0 NIB¥ .nuclides
SmartIDwill consider for peak attribution are selected by the minimum highlife unit
considered which is inputted in line 32. The detector material is selected in lines 33 and
34. This should match with the detector response function chosen in line 20. The
corresponding detector thicknesgagerred to andhputted in lins 35 and6. A
thickness of 5. 080 2caetectoef ers to a typical
SmartID is also unique in that it has the ability to determine the most likely
shielding scenario that a sourcayrbe placed behind. Lines 37 and 38 refer to the
selected shield material. This coulddi®seras either iron or lead, or it can be
uncertain. Irthe lattercase, the code iterates between the different shielding scenarios
and scores each. In a siarimanner, the thickness of the shield can be estiteat a
specific thickness or can be unspecifiedines 39 and 40 If unspecified, the code will

iterate up to the maximum specified thickness in units of cm.
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Identified peaks are attributed tongana emissions by the options specified in
lines 41 to 46, and lines 49 to 52he tolerance ratiom lines 41 and 42efer to the
energy range in which a peak will be matched to an emission. This is described in more
detail in chapter 2.1.1. This valaan either be set as a maximum or be used in an
iterative scenario for best attributipr]. Lines 43 and 44 refer to a blur coefficiett.
two identified peaks fall within the energy determined by this coefficient, the 2 peaks will
be combined. The engy mismatch weight is set in lines 45 and 46, and is typically set
to 1[7].

The location and name of the resulting output file compiled by SmartID can be
established by the user in lines 47 and 48. It is best to make the name as descriptive as
possble in order to remember which spectrum was analyzed.

Lines 49 and 50 let the user set the scoring parameters for the correlation
thresholds of how well a nuclide is matched. Typical values are set as 110 for highly
matched, 90 for moderately matchadd 60 for low matched nuclidgg. The final 2
lines, 51 and 52, include the parameters for determining the best tolerance value for
nuclide identification. The first value represents the starting tolerance; the second value
represents the increasitalerance step size; and the third value represents the minimum
number of highly scored nuclides (score set in line 50). The maximum tolerance value
was set by the user in line 42.

Now that all optionshve been descr i bSndrtiDinpposd et ai | ,
processing real and simulateslisce scenario® determine if the algorithm is
performing well, and which options must be included or altered to achieve the most

reliable results.
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CHAPTER 3

LABORATORY EXPERI MENTS

3.1 Calibration Source Experiment

Real world experiments with SmartlD were required to establish the code for the
fuel assessment application for the project. Therefore, | desegnexperiment to verify
SmartlI D6s abil ity trmarmetiermand tdé determinedfiSamtibu c | i d e
is capable of correctly identifying radionuclidiésougha water medium The spectra
were collected by &anberra in. x 2 in. Nal(Tl) scintillator detector.

| createda simple expemental setup to minimize any external interference. On a
freestanding able in the center of a detectiaboratory,l aligned a Nal(TI) detector 40

cm away from a stand to hold various radiation sources, as shown in Figure 3.1.

Figure 3.1 Experimental setupf Nal detector facing source stand
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Additionally, | purchased a 40 cm long plastic tub and filled it with water. This
waslaterplaced between the detector and source stand for the water medium spectra
collections. | collected spectra of sources in this configuration through air, and also
collected pectrafor the same sourcedter adding a container of water in between the
detector and sourcedly two radionuclids ofinitial interest weré*’Cs and°Co. The
137Cs calibration source had an activity2828 ¢ Ci. This source was dated February 1,
1999.Taking into account a halife of 30 years, the current activity of the source was
calculated to b&80 £Ci. The®®Co sources were mueteaker(each I Con January
28, 2008 and 0.4 Con date of measurgherefore | placed two of these sources on the
source stand for data acquisition.

| calibrated the detector using both of these sources, plus a natural thorium glass
source(that included &°®TI source)and a?’Na calibration source through air. Frone
calibration spectra, | calculated the FWHM values for various energy figakse inthe
SmartlD analysis of the collected spectiable 3.1liststhecalibration data for use in

the AEnergy.txto and AFWHM. txto files need

Table 3.1 Calibrationgamma peaklata fora 2 in. x 2 inNal(TI) detector in air.

Energy (keV) Channel FWHM (keV)

511 243 37.85
661.657 311 46.526
1173.23 542 55.365
1332.49 614 66.36
2614 1191 86.618

As previously statedhe**’Cs source was much stronger than®f@» sources.
Figure 3.2 shows the spectrum collected with air between the detectsowacdg and

with water between the detector and sourd&Cshasonly one major gamma energy
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emission at 662 keVDue to its stength its peakwasstill easily discernable in the water

spectrum, but it imoteworthyto see hovsignificantlythe signal drops offor the number

of counts collected over 30 minutiesm an air environment to a water environment

The peak in the arase is 20 times greater than the peak for the water case.

Count:

uﬁ§

100

1 3 o comend ;"‘;—n
L [ X ] -« ~—
001 N,
0 500 1000 1500 2000 2500 3000

- Water
o Air

Bkgd

keV Energy

Figure 32: *3'Cs spectrum in air shown in blu&’Cs spectrum in water shown pink.

Background spectrum shown in yellow.

Themeasurements were taken in a laboratory located on tlil®topf the

Boggs building at Georgia Tech. This laboratory stores many types of calibration sources

for radiation detection research. The storage of these radiosgativees contributes to a

noisy, elevated backgrourghown in yellow in Figure 3.2ldentifiable peaks are visible

at energies near 2600 kékélating to?Tl), and 1400 ke\frelating to*K). It is also

evident that this background contributes to the overall shape of the spectra collected for

the'®'Cs sample. It is important to verify that SmartID is able to perform well in noisy
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environments by removing all background effects without removing important features of
the measured sourcéverified this by employing the SmartID algorithm with tH&Cs

in air spectrum with the background spectrum subtracted and without the background
subtracted. Figure 3.3 shows the identifis in air spectrum ithout background

subtractionand Figure 3.4 shows the corresponding nuclides identified by SmartiD

0 500 100cC 1500 200C 250C 300(
keV Energy

Figure 3.3:'¥'Cs spectrum in air shown in blue. Background was not subtracted. All

identified peaks are shown by the red vertical lines.

|l included a shielding search in my
contributing to the overalldrkground are most likely stored and shielded. The most
likely shielding scenario scored wasi® of lead. This resulted fi’Cs as the most
likely nuclide. This is actually highly likely since | know tH&{Cs was the soune used
for spectrum collean. *°Co wasalso identified, and | find this to be likely since | know
that this source was the vicinity of the detector, for latese The remaining nuclides

scored present a unique background. réhea natural thorium glassurce present in

46

s

m



the laboratory; however, its exact nuclide content is unknoMa background suggests

that this is not a pure source, and might have at one time been subjected to irradiation or
been in the presence of a neutron soutoerder to be sure that SmartiDuld best

match nuclides present, | set the tolerance ratio, or energy window, to 1%. Looking
closely at the individual nucl i debds emissi
2lpa and®Th are present. Both have 2 very similar gamma éonissand the 302.74

keV photopeak and 331.54 keV photopeak are attributed to both nuclides. The 302.74
keV photopeak is also attributedPb, a daughter product of natural Th. Therefore,

this is actually the nuclide present. The 2600.7 keV phokopleatified is clearly

shown, and is most likely from the 2614 keV emission attributé®ftd In fact,

SmartID attributes 3 out of the’?’TI emissions.It is alsolikely that?Na is present in

the background, since the spectrum collection fdake on the top floor of the Boggs
building at Georgia tech. Both emissions for this nuclide are attributed by SmartID.
Since | believe this nucligé®Na, is presentit is unlikely that®™>zn is present. This

nuclide shares an emission at 511 keV Witta, and its second emission is double

counted by°Sc, and®*Bi, which isa daughter product 6f%U. | determined that it is

more likely that*®U is present rather thdfScsince®**Ra, also &**U daughter product

is scored, along witf*®U itself.
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Score Details for Shielding Options:

Po==ible Shielding Setting: 1 Total Score: 2037 .46

Shielding Material: Fb Thicknes=s (cm): 3.00

Hote:

baze =core : fuction of (¥matched-#emissions). weighted by vield,detectability

bonu= I : bonus from number of matched peaks

bonu=s II : bonus from relative peak height

bonu= III : bonus from alignment between pealkheights and emission vields

Score Summnary:

Huclide Total (ba=e + bonu=s I. II. III) Comment Correlation
137C= 125.63 ( 98.2 o.o0 27.4 0.0 7 Fi== Prod High
110mhg 114 .32 ( 79.5 6.8 28.1 0.0 3} Fi== Prod High
231Fa 109.60 ( 98.6 1.0 5.0 5.0 T-235_Deau+lrr T High
227Th 105.10  99.1 1.0 5.0 0.0 U-235_Daughter Moderate
B0Co 105.03 ( 99.0 1.0 0.0 5.0 c Moderate
465 104 61 ( 98.6 1.0 0.1 5.0 I Moderate
212Fh 10069  97.8 oo 2.9 0.0 Th-232_Daughter Moderate
657n 100.59  99.1 1.0 0.5 0.0 Fi=s=s Prod Hoderate
22Ha 100.39  98.9 1.0 0.5 0.0 Cosmic_spall_pr Hoderate
40K 98.39 ( 98.4 o0 o.0 0.0 HOEH Low
2414m 98 .38 ( g2.4 1.7 29.3 5.0 SHHM Low
LECo 98.11 ( 98.1 oo o.o0 o.0 c Low
2Z6Ha 49 .69 ( g89.0 oo 0.7 0.0 U-238 Daughter Low
1245k a4 .08 ( &5l1.8 1.6 0.7 20,0} Fi== Prod Loor
2380 7674 ( 76.7 o0 o.o0 0.0 SHHM Loor
208T1 74 51 ( 71.8 2.2 0.5 0.0 Th-232_Daughter Lonr
16emHo 71 26 ( BO.G B 4.1 0.0 Fi== Prod Lonr
239FPu 69 33 ( 24.7 8.2 36.3 0.0 7 SHH Lonr
134Cs 68.34 ( 45 .6 2.0 0.7 20.0 7} Fi== Prod Low
214Bi 67 .43 ( &0.3 6.4 0.7 0.0 U-238_Daughter Low
AEZr 65.70 ( &5.6 o0 0.1 0.0 Fi== Prod Low
1255hb £9.13 ( &8.4 oo 0.7 0.0 Fi== Prod Low
1921Ir 5042 ( 49.7 oo 0.7 0.0 medical_ RDD Low

Figure 3.4: Scored nuclides identified by SmartID for tH&Cs spectrum without

background subtraction.

| repeated analyzing tH&’Cs spectrum in air with SmartID, this time taking into
account background subtraction. Figure 3.5 shows the resulting identified peaks.
Multiple peaks still are identified, but they no longer hold as much significance to the
overall gross count rate. @miD was able to accurately ident/§/Cs as the most likely

nuclide present.
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keV Energy

Figure 3.5:'3'Cs spectrum in air shown in blue. Background shown in yellow. All

identified peaks are shown by the red vertical lines.
| processed the water case spautthrough SmartID, which successfully scored

137Cs as the most likely isotope. SmartIDFiguré $hows the identiéd peaks of the

water spectrum with background subtraction.
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Figure 3.6: **'Cs spectrum in water with peaks identified by SmartBadground

shown in yellow. All identified peaks are shown by the red vertical lines.

Although less pronounced, the 662 keV peak is clearly identified by SmartID, and
137Cs is the top scoring nuclide. Figure 3.7 shows the identified peaks, and resulting

nuclides scored for this case. The identified 657.23 keV peak is attributed to the 662 keV

emission associated witi’Cs.
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Smart ID-XP
Extended Protocol Synthetic Resolution Identifier
Ver 2.5J
By
5. Sjoden, C. Yi, E. LaVigne., J. Paul
Georglia Institute of Technology
June 2014

Contact: s=joden@gatech.edu

Spectrum Hame: . SmallExp-C=137 . Spe

4 Peali({=) Identified — Sort by Ensergy

keV Counts Horm* Cts Peak Id
657 .23 L 9867E+03 85 .09786 3
674 .94 1. 0291E+03 14 62813 4
905 . 26 6. 3920E+00 0.09086 2

1812 20 1. 2885E+01 0.18315 1

Fo=z=sible Shielding Setting: 1 Total Score:
Shielding Material: Fe Thicknes=s (cm): o.oo

Hote:

472,932

bonus I
bonus II
bonus III

ba=ze =core :

fuction of
: bonus from
: bonus from
: bonus from

{#matched-#emis=sions). weighted by yvield.detectability

number of matched peaks
relative pealk height
alignment between pealkheights and emnission vields

Score Summary:

Huczlide Total {basze + bonu= I, II. III} Comment Correlation
137Cs 131.60  98.2 oo 334 0.0 Fi=z= Prod High
240FPu 126.62  94.9 o0 31.7 0.0 SHM High
110mag 114 .84  72.5 2.8 335 0.0 Fi=z= Prod High
5E7Co 99,87 ( 94.5 o0 5.4 0.0 C Hoderate

Figure 3.7 SmartID partial output file fol*’Cs through water.

Although the spectrum shown in Figur® 8ias greatly altered through the water,

these peaks when the spectrum was taken in air.
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| wanted further validation that a more complicated or weaker source could still be
correctly identified in this type ofery noisy backgrounthedium. The isotop€°Co has

two gamma peak®ne atl173.228 keV andne at1332.490 keV.Figure 38 shows
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Figure 3.8: ®°Co spectra through 40 cm of airbluewith backgroundn yellow.

In a similar manner to tH€'Cs casejust presentedhe background spectrum has
a noticable effect on the raw collected spectrum foP%8e source. However, in this
case, he®°Co sources are much weaker, and the background prodota® a
complicated spectrum with multiple energy peaks not assoaiatieadr expected to be
seen for &°Co source.Again, | utilized SmartID to identify energy peaks for i@o
spectrum in air without subtracting background. Figu8esBows the identified peaks.
A total of 40 peakareidentified when the only sourde be directly measured was the

0Co.
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Figure 3.9 ®°Co spectrum in air shown in blue. Background was not subtracted. All

identified peaks are shown by the red vertical lines.

The laboratory environment produced a highly complicated low radiatesm
Figure 310 shows the identified nuclides from the SmartID output file. | see high
correlations for many fission products and nuclides associatedfith At first, it
seems that SmartID is innacurately identifiing nuclides, but the thoriumestmcated in
the laboratory is actually highly complicatetth numerous daughter productsike the
previous'®*'Cs plus background analysis, the natural thorium source is creating this
unique spectrumThis source is in glass form, and was foundbetiind in another
laboratory at Georgia Tech. The history of the sourc@kaown,but| have confirmed
that itcontairs naturalthorium. | havepreviouslyemployedSmartlID to try and identify
this source and found that it likely is not pure thorium. Although, its visual energy peak
features show the key energy peaks linked¥h, | believeit may also contain some
natural uranium Figure3.10 shows the compli¢ad nuclide idenfication. In addition to
the daughteproducts and nuclides associated with “fK, and*Naare identified. The

key identifying nuclide fothe presence of Th f88TI. Two out of four peaks were
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identified by SmartID, and the peakights follow the branching ratio and detectability
patterns of the emissions. Two additioffaTh daughter nuclide$%Bi and?®Ac, were
also identifed In addition to the many fission products discovered by SmartiB*°K
peak is clearly visiblén the spectrum. It has a gamma emission at 1460.83 keV and
attributed the peak identified at 145&#V. The higher energy peak f6iNawas
identified 1263.9 keV for the 1274.5 &sion. Again, | do not believe th&fSc is

actually present due to dble counting of attributed gamma emissions ffofBi and

24py

Score Details for Shielding Options:

Fo==ible Shielding Setting: 1 Total Score: 1720.21

Shielding MHaterial: Fb Thickne=s= (cm): 4.00

Hote:

base score : fuction of (fmnatched femission=), weighted by vield.detectability S

bonus I : bonus from number of matched peaks

bonus II1 ;. bonus from relative peal height

bonus III  : bonus from alignment between peakheight=s and enission vields

Score Sumnmnary:

Huclide Total {ba=e + bonus I, II. III) Comment Correlation
60Co 124.69 ( 92.8 1.0 4.9 20.0 7} C High
4R5c 10e.00  98.8 1.0 1.2 5.0 c Moderate
223Ra 100.84  97.8 oo 2.1 0.0 0-235_Daughter Moderate
ShHMn 99 .97 { 99.2 oo o8 0.0 c Moderate
40K 99,79 { 98 .6 oo 1.1 0.0 HOEM Moderate
214Fb 99 13 { 98.3 oo o8 0.0 I-238_Daughter Moderate
65Zn 8,33 { 98.0 o0 0.4 0.0 Fi== Prod Low
208T1 94 .34 { 90.5 n.7 3.1 0.0 Th—232_Daughter Low
152Eu 93,12 ( B81.1 7.9 2.1 2.0 Fi== Prod Low
22Na .22 ( 88.1 oo o1 0.09 Co=mic_=pall_pr Low
212B1 g6.04  78.5 n.e 1.8 5.0 Th—232_Daughter Low
160Th 9020 f 721 3.2 3.9 0.0 Fi==_Praod Low
106Eu 74,96 ( 73.1 oo 1.8 0.0 Fi== Prod Low
ShCo 002 f el.1 5.0 3.9 0.0 c Low
214Bi1 64.73 { 56.7 4.3 3.7 0.0 0-238_Daughter Low
124%hb 63.67 { 59.3 1.6 2.8 0.0 Fi== Prod Low
154Eu 60 .55 { 53.9 3.2 3.5 0.0 Fi== Prod Low
192Ir |49 { 51.8 n.7 4.0 2.0 nedical RDD Low
228Ac 54,49 47 .8 1.5 5.2 0.0 Th—232_Daughter Low
106Eh 53.51 ¢ 51.7 oo 1.8 0.0 Fi== Prod Low
234Pa E0.10 ¢ 240 15 .0 11.1 0.0 3 T—-238_Daughter Low

Figure 3.1Q Scored nuclides identified by SmartID for fi{€o spectrum without

background subtraction.

Although it is impressive that the SmartID algorithm was able to pull out many

hidden energy peaks relating to Th, it is more impressive that the majority of these peaks
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are removed when backgrediremoval is applied. Figureld shows the same collected
raw spectrum fof°Co in air with the background. The background was subtracted from
the raw spectrum and SmartID identifiea fewer energy peaks. Figurd3 shows the
new results which are much more limited in comparison to Figae Some of the
background nuclides bleed through to the new net spectruffGmuts overwhelmingly

identified as the most likely nuclide present.
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Figure 3.11: °°Co spectrum in air with peaks identified by SmartID. Background shown

in yellow. All identified peaks&re shown by the red vertical lines

Score Summary:

Huclide Total (ba=e + bonu= I. II. III) Comment Correlation
B0Co 159 .85 ( 98.8 1.0 30.1 30.0 ) I High
40K 97 .39 ( 94.7 oo 2.7 0.0 HORHK Hoderate
160Th 60.48 ( 22.3 3.1 5.1 30.0 3 Fi== Prod Hoderate
21481 .24 ( 6.7 .2 21.3 2.00 T-238_Daughter Low
234Fa 26021 ( 1.4 1.3 3.5 20.0 7 T-238_Daughter Low
1245h 25.03 ( 1.5 2.9 20, 0.0 3 Fis= Prod Low
SeCo 22.19 ( 2.8 1.6 17.8 0.0 3 c Low
154Eu 22.10 ( 20.7 oo 1.4 0.0 9 Fisz= Prod Low
134C= 19.10 ( 1.0 n.7 12.4 0.0 Fis= Prod Low
152Eu 16.30 ( G&§.5 3.1 2.7 0.0 Fi== Prod Low
22Ha 12 23 ( 10.8 oo 1.4 0.0 7 Cosmic_spall_pr Low

55



Figure 3.12 SmartlD score summary for th&o source through air.

Changing the medium of travel for the gamma emisdiams airto water
significantlyaltersthes p e c t r u md s Thase pve @eaks becomearly
undiscernible, as shown in Figurd3.due to the low resolution in a Nal) detector
the noisy backgroundhe Compton scattering effects from the waded the close
proximity between the peaks$.analyzed this spectrum with SmartID, accongtior the
background.If the DRFs were computed correctly, and SmartID is properly tuned, these
two peakswill be identified and the outpuill computea highlik elihood of ®°Co in the

sample.Figure 3.14 shows the identified peaks for this spectrum.
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Figure 313: ®®Coraw spectra throughO cm of water
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Figure 3.14: Peaks identified for £Co spectrum (blue) through 4fn of water. The

background is shown in yellow.

The SmartIDresultsshow that the two peaks can be accurately identifiegure

3.15 shows the output file describing the results.
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SmartID-XP
Extended Protocol Synthetic Resolution Identifier
Yer 2.57
By
G. Sjoden. C. ¥i, E. LaVigne., J. Paul
Georgia Institute of Technology
June 2014

Contact: sjoden@gatech.esdu

Spectrum Hame: . SmallExp-Cobl. Spe

5 Pealki{s) Identified — Sort by Energy

keV Counts Horm¥ Cts Peal Id
648 .36 6.5992E4+01 45 62806 4
681.59 4 2154E+01 29 . 14604 5
1171.00 1.2629E+01 8.73192 3
1334.70 2.0381E+01 14.09179 2
1505.70 3. 4743E400 2.40219 1
Po=s=sible Shielding Setting: 1 Total Score: 157 .37
Shielding Material: Fe Thickne=s= (cm): 0.0o0

Hote:

base score ;| fuction of (#matched-femnis=sions). weighted by yield.detectability and matching factor
bonu=s I . bonus from number of matched peaks

bonu=s II . bonus from relative pealk height

bonu=s III : bonus from alignment between pealkheights and emission vields

Score Summnary .

Huclide Total (base + bonus I. II. III) Comment Correlation
60Co 114 .23 ( 99.2 1.0 9.1 5.0 c High
1245b 24.39 ( 8.3 0.0 180 0.0 Fiss Prod Low
239Fu 18.75 ( 0.1 0.5 181 0.0 SHM Low
Scored nuclides details:
Huclide Score T1.-2 Ti-2_unit #Eni=sionInRange #Hatched Correlation Commen
60Ca 114.23 5. 2700E+00 v 2 High c
Emnission{KeV) FProbsDE Detectability 0.50% Energy Window Pealk(KeV) Horm¥_cts
+ 1173.23 1. 0000E400 3.0135E-02 { 1167.36 to 1179.10 ) 1171.00 g.7319
+ 1332 .51 1. 0000E400 2.4321E-02 { 1325.85 to 1339.17 ) 1334.70 14.0918

Figure 3.15: SmartID output file foP°Co spectrum through water.

The most likely nuclidéy far,identified by SmartID i§°Co with a very tight

energy window. This is very impressigensidering theomplex backgroundnd how

we the®Co sources considered weré. does appear from the peaks near 662 keV that

the strong>'Cs located in the laboratory is influencing the spectrum, butrizies

interfere enough to significantly altdre scoring From these studies, | have found that

SmartID has proven to work well in noisy laboratory environment, making it appropriate

for use in further studies.
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3.2 Irradiated Fuel Pin Experiment

In addition tathe *’Cs and®Co calibration source experimentiésigned an
experiment to replicate a simpliflespent fuel pool environment. | did thisdrder to
verify that key spectral information from irradiated fuel submerged in water can be
determined. The Radiological Scienand Engineering Laboratory (RSEL) at Georgia
Tech has the facilities and sources available that allow a natural uranium metal fuel rod to
be irradiated by strong neutron sources, in order to produce fission products normally
seeninused nuclear fuelh®® f i ssi on productsd gamma r adi
low cost scintillator detectoNal(Tl).

To supporthe actual experiment setup and irradiation, | produced MCNP models
to profile the experimental outcome prior to running the experimentjetaimine the
dose rates involvedThe experiment was designed to take place in thenButron vault
of theRSEL for this reason. Fige 3.16shows the basic experimental setup. The light
pink area represents the concrete walls and floor of the lputiple represents the lab
space air. The fuel rod is the long vertical cylinder, the green is the water filled tub, and
the orange is lead shielding surrounding the detector, which is represented by the color

pink.

Figure 3.16: MCNP model of thexperiment setup sliced along thaxs.
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Water is an excellent neutron moderator due to its abundance of hydndgem,
is nearly identical in mass to neutrons, greatly slowing down and thermalizing fast
neutrons. This thermalization is ideal, sincestmzeutron induced fissions of natural
uraniumresultfrom thermal neutrons. The placement of the neutron sources allow the
emitted neutrons to travel through the container of water and scatter down to thermal
energies before interacting with the uranifual pin. This ideally induces fission
reactions in the uranium fuel which produce key fission products for dete€&tigure
3.17shows a close up view of the neutron interactions taking place near the natural

uranium fuel rod.

Figure 3.17 Neutron nteractions for the MCNP model of the experiment setup along the

X-axis.

Once the computational modeling of the experiment was complete, the actual
experimentvas set upn the RSELneutron vault. Figure 33 shows the actual

experiment setup. The image on the left shows th€BPuBe sources and the? 1
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neutrons per secoramittingAmBe source. These were held in place by small plastic
containers. The right image shows how the detector will be poatt#he fuel rod and
shielded by lead. The irradiation of the fuel omohtinuedfor approximately 2 weeks.
For the first week of irradiation, the detector was removed from the vault, and it was
added after the sources were removed to take a 5 mintamg gamma spectrum. Once
the spectra collection was complete, the neutron sources were added back to the
experiment.In the next sequencthe detector was left in place and fuel rod was
irradiated for an additional week. During this second vegelradiation the detector
was set to collectemotely, gamma spectra information atdihtime incrementfn
orderto assess if the detector was abldétect a set of both short lived and Idved
fissionproducts growing in the fuel pin with time. iSkculminated in a total of 21 eight
hour spectra over the course of one week. The sources were removed again, and 21
consecutive 5 minute spectra were takearderto see how the short lived fission

products die out.

Figure 3.18: Actual experimental setup. Left: Sources in place. Right: Detector with Pb

sheilding.
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Before irradiation began, intial energy calibration &WdHM measurements
were aquired. Figurg.19 shows a sample energy calibration for&&u/’Na. Figure
3.20shows &*'Cs sourcespectrum The peaks were correctly identified by SmartiD. A

total of four sourcesEuf?Na, **'Cs,??Th, and®®Co were used to calibrate spectra

from 45 keV to 2614 keV.
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Figure 3.19: ">Eu’Na calibration source spectra with identified gamma pe@ks.

yellow counts arérom abackgroundtount;the blue counts are the gross counts.
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Figure 3.20: *3'Cs calibration source spectra with identified gamma pe@ks. yellow

counts are the backngund and the blue counts are the gross counts.

3.2.1Spectra collection during irradiation

The initial and finaB hr spectra gatheredoim the irradiation experiment are
shownby Figure 3.21 Since this spectrum wasquiredduring the irradiatiorperiod, a
clear 2.2 MeV gamma pwattatke hydrogem thé watepi i nt er a
observedt 2.21 MeV The additional peakssible are from the neutron sources
themselves and not from the irradiated fuel. The first and lastrS8spectra clected
were compared to determine whether orgighificantobservable changes in resolution
due to detector radiation damamgcured A change in th&WHM of the visible peaks
are not apparent in FiguB21, indicating the detectatid not incurrsignificant damage
due to the presence of the neutron sources. Although difficult to observe from Figure
3.21, close examination shows thae last &our spectrehasan overal greater count
rate, indicating the buildup of fission products in the fuel. dkfferenciation between

the first 8hour and last &our spectra is difficult to distinguish due to the neutroarses
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combined gamma strength beimgich stronger than the fission prodesgamma
strength Figure 3.2hows a closer view of the difference between counts over the 8

hour collection periodThe last case has an overall increased count rate from the first

case of 204.23 counts per second.
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Figure 3.21: First 8 hour and last &our spectra measuredidng irradiation of fuel

element.
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Figure 3.22 First 8 lour and last §our spectra measured durring irradiation of fuel

element scaled linearly and plotted between 600 and 1400 keV.

Using SmartID, | analyzedhé last 8 houcountingspectrum tadentify peaks and
possible nuclidesThe identified peaks are shown by Figurd33andlisted in Figure
3.24. These peakse matchetb gamma emissiorts produce the results shown in
Figure 325. Although it does not appear that many peaks are fahtihe SmartID
nuclide scoring techniques are robust and take many factors into account as described in
detail in Chapter 2.1.2. It important to take close look at the scoring break down of
the nuclides identified. Thidigh, Moderate andLow correlation descriptors represent
how much emphasis is placed on the points scored for each isotope. These threshold
values are decided upon by the SmartlD aser can be changed in the SmartID input
file. Sometimes these overall high scores actually have instances of very low base or
bonus scores in comparison to some moderately correlated nudidesong list of
short I|lived fission products, and the pres

spectum are expected from this irradiation period.
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Figure 3.23: Identified peaks frontast 8 hourspectrum accumulation during irradiation.

17 Peaki=) Identified — Sort by Energy
keV Counts Hormi Cts Peal. Id

476 .10 1.0734E+04 5.18365 17
1177 .90 2. 6120E+04 12 61383 10
1246 .50 2. 2040E+04 10 . 64352 11
1312.70 1.73c4E+04 2.62680 1z
1388 .60 1.4308E+04 7.15106 13
1459 .90 1. 2577E+04 6.07367 14
1520.50 g2.98317E+03 4 33743 15
1558 .50 1.8903E+03 0.91286 16
1632 .80 6.9370E+03 3.37415 7
1691 .90 3.1637E+D3 1.52781 a
1745 .00 2. 0494E+03 0.98%69 9
2213 .60 1.5779E+04 7.61997 3
2603 .40 2. 1456E+04 10. 36150 1
2681 .30 g2.8786E+02 0.42876 5
2744 .00 1. 8448E+04 g.908848 2
2814 .30 5. 7513E+03 2.77741 4
2881 .50 1.7537E+04 g8.46894 3

Figure 3.24 Identified peak energies for the last 8 hour accumulated spectrum during

irradiation.
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Focore Summnary:
Huzlide Total (baz=e + bonu= I, II., III) Conment Correlation
60CoD 137.06  97.8 1.0 8.3 30.0 c High
17 Ca 124.07  &88.0 o.a 5.2 30,0 c High
209T1 118.53 ( 95.3 1.0 2.3 20.0 ) Hp—237_Daughter High
24Ha 109.43 ¢ 97.2 1.0 6.3 5.0 n_activ_prod High
1351 106.39  31.9 &50.0 24.5 0.0} Fi=s Prod High
40K 101.7%7  99.3 oo 2.4 0.0 HORH High
H-1_n-g 101.57  98.6 oo 3.0 0.0 n_irrad=5SHM High
7Be 100.93  98.9 oo 2.1 0.0 c High
138C= 10014 ¢ 69.2 10.5 20.4 0.0 ) Fi==_FProd High
0¥ 100,09  98.1 oo 2.0 0.0 Fi=s Prod High
114r 99 .90 { 96.6 o.0 3.3 0.0% n_activ_prod Hoderate
223Fr 99.07 o 97.1 o0 2.0 0.0 U-235_Daughter Hoderate
143La 97,35 o 97.0 o.0 o.4 0.0 % Fi=z= Prod Hoderate
141la 97.12 ( 94.5 o0 2.6 0.0 Fiz= Prod Hoderate
1321 88,24 ¢ 4.0 50.0 34.3 0.0 Fi=s Prod Low
925r Ae.64 { 78.5 o7 2.4 0.0 Fi==_Frod Low
12K a3.20  81.%5 oo 1.7 0.0 c Low
140La 77.92 ( 53.3 8.1 16.5 0.0} Fi=zs_Prod Low
156Eu 59.84  32.1 a.5 14.2 5.0 Fi==_ Prod Low
1870 57.49 { EL5.K oo 2.0 0.0 c Low
214B1 5722 (170 19.0 21.3 0.0 %) U-238_Daughter Low
154Eu 56.96 { 22.0 0.6 4.3 30,0 Fi=s Prod Low
93Y fe.24 (147 21.8 19.7 0.0} Fi=zs_Prod Low
29Fb EE.78 { 35.8k 5.1 13.0 2.0 Fi==s_ Prod Low
A8Kr £2.92 { 26.8 9.9 16.2 0.0} Fi=s Prod Low

Figure 3.25: SmartID nuclidescoresummary of théast8 hour spectrum accumulation

during irradiation.

Since this spectra was takéuaring the irradiation afhe fuel rod, activation
products are expected to be identified. SmartID identifies activation prédNetand
*Ar, as highly and moderately correlated. It also accurately identifies the 2.2 MeV
gamma emission from neutron interactions with the hydroden wakerwith the peak
identified at 2213.6 keVThe water used in the experiment was tap watech contains
calcium The*'Ca nuclide likely results from the calcium in the water being subjected to

high neutron radiation.

3.2.2Spectra collection post irradiation

Although some fission products were identified by SmartID for the during
irradiationcase, the neutron sources were much stronger in activity than the fission
products making it difficult to resolve many of the fine details. Therefore, | decided to

collect spectra after irradiation without the neutron sources present.
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Immediatelyfollowing irradiation,the neutron sources were removed from the
experiment and stored in their resfive proper storage location®1 consecutive 5
minute spectra wer¢éhenmeasured. Figurg.26shows the ¥, 5", 10", 15", and 25
minute accumulatedpectra for comparisotit is promising that fission products will be

identified since there appears to be a clear die away of counts in tbdetieh each 5

minute count.
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Figure 3.26 Counts per minute for a Nal(Tl) detector minus the background. Each line
represents a different 5 minute counting interval, wh&mefresents the first 5 minute

count, and 2% represents the last 5 minute count taken.

| postprocesse@ach case with SmartID, and noticed thatgteatest number of
peaks were identified in the first 5 minute count specsspectra were collected later
and later after irradiation, less and less peaks were identified along with isotopes. This is
consstent with fission product behavi@ince many of the fission products produced

during irradiation are very shditved with half-lives on the order of seconds. Since this
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experiment only wutilized PuBe and fAmBe irr
time, | expected to see significantly less of the fission products typically seen in a reactor.
Figure 3.27%hows the 35 minute count case collected 1 hour and 35 minutes after

irradiation andFigure 3.2&hows thecorrespondingcoring of the ideified nuclides for

the first 5 mimute count case collected immediately after irradiation.

Counts

0 500 1000 1500 2000 2500 3000
keV Energy

Figure 3.27 1°'5 mirute spectrum collected immediately following irradiation.

A significant challenge for nuclide identification took place in determining the
optimal options for the fismartid.inpo file
could be tailored to identify the peaks present and match the most likely isfstopes
the identified photopeaks. Since the experimental setup was not identical to the modeled
DRF cases for an assembly in water, | turned on the shielding option so that it would
iterate between shielding cases of iron or lead, and also allowed iterbsibield
thickness up to 10 cm. | expected to see one of the shielding options, especially the lead,

to be scored higher than an unshielded case due to the large amount of lead shielding
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surrounding the detector assembly. | also set the Aliasing Rad0#5, in orderemove

possible incidental peaks. This feature helps in cases where the actual measurement

geometry is not an exact model matched by the DRFs. Since this was a real experiment, |

expected noise from electronics to be a real contrigytirenomenon. In order to
mitigate the noise effects, | set the alpha paranfetehi-square analysis to 0.01 risk
losing key spectral informatiahl set this value too lowbut | also do not want tmiss
true spectral changes due to closely lyphgtopeaks. The next setting | changed was to
have SmartI D utilize the new water DRFs,
threshold low since the overall counts in the spectrum were low due to the quick
collection time (5min). | set myVo energy cutoff value to 0.3 MeV, since | know that
my DRFs lose accuracy along with my calibration at low energies. | also set the
minimum halflife unit to seconds in order to account for the very short lived isotopes
characteristic to uranium that hasdergone fissions. | tried keeping a tight tolerance
ratio since many fission product emissions fall very close to one another, and | wanted to
minimize the effects of double counting peaks. Employing these settings provided the
results shown by Figur@28.

| spentsignificanttime adjusting these parameters to determine the optimal
settings that | believe best represent what is truly present. When | changed some

parameters, such as the alpha value, | noticed significant changes in the scored.nuclid

| decided on the 0.1 value since the top scored nuclides matched the expected top gamma

emitters from fission. When my set parameters differed from the optimal settings |
discovered, | would see either very few nuclides scored, or nuclides scdrekrba
were very unlikely to be present in the highest distinguishable amounts sti€io asnd

483,
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Foore Summary:

Huclide Total (ba=e + bonu=s I. II. III: Comment Correlation
1351 182 .46 ( 94.1 50.0 38.4 0.0 ) Fisz= Prod High
1321 144 08 ( 55.% 50.0 383.4 0.0 ) Fis=s Prod High
L9Fe 126.44 ( 98.7% 1.0 8.8 20.0 ) c High
28Rb 125 .08 ( 93.8 n.8 0.5 30.0 ) Fisz= Prod High
238Hp 124 69 ( 83.0 0.7 10.9 30.0 ) SHH High
12450 124 06 ( 91.9 9.9 22.3 0.0 Fi=z= Prod High
1401a 121.98 ( 90.9 10.6 20.5 0.0 ) Fisz= Prod High
93Y 112727 (71,1 25.3 17.3 0.0 ) Fis= Prod High
133Te 113,68 ( 87.5 6.9 19.2 0.0 ) Fi=z= Prod High
B0Co 111 .40 ( 97.7 1.0 7.7 5.0 c High
6EH1 109 68 ( 99.4 n.e 7.5 2.0 c High
160Th 106 .82 ( 77 .6 5.1 19.1 5.0 7 Fi== Prod Moderate
82Br 10e .40 ( 88.9 1.6 10.9 5.0 ) Fisz= Prod Moderate
141Ba 105 .86 ( 89.9 1.5 9.5 5.0 Fis= Prod Hoderate
106ERh 104 50 ( 99.1 oo 5.4 0.0 Fi== Prod Moderate
106Ru 104 .50 ( 99.1 oo 5.4 0.0 Fis= Prod Moderate
65Zn 104.33 ( 99.3 o.0 5.0 0.0 Fi=z=s Prod Hoderate
214B1 103 48 ( 72.4 14.6 16.4 0.0 ) T-238_Daughter Moderate
22Ha 103,36 ( 99.2 o0 4.1 0.0 Coszmic_spall_ pr Moderate
154Eu 101.82 ( B5.6 3.0 11.2 2.0 Fi=z= Prod Hoderate
1411a 100 .87 ( 97 .6 n.o 3.2 0.0 Fi== Prod Moderate
24Ha 100,58 § 96.4 1.0 2.2 0.0 n_activ_prod Moderate
414> 100.29 { 95.4 o.0 3.9 0.0 n_activ_prod Hoderate
209T1 99 .53 ( 97.7 oo 1.9 0.0 Hp—237_Daughter Moderate
L 2mMn 99. 34 ( 96.6 n.o 2.8 0.0 c Moderate
47Ca 99 .15 ( 95.2 oo 3.9 0.0 c Hoderate
40K 99 .14 ( 95.8 n.o 2.4 0.0 NORK Moderate
152Eu 99 .11  82.7 3.1 13.4 0.0 ) Fis= Prod Moderate
BliCu 98.10 ( 93.6 oo 4.5 0.0 c Low
42K 97 .72 ( 95.9 oo 1.8 0.0 I Low
2380 95.85 ( 91.3 0.0 5.e 0.0 SHHM Low
1431= 95.82 ( 95.8 oo 1.1 0.0 Fi=z= Prod Low
148FPm 94 35 ( 92.0 n.o 2.4 0.0 Fi=z= Prod Low
212B1 92.63 ( 91.1 n.o 1.5 0.0 Th—-232_Daughter Low
29Rb a9.90 ( BB8.8 5.1 11.0 5.0 Fi=z= Prod Low
L2Mn 89.32 ( B2.6 0.e &.0 0.0 c Low
240Hp 87.94 ( 71.4 1.5 10.1 5.0 ) SHHM Low
142B= a87.23 ( 65.9 4.6 14.8 2.0 ) Fi=z= Prod Low
1421a g86.99 ( B4 .2 11.2 11.5 0.0 ) Fisz= Prod Low
165c g6.83 ( 81.9 oo 4.9 0.0 c Low
131mTe ac.82 ( 63.3 2.6 15.9 5.0 7} Fi=z= Prod Low
1341 ge.66 ( 55,1 10.9 20.7 0.0 ) Fisz= Prod Low
28K 83.40 ( 67 .4 4.6 11.4 0.0 ) Fis=s Prod Low
485c g82.09 ( &50.3 0.7 11.1 20.0 ) c Low
l38C= 81.05 ( 71.9 1.6 7.6 0.0 Fisz= Prod Low
228Ac FRLTT (4901 1.5 7.1 20.0 ) Th—232_Daughter Low
234Pa 75.97 ( 45.9 9.7 15.3 5.0 ) U-238_Daughter Low
133mTe 74.58 ( 44.0 12.6 18.0 0.0 ) Fisz= Prod Low
l3eiC= 7060 ( BG.2 oo 5.4 0.0 Fis= Prod Low
2% 7015 ( B7.3 oo 2.8 0.0 Fi=z= Prod Low
24Br BE.14 ( B0O.1 4.6 3.4 0.0 Fisz= Prod Low
143Ce BE.72 ( 47.8 5.5 13.4 0.0 Fis= Prod Low

Figure 3.28:SmartID identified isotopes from a 5 minute spectra collected immediately

following irradiation of a natural uranium fuel rod.

Although peaks less than 287 keV were noidentified SmartID was still able to

score the most active gamma emitters in spent flie¢ lack of peak identification in the

lower energy regiomwas most likely due to the very high emissionsatiethe short lied
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fission products creating a large pileup effect. However, the higher energy emissions
provide key idetifying information. Figure 3.28hows the SmartID output listing the

most highly correlated nuclides to the peaks identified. The nuclides agpesattie

High correlated list arauclides thaareexpected to ba high concentration

immediately following irradiation. Additionally, since the neutron sources were removed
very soon before the spectra were collected, it is highly likely that activation products
would be present which is confirmed by SmartID.

The bp scoring nuclides for the top scoring shielding scenario (10 cm of lead) are
made up of highly active fission product¥] and**3, along with other isotopes not
commonly acknowledged with spent fugiFe is the third highest scoring nuclide, but
this is most likely not from fission. The lab space has many metal objects, indheing
detector stand, made up of iroffFe is a naturally occurring isotope of Fe, and although
in small concentration, it can capture a neutron to bec8ree *Rb, ?**Np, 1#/Sb,**%.a,

%3y are high gamma emitting nuclides, but some peaks are attributed multiple times. |
decreased the tolerance to only allow a 1.5% energy window for peak attribution, to find
the order of scored nuclides to change slightf{l, >*Fe,and*4 were still the highest
correlated nuclides, b8fCo, ®*Ni, and'®Rhfollowed. These nuclides could be present
due to neutron capture interactions in many of the surrounding materials in the
laboratory. Nickel is naturally in steel, and col&iproduced by neutron activation of

iron isotopes.

Utilizing the same parameters as tfiesIminute case, | pogrocessedhe 20" 5
minute casethrough SmartID. Nt onlydid this case showess counts per second in the
detector, buit alsoshoweda change inthe spectrum shape due to the short lived isotopes
dying out. | saw a decrease in the number of peaks identiBetuhe water DRFs.

Figure 3.8 shows the spectrum with peaks identified.
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Figure 3.29: Peaks identified for the 26 minute spectum using the water DRF option.

The same, 10 cm thick lead, shielding scenario was scored the highest, and the
resulting nuclide scoring is shown in Figure 3.30. The order of some nuclides change,
but the top 4, highly correlated, nuclides all represent some the highest gamma emitting
nuclides for irradiated fuelKey identifying peaks fot*’La are clear, especially since
manyof“. ads gamma emi ssi on s*Klisakso highy corfelatedu pper
but | do not believe this nuclide is actual present in a discernable ¢atimen SmartlD
only identifies one possible emission out of 2 for this nuclide. Additionally, the
photopeak attributed, 1513 keV, is already attributed to emissidfi3, afhich is a

much more likely nuclide to be present.
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Score Summary:

Huczlide Total (base + bonus I. II. III) Comnment Correlation
140La 121.88 { 93.5 5.9 22.5 0.0 Fi==_Prod High
1321 119.91 ( 35.1 50.0 34.8 0.0 Fi==_Prod High
238Hp 118 .89 { 83.0 0.7 5.1 30.0% SHH High
1351 109.65 ( 33.7 44.4 31.5 0.0 Fi==s Prod High
42K 102.39 { 9&8.0 oo 4.4 0.0 c Hoderate
B8Co 102.34 ( 97.5 oo 4.9 0.0 c Hoderate
88Eb 102.18 ( 93.9 n.g 2.5 5.0 Fi==s Prod Hoderate
106Fh 101.80  99.1 oo 2.5 0.0 Fi==s Prod Hoderate
106Fu 101.80  99.1 oo 2.5 0.0 Fi==s Prod Moderate
211Fb 101.27  96.5 oo 4.8 0.0 U-235_Daughter Moderate
143La 100.57 ( 9&8.9 oo 1.7 0.0 Fi==s_ Prod Moderate
S4Mn 100.54  95.8 oo 4.8 0.0 c Moderate
SZmMn 100.33  98.0 oo 2.3 0.0 o Hoderate
1245hb 100.12  86.2 2.911.0 0.0 Fi==_Prod Hoderate
209T1 99 .31 ( 97.5 oo 1.8 0.0 HNp—-237_Daughter Moderate
212B1 95 .94 ( 89.7 oo 6.2 0.0 Th-232_Daughter Low
23817 93.94 ( 91.3 oo 2.6 0.0 SHH Low
228Ac 91.31 ( 71.1 4.6 13.5 2.0 Th-232_Daughter Low
136C=s 90.11 ( 79.9 n.7 7.5 2.0 Fi==s Prod Low
LZln 83.64 ( 81.4 oo 2.3 0.0 c Low
138C=s 81.63 ( 72.4 0.e 8.6 0.0 Fi==s Prod Low
leemHo 80.38 ( 75.0 0.e 4.8 0.0 Fi==s_ Prod Low
485c 76.20 ( 50.3 0.7 5.2 20.0 % c Low
152Eu 74.87 ( b7.4 0.e 4.9 2.0 Fi==s_ Prod Low
927 6E.28 ( bB6.0 oo 2.3 0.0 Fi==_Prod Low
2d4Ha 6d 77 622 oo 2.6 0.0 n_activ_prod Low
SEMn 61.97 ( &0.5 oo 1.5 0.0 c Low
1341 £8.39 ( 37.7 4.1 14.5 2.0 Fi==s Prod Low
234Pa EB.10 ( 29.6 12.3 11.2 5.0 ) U-238_Daughter Low
240Hp £7.85 ( G54.5 n.e 2.8 0.0 SHH Low
1255n Ee.70 ( 48.7 n.e 7.3 0.0 Fi==s Prod Low
214Bi .28 ( 26.4 g.6 18.3 2.0 U-238_Daughter Low
133Te .14 ( 41.9 1.5 6.7 2.0 Fi==s Prod Low

Figure 3.30:Isotopes idetified by SmartID using the water DRF option from a 5 minute

spectra collected 1 hour and 35 minutes following irradiation.

In order to see if the nuclide scoring would change significantly if | decreased the
tolerance (energy window), | pegtocessedthis spectrum with a maximum 1.5% energy
window for photopeak attribution. The resulting nuclide scoring shdifed and™*7 as
the most likely nuclides followed BYK, *8Co, ®Rb, ®Rh, and'®Ru. As | described
previously, | do not believ&K to actually be present for the same reasons, but | do find
it promising that a cobalt isotope, along WitRband'*Rh to be identified. These latter
two nuclides were also identified in th& 8 minute case, and°Rh can be directly
correlated toigsion, especially fissions 61%Pu.

Since this experiment configuration did differ from the water DRF models, |

thought it would be useful to also to process the spectrum using the air DRF model while
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utilizing the scattering option. It is recommendbedt when using this option, it be set
initially to 1.25 [1]. | reprocessed the spectrum, each time increasing the scattering
option by .1, until | started losing key nuclides | knew should be present, but still
maintained a high score ftre lead shielitg option. | found that | needed to set the
scattering parameter to 1.85 for this to ocdagure 3.31 shows the resulting peaks
identified in the spectrum. As noticed, many more peaks are identified in the lower

energy ranges than for the previousesawith the water DRFs.
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Figure 3.31: Peaks identified for the 36 minute spectra using the air DRF option and

scattered counts scaling factor o83..

The difference between peak identificatresults shown in Figures 3.2nd 331
is most likelyaresult of the experimeaktenvironment. Unlike a spent fuel pool scenario
as modeled for the water DRFs, the experinmakyreatlydecreased the amount of

water surrounding the fuel rod and detectdue to material constraintd)e detectowas
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notsubmerged underwatemsteadthe detector wagushed against the side of the water
tub and the remaining sides wetgrounded by air. The irradiated fuel rod was also not
fully submerged, allowing some fission products to reach the detector without an
interaction with the water. The detector was surrounded by lead shielding, but due to the
configuration of the detector and statlte lead shielding arrangemeamintained small
gaps, allowing gammas scattered off the walls and flooring to enter #waietind
potentially allowing gammas directly from the exposed fuel rod to enter the detector
without everinteracting with the wateReferring back to Figure 3lit is easy to
identify gaps in shielding coverage.

The corresponding nuclides scoffeain the peaks identifeein Figure3.32.
Since the fuel rod is natural uraniunwduld expect SmartID to identify the presence of
238. Forthis cas, thiswas confirmedruethrough the attribution 6f*Pa, a daughter
product of*®J. Figure 3.33hows the details of the individual gamma attribution for
this isotope. It is likely that this is only determined in this case since much of the
uranium fuel rod is exposed and out of the water. Many of the gamma emissions from
this isotope are most likenot scattered through the water, therefore more emissions
have the opportunity to interact with the detecéspecially at lower energies

It is promising to see the fission products scored guie 3.8 also scored in
Figure 3.2. Investigating firthershowsnuclides with a highdoonus score Imatch up
more closely with those scored in the water DRF .c&eazallingChapter 2, the base
score takes into account the overall number of emissibasd isotope and the number
of matched peaks with spect to detectability. The secdmohus scorg¢akes into
account the number of counts expected tolimervedn the full energy peak for each
emission For this spectrupsince only a finite number of peaks are identifte@hus
score llis a better masure of how likely an isotope is present in the spectiNaw
looking back at Figure 3.34ith this perspectivd,see thasome of the highest scoring

nuclidesin the scattering option case are likely not present. For exatfipéis not a
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likely nuclide. When looking closer at its peak attribution, | also see that the peaks
attributed have already been attributed to other, higher scored nudlales.do not see
8Sc as a highly likely nuclide do to similar reasonihgelieve*d.a to be pesent due

to the specific emissions attributetfda is unique in that it has high emitting gammas in
the MeV range of energies. Looking closely at the peak attriblgigare 3.3, it is

shown that the highest energy emission, 2899.61 keV is atttitaltang with its high
probability of decay emission at 1596.21 keV. Although, it does attribute some other
photopeaks to its lower energy emission, | believe these are actually falsely attributed due
to the low probability per decay. | do not see thisa issue in determining the presence
of 1*%La, since the high energy gammas are relatively unique to this nuatidehe
emissionsn questiorhave already been attributed to other nuclides sut¥lamd

238\ p. Overall, the topuclidesscored als@orrespond tanany ofthe most active

nuclides found in spent PWR fuel soon after removal from the reactoamcdrean be

correlated to burnup
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Score Summary:

Huclide Total {ba=e + bonus I, II., III)} Comment Correlation
234FPa 159.63 (¢ 90.1 50.0 19.5 0.0 % U-238_Daughter High
1341 151.91 ( 97.4 35.8 18.7 0.0 % Fi== Prod High
1321 149 29 ( 64 .4 50.0 34.9 0.0 % Fi==_Prod High
1351 148.04 ¢ 70.7 50,0 27.3 0.0 3 Fis= Prod High
1401a 136.98 ( 94.6 20.6 21.8 0.0 % Fis= Prod High
151Fm 132 .47 ( 62.2 50.0 20.3 0.0 % Fi=z= Prod High
465 131 .35 ( 97 .3 1.0 3.0 30.00% c High
24Ha 130.78  98.5 1.0 1.3 30.0 % n_activ_prod High
99 Mo 126.22 ( 98.9 10.7 1le.6 0.0 3 nedical FP High
133nTe 123,727 (806 26.7 1.5 0.0 3 Fisz= Prod High
131nTe 123.57 ( 85.9 22.2 15.5 0.0 % Fi== Prod High
110mdg 1214 82 ( 923 16.4 13.2 0.0 % Fi==_Prod High
228Ac 120.30 ¢ 94.6 9.7 11.0 5.0 Th—232_Daughter High
142Ba 117.57 ¢ 90.9 16.4 10.3 0.0 3 Fis= Prod High
1870 116.52 ( 93.0 o7 2.8 20,0 % c High
238Hp 114 .33 ( 983 4.5 9.5 2.00% SHH High
97 Zr 112.14  85.9 3.0 3.2 20,0 % Fi== Prod High
214B1 110.61 ¢ 7?7.5 22.5 10.6 0.0 3 U-238_Daughter High
240Hp 108.86 ¢ 81.0 15.4 12.5 0.0 3 SHH High
915 108.50 ( 96.0 3.5 9.0 0.00% Fi== Prod High
134Te 108 46 ( 93.5 5.010.0 0.0 % Fi==_Prod High
152Eu 106.45 ¢ 83.5 12.2 5.7 5.0 3 Fis= Prod Moderate
1245hb 105.23 ( 87.9 2.110.3 0.0 % Fis= Prod Moderate
148Fm 103.62 ( 98.7 o7 4.2 0.0 Fi=z= Prod Hoderate
143Ce 103.07 ¢ 557 30.1 173 0.0 % Fi==_ Prod Moderate
28Rb 102.61  98.4 2.5 1.7 0.0 Fi== Prod Moderate
9251 101.74 ( 97 2 2.2 2.3 0.0 Fi== Prod Moderate
E7Co 100.87 o 99.3 o0 1.6 0.0 c Hoderate
leemHo ia0.80 § 83.2 6.6 8.9 2.0} Fi=s Prod Moderate
233Pa ia0.79 { 99.2 o0 1.6 0.0 % Hp—237_Daughter Hoderate
97mHb 100.725 ( 98.9 o0 1.8 0.0 Fis= Prod Moderate
B8Co 100.73 ( 97.5 o0 3.3 0.0 c Moderate
42K 100.37 ( 98.4 o0 2.0 0.0 c Hoderate
101T= 100 22 ( 98.6 oo 1.6 0.00% Fi==_ Prod Moderate
40K 99 .90 ¢ 99.1 o0 oo 0.0 HOREH Moderate
129nTe 99.89 ( 98.3 o0 1.6 0,00 Fi== Prod Moderate
209T1 99 .59 { 98.6 o0 1.0 0.0 Hp—237_Daughter Hoderate
65Zn 99 55 { 897.5 o0 2.1 0.0 3 Fi=s Prod Moderate
L2mMn 99 .43 { 98.0 oo 1.4 0.0 % c Hoderate
1431a 99 .41 ( 98.9 go.0 0.5 0.0 Fi== Prod Moderate
214Fb 98.92 ( 97.7 oo 1.2 0.0 U-238_Daughter Low
140Ba 98.74 ( 97.2 o0 1.6 0.0 Fi=z= Prod Low
1411a 98 .28 [ 97 .6 oo o7 o0.00% Fi==_ Prod Low
90Y 98.19 { 96.6 o0 1.5 0.0 Fi== Prod Low
445c 9753 { 96.9 o0 0.6 0.0 c Low
61Cu 95.71 ( 91.7 o7 4.3 0.0 c Low
1255n 95.68 ( 83.8 3.5 9.4 0.0% Fi== Prod Low
136C= 94 .38 ( 82.7 0.7 5.9 &5.00% Fi== Prod Low
5YHL 93.08 { 8m.4 0.7 0.9 &5.0% c Low
212B1 92.61  83.86 o.g 3.2 &5.00% Th—-232_Daughter Low
147Hd 91.89 ( 90.3 o0 1.6 0.0 % Fiz=z Prod Low

Figure 3.3: SmartID identified isotopesith scores greater than 91.88ing the air
DRF and scattered counts scaling opfimm a 5 minute spectra collected 1 hour and 35

minutes following irradiation of a natural uranium fuel rod.
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Scored nuclides details:
Huclide Score T1-2 Tls2_unit #Emis==sionInFange #Matched Correlation
234Fa 159 .63 7.6500E-04 v 44 29 High

Emizsion(EKeV) Prob-DE Detectability 1.50% Energy Window FPeal(KeV) Horm¥_ct=

369,80 2.9600E-02 2. 6450E-01 { 364,25 to L35 )

372.40 1.3300E-02 2. 6102E-01 { 366,81 to 377.99 )

458 .80 1.5300E-02 1. 7609E-01 { 451 .92 to 465 68 )

C06 .80 1. 6300E-02 1. 4364E-01 { 499 .20 to £14 .40 )

E13.70 1.3300E-02 1. 4017E-01 { EO5.99 to E21.41 )
+ G5B5 .90 1.4300E-02 1. 1634E-01 { 557 .41 to 574.39 ) Eel. 22 1.5470
+ EBB.70 3. 0600E-02 1. 1517E-01 { Ee0.17 to E77.23 ) Eel. 22 1.5470
+ Eg9.50 1.09%00E-01 1.1484E-01 { Ee0.96 to E78.04 ) Eel. 22 1.5470

574.00 2.0400E-02 1. 1300E-01 { 565.39 to 582 .61 )

BE4 B0 1.3300E-02 8 6177E-02 { 654 .83 to 674.77 )

BBE .70 1.6300E-02 8. 572BE-02 { 656 .70 to B76.70 )

669 .90 1.4300E-02 8. 4978BE-02 { 659 .85 to 67995 )
+ 699.00 4 6900E-02 7. 8434E-02 { 688.52 to 709.49 ) 691 66 3.9224

706.10 3.1e00E-02 7.OB912E-02 { 695 .51 to 716.69 )
+ 733.00 8. 7700E-02 7. 1395E-02 { 722.01 to 744 .00 ) 741 .17 4 5257
+ 738.00 1.0200E-02 7. 0412E-02 { 726.93 to 749.07 ) 741 .17 4 5257
+ 742.81 2.4500E-02 6. 9479E-02 { 731.67 to 753.95 ) 741.17 4 5257

755 .60 1.4300E-02 6. 7053E-02 { 744 27 to 7HE .93 )
+ 780.70 1.1200E-02 6. 2526E-02 { 768.99 to 792 .41 ) 77867 3.0712
+  T8e .27 1.4300E-02 6. 1561E-02 { 774.48 to 798 .08 ) 778.67 3.0712

793 .60 1.5300E-02 6. 0314E-02 { 781.70 to 805 .50 )

796 .30 3.8B00E-02 5 9B60E-02 { 784 .36 to a08. 24 )

805 .60 3.3700E-02 B B5E3E-02 { 793.52 to 817 .68 )
+ 819 60 2 6500E-02 L 6959E-02 { 807 .31 to 831.89 ) 819 .18 g.2070
+ B26.30 4 0800E-02 5 6197E-02 { 813.91 to 838 .69 ) 819 .18 g.2070
+ 831.60 E . 6100E-02 B Ee02E-02 { 819.13 to 844.07 ) 819.18 g.2070
+ 8B76.40 4 0800E-02 5 0B03E-02 { 863 .25 to 889 .55 ) 886 .69 2.4800
+ 880.51 1.3220E-01 5 0383E-02 { 867 .30 to 893.72 ) 886 .69 2.4800
+ BE3.24 1.2200E-01 . 0108E-02 { 869.99 to 89649 ) 886,69 2.4800
+ 899.00 4 1800E-02 4 B535E-02 ( 885 .52 to 912 .48 ) 886 .69 2.4800
+ 925.00 2. 9600E-02 4 A045E-02 { 911.13 to 938.87 ) 915.19 8. 4563
+ 926.00 1.1200E-01 4 5952E-02 { 912.11 to 939,89 ) 915.19 8. 4563
+ 926.72 9.1800E-02 4. 5885E-02 { 912 .82 to 940,62 ) 915.19 8. 4563
+ 946.00 1.2200E-01 4. 4124E-02 { 931.81 to 960.19 ) 951 .20 2. 4658
+ 949.00 8. 1e00E-02 4. 3858E-02 { 934.77 to 963 .23 ) 951,20 2. 4658
+ 955 .59 1.0100E-02 4. 3273E-02 { 941 .26 to 969,92 ) 951. 20 2. 4658
+ 978.80 1.4300E-02 4. 1276E-02 { 964 .12 to 993 .48 ) 982 .70 8. 6883
+ 980.50 E. 1000E-02 4. 1134E-02 { 965.79 to 995 21 ) 982.70 8. 6883
+ 984.00 1.9400E-02 4. 0841E-02 { 969.24 to 998 .76 ) 982.70 8.6883
+ 1353.30 1.7300E-02 2 372BE-02 { 1333.00 to 1373 .60 ) 1367 .40 1. 6446

1394 .10 3.0600E-02 2. 2604E-02 ( 1373.19 to 1415.01 )
+ 1452.70 1.0200E-02 2.1081E-02 { 1430.91 to 1474.49 3 1458 .40 1.8213
+ 1668 50 1.2200E-02 1. 7114E-02 { 1643 .47 to 1693 .53 ) 1676 .80 3.3360
+ 1694 .60 1.2200E-02 1. 6715E-02 { 1689.18 to 1720.02 ) 1676 .80 3. 3360

Figure 3.33: Photopeak attribution fér*Pausing the air DRF and scattered counts
scaling option from a 5 minute spectra collected 1 hour and 35 minutes following

irradiation of a natural uranium fuel rod.
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Figure 3.34:Photopeak attribution fdf*°La using the air DRF and scattered counts

scaling option from a 5 minute spectra coketii hour and 35 minutes following

The results shown byigure 3.2 from the air DRFs with scattered counts scaling
factor similarly emphasize the presence of fission products in the spectrum. But this time
with the additional energy peaks identified, tlase scoreandbonus score ére

represented better. | mentioned tH4twould actually be one of the most likely fission

irradiation of a natural uranium fuel rod.

products seen for the water DRF case if | lookdabats score Il Bonus score I

examinegheemission rates instead of the other scores due to the lack of peaks identified.

This is shown to be true in tifegure 3.2 case Many more emissions are identified, and

the highest scoring nuclide .

| have shown in this chapter tianartlD appears to perform very well under highly
complicated backgroumsdandirradiated fuel scenarios. The next chapter will build upon

this concept with simulated spectrums | developed from modeling a PWR fuel assembly.
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CHAPTER 4

SIMULATED SPECTRAL ANALYSIS

4.1 Origen Source

In the preceding chapter, | collected real spectra of known calibration sources and
also of an irradiated fuel rod. SmartlD performed well for each case, but in order to
justify and demonstrate that SmartID can identify with a high level of accuracgesicli
in a complicated fuel assembly, | need to analyze a spectrum representing a
Westinghouse 17x17 PWspent fuel assembly after 1 day since removal from the
reactor core.l considered simulated spectral information instead of collected data in
order to fave clear comparison to the actual material present in the fuel assembly. Since
| am modeling a source with a known material composition, | will be able to compare the
results from SmartlD and the original emissions modeled directly. For the purposes of
this dissertation, and the ideas explored, a collected spectrum is not needed.

In order to develop a representative burned PWR fuel assembly model in water, |
determind the individual gamma emissions expected from such a sourcewasis
completed by employing the ORIGEN/ORIGENRP modules that are isotopic
depletion and decay analysis tools part of the Oak Ridge National Laboratory SCALE6
code system [1]. This code system is used worldwide to provide fuel depletion analyses
as a much fster alternative to traditional burnup analyses [1]. The cross sections used
for analysis are preomputed from a reactor physics transport code modeling the fuel
assembly design and reactor type. For the purposes of my evaluation of spemaiel, |
considerech Westinghouse PWR 17x17 fuel assembly. ORIGEN allows the user to

define the fuel type, enrichment, and irradiation conditions, for which it interpolates from
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the precomputeccross sections. This significantly reduces the computational time
without altering the accuracy of the solution.

All nuclides included in the ORIGEIS library are analyzed, and ORIGEN
determines the isotopic compositions of the spent fuel materials as a function of time in
order to determine decay heat generation andethidting radiation source terms [1].
Therefore, it produces a detailed output file accounting for all decay daughter products
and their radiation contributions based on mass yield. It also provides the unigue gamma
and neutron spectra as a functiordetay time per energy group for the material in
guestion. It has been validated extensively for light water reactor (LWR) spent fuel, and
many benchmarking studies have been completed for MOX fuel calculations [1].

For theWestindhouse 17x17 PWR fuel assbly, | set the initial enrichment to
2.6 weight percerf®U, with the total amount of uranium in the assengsytol Metric
Ton. | chose the 238nergygroup SCALE neutron library group structure, and
constructedny gamma energy group structure egoahe 24 group structure outlined in
previous chapters. | considered three burnup cycles with continuous 37.8 MVAMTU
95% power, resulting in a total burnup of 33,000 MWITU. | set my decay cases for
0.01, 0.03, 0.1, 0.3, 1, 3, 10, 30, 100, and 18Gdifter the last burn cycl@hese cases
show the activities and masses for the fission products and actinides at the determined
times after the burn cycle concluddsor my analyses, | only considered the 1 day decay
case in order to determine the lgagmma information that can be gathered by §Ngl
detector when a fuel assembly is moved from the reactor core to a spent fuel pool for
cooling.

The resulting ORIGEN output provides a list of the individual radionuclides
produced and their correspondiactivities in Curies and concentrations in grams.
Additionally, gamma contributions, in photons/s/basis, from each energy group were
printed,providinga sense of how the overall gamma spectrum would behave. From this

information, the individual gammamission contributions for each isotope were
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determined. The individual emissibnes are plotted in Figure4 There are over
3,000 gamma emissiopsesenbetween energy range of 0.3 to 3.0 MeV. Tdte of

gammaemission is for the total emissiooontribution from the entire fuel assembly.

1[:'15 T LA R R DL L B L L L —r 1
1015 | ]

1|}14

1D13

gamImass

1D1:

1D11

101 MBI T
2500 3000

500 10:00 1500 ]D[:'.I}
Energy(keV)

Figure 4.1: Identified gammdine emissions from a Westinghouse 17x17 PWR fuel

assembly burned to 33,000 MWD and cooled for 1, dggresenting emissions from 73

nuclides

The majority of gamma emissionsiginate in the lower energy rangeth the
average photon emission from bothays and gammaa 0.7519 MeV. The large
guantity of gamma emissions, especially thogh energies less than 1 MeV, pose a
challengdor SmartID to accurately account fevery single emission. However, this is
not the intended scope of this studyedtrict myinterestto be keyradionuclides which
contribute the greatesmission ratéo the spectrum, while also providing informative
data on the burnup to aid in estiing plutonium content. Therefore, | decreased the

number of fission products considered to fiftemalyzingthose with the greatest
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gamma peakontributions. Table.4 shows the considerauiclides, along with their
greatest contributing gamma emigsidetails on the thermal fission yields from these

nuclides can be found in Chapter 5.5, Table 5.4.

Table 4.1: Top 15 gamma emitting isotopes from PWR fuel assembly burned to 33,000

MWD 1 day since removal from reactor.

Isotope  Tip Energy (MeV) Emission rate (gamma/s)

“9a 1.6781d 1.5962 6.3082 16°
%Ru 39.26d 0.49709 5.9303 16°
"Nb  34.975d 0.7658 5.5422 16°

133 1.387 h 0.66771 4.4540 16°
%7r  64.02d 0.75673 3.0665 16°
Nb  72.1m 0.65794 2.2804 1&°
™b 52.7s 0.74336 2.192810'°
7r 16.9 h 0.74336 2.1690 16°
14Ba 12.752d  0.53726 1.4779 18°
“Mo 65.94h 0.73950 6.5565 16°
13Cs  2.0648y  0.60472 5.4602 16°
Rh  298s 0.51186 4.5767 16°
B¥'cg  30.07y 0.66166 3.3296 1&°
ZNp  2.117d 0.98445 2.6747 1&°
Agr 9.63 h 1.0243 2.1567 1&°

Removing the remaining gamma emissions from isotopes not included in this list
results in a more manageableission profile shown by Figure2. However, there are
still manyvery close emission lines that would makenputationamodeling difficult in

order to produce a simulated spectruReducingthe number of nuclides considered

2 This emission is actually froi"™Ba, a decay daughter 5fCs
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from 15to 10 reduces the number of gamma emissions considered from 319 to 130. | did
this by removing the isotop&&Sr, **4, Mo, *Nb, and”™b. **3 has many emissions,

and removing this isotope from the sourcedigatlyreduces the number of emissions by

137. The gamma emissionfrof8r 6 s hi ghest emi tting gamma
gamma emission strength in comparisorh®dther top 15 isotopes, atitlb only had

two gamma emissions, otess than 0.766 MeV. Figure34dshows the remaining

emissons. Comparing Figure 4.3 to Figur4hows a thinning out of gamma

emissions, but the overall emission profile is not $igantly altered.
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Figure 4.2: 319 gamma emissions identified from 15 major isotopes found in spent fuel

after 1 day of cooling.

86



1[:'15 L L LN DR D DL L LN I L L LR | LA L |
1015 | ]

101 ¢ ]

[
=2
—
isg
T
1

EAIMIMas/s

e i
L= =
— —
— [

500 1000 1500 2000 2300 3000
EnergyikeV)

._.

o
i
=]

Figure 4.3: 130 amma emissions identified from 10 major isotopes found in spent fuel

after 1 day of cooling.

4.2 MCNP models

The MCNP models developed for the burned fuel assembly simulation were
developed from the models generated for the DRF computations. Therefore, it is
expected that SmartID can identify the gamma emissions included in the MCNP source
definitions fa burnup analysis test cases.

Just as | created three gamma emission profiles, | created three MCNP source
models based on these profildsor the 319 and 13§jamma emissiosource models, |
simulated spectra for both water and air as the gamma transpdium. Instead of
developing a model with all 3,000+ possible gamma emissiamy consideredhe
strongestl,022 emissions. In order to simulate the detector response for a Nal(TI)
detector, | employed th@aussian energy broadenirgEB) optionfor an F8 pulse

height tally[2]. Equatiord.1 shows how MCNP incorporates this option by utilizing 3
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user specified constants. Ta#l@ shows the resulting FWHM values computed from

the GEB setting employed in the models.

OO00 O © 0 O (4.1)

wherea, b andc are user defined constants, & the energy of the emission in units

of MeV. Formymodel, Iseb Xx& v pTm,0 TBIXOoG@andw TWPOoG Y
Including a GEB option for the MCNP simulations is necessary in order to best represent
a true detector spectrum. Scintillator detectors accumulate counts correlaiegifc
gamma energiedut this does not mean all counts will be the exact gresrgssion.

Counts seen in a detector follow a Gaussian (or Normal) distribf@jorThe counts can

be represented by

T (4.2)

Wherefrom the mathematical definition for a Gaussian distribution relating the FWHM

to, 8

R ——— (4.3)

E is energy, ané&peakis the energy of the peak or emissj8h Figure4.4 shows a

Gaussian distribution and how the FWHM is determined.
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Figure 44. Gaussian distributions for a mean energy of 660 keV.

Table 4.2. FWHM values from Gaussian Energy Broadening setting in MCNP.

Peak Energy (keV) FWHM (keV)

81 13.85
121.8 18.78
356 38.80
661.7 58.19

1173.2 85.49
1274.5 90.52
1332.5 93.37
2614.5 152.42

The319 emissionand 1,022 emissi@models wer@xecutedor 10" particle
histories, and the3D gammaemissionwater case wasxecutedor ¢ p 1T particle
histories in order to minimize errors. All cases wexecutedn parallel on 100

processorsComputational time and demand wate of the greatest challenges for these
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simulations MCNP requiressignificant time for particle transport through large
absorbing and scattering mediums such as water. | employed variance reduction
techniques and reduced the size of my model to dexoeasputation time, but the
models still required approximately 4 to 5 days toaariLl00 processors

Figure4.5shows both the water and air cases for the 15 isotope source. As
expected, the air model shows more defined peaks and valleys whereasctheadel
seems relatively blurred due to tinereased Compton interactionsSigure 46 shows
how much more error is introduced in the water MCNP model in comparison to the air

model.

Counts per second

100 ¢ :

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Energy (MeV)

Figure 4.5: MCNP simulated spectra f819 gammamissions fronspent fuel in both
air and water.The spectrum in air is shown in blue and the spectrum in water is shown in

pink. Emissions are depicted by the vertical lines.

The blurry condition of the water case is not entirely an attribute of gamma
transport thragh water, but a result of increased statistical error from the Monte Carlo

calculations. Figurd.6shows how the 1 sigma errors differ for the air and water cases
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with the same number of particle histories. The signifieamirs due to the water
serving as a shield are observed in the water case, and theausa large errors when
analyzing the spectrum for gamma emissions and the relative contributions of counts to

each emission. This should be taken into consideration when processing the spectrum

with SmartID.
100 : :
« Water Spectrum .
gol * Air Spectrum \{‘
== ° ° o4 ..0. 9
£
2 40;
)
—
20;
0 ‘ ‘ ‘ ‘
0.0 0.5 1.0 15 2.0 25 3.0

Energy | MeV|

Figure 4.6. MCNP 1 sigma errors f@19 gammamissions from spent fuel assembly

gamma spectrum through water and air.

4.3 SmartlD Analysis

The simulated spectraeaunique in the fact thab backgrounds introduced into

each caseSmartlD still requires a background .Spe file, so | created one with zero

counts in every bin. The detector fAchanne
i mpl emented in my f8 MCNP tallies making t
corresponding to thenergy in ke\[2]. The AFWHM. txto file is

calibration spectra, but from the calculated GEB setting used for the f8 tally. Appendix B
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contains the fA.Speo, fAEnergy.txto, and

identification fom each case.

4.3.1. 319 Emissions from 15 Isotopes Case

| continued to examine the 319 gamma emissions from the tgotbpes case
spectra shown by Figure54 Boththe in air and in watespectra were post processed by
the SmartID algorithm textractpeak information and predict the most likely nuclides
present. The results were intriguing. Although only emissions from 15 isotopes were
included in the models, SmartID scored additional fission products higher than many of
the isotopes actuallyresentdue to the number of isotopes with similar energies, aed d
to the highly complex emission profile. Many of the emissions for fission products lie
within tight energy and magnitudanges of other fission product emissions. Therefore,
it is important to incorporatenly the most substantial gamma emittersrderto best
determine which peaks are actually correlated to certain emisdidetermined that for
spent fuel analysis, it would be important to develop a nuclide library spdigitiailored
to short cooled spent fuel measurememsluding too many low yieldnd low gamma
emitting nuclides can result in many peaks being double countgubsgertiallyfalsely
attributed. Considering the greatest emitting nuclides release gamnthg ander of
10, I only included nuclide#n the librarythat had at least one gamma emission greater
than 1 10" gammas per second for the total fuel assemBypendix C shows the new
gamma library.

Processing th819 gamma emissions air case wth SmartID resulted in the

identification of 4 peaks. Figure 4.7shows the air case with identified emissions

92

nFW



1010 L——-ﬁ

108 L

106 L

Counts

104 L

100 ¢

0 500 1000 1500 2000 2500 3000
keV Energy

Figure 4.7: Peaks identified fnm a Nal(TI) spectrum measuring 319 gamenaissions

from a burned PWR fuel assembly in air.

SmartlD does a great job of identifying energy peaks that were included in the
original MCNP models With a narrowenergy window of 0.5%, SmartID identified 10
out of the 15 included nuclides in the simulated spectrum. The top 3 nutiites,

137

mBa,and*®'Cs were the highest scored and can all be attributed to the original MCNP

model. SmartID can score many nuclides not actually present in the spectrum. This is

due to the peak tolerance, 0. The energy
emi ssion lies within UE < peak < (1+UE).
can cause very | arge energy windows. For

1% will match peaks identified at energies between 1554.71 and 1637.71 keV. Since
many of the peaks identified fall in this upper energy range, it is best to tighten the energy
window so that | can best correlate the identified pedlahle 4.3 Bows the identified

energy peakfor the 15nuclidesincluded in the MCNP modéhat were mathed within

an energy window of U = 0.5%
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Table 4.3 Identified Peaks for the 15 nuclides in air included in the MCNP simulation.

Identified Counts  Nuclide Attributed Probability Detectability

Peak Emission of Decay

(keV) (keV)

304 509 106 Ba 304.85 4.29 102 3.65 10°

337 2.39 10°

362 4.14 168 4 363.34 494 10° 2.73 10t

386 1.87 100 **3 387.9 8.88 10° 2.41 10t

408 3.32 1¢°

433 270 100 ¥a  432.49 2.90 10° 1.97 10"
133 431.8 474 10° 1.98 10°

465 1.25 10°

497 8.55 10° ™Ru  497.08 8.89 10  1.49 10t

543 3.29 10°

573 229 100 ¥ 572.5 592 10* 1.14 10!

605 219 100 *zr 602.37 1.38 10° 1.02 10%
1¥cs  604.7 9.76 10 1.02 10t

632 1.23 10¢ 4 630.19 1.33 101 9.47 10?

663 4.86 100 “'™Ba 661.65 9.00 10 8.69 102

712 1.86 10°

758 8.40 100 %zr 756.73 545 10'  6.68 102

808 1.73 100 **4 809.5 2.57 10> 5.81 10?
133 812 553 102 5.81 102

876 584 168 **4 876.6 1.04 10° 5.08 10°

949 9.34 10° *a  950.99 5.19 10°®° 4.37 102
133 947.2 4.44 10* 4.40 102

1029 569 168 “Np 10259 8.21 10>  3.76 102
238Np 1028.5 1.74 10t 3.74 102

g, 1024.3 3.25 10" 377 10°
1073 4.15 10’

1108 358 1¢¢ **4 1112.4 6.51 10* 3.30 10?2
1172 505 168 ¥Cs  1167.9 1.80 10°  3.04 10°

133 1172.9 1.09 10°  3.02 10°
1212 567 10" **4 1212.3 1.18 10 2.84 10?

1282 566 10° %zr 1276.07 9.40 10° 2.60 107
1337 1.21 10°
1387 434 100 ¥4 1390.7 1.48 10 2.27 10?
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Table 4.3 Continued

1471 1.25 168 9 1476.7 1.30 10° 2.05 10°
1512 2.88 10’ close 1519.6 7.90 10*  1.96 102
to 132|
1594 1.36 100 %a 1596.21 9.54 10 1.83 107
133 1592.9 4.74 10*  1.83 10?
1636 1.04 10° **3 1636.5 2.36 10* 1.76 10?
133 1639.1 7.90 10° 1.76 10?
132 1644 1.28 10* 1.75 102
1659 6.84 10° 4 1661.4 1.58 10* 1.72 102
1730 1.73 10" **4 1727.2 6.71 10* 1.62 102
1821 2.09 10" *4 1814 1.58 10* 1.50 102
132 1830.1 2.76 10*  1.48 102
1880 424 100 La 1877.29 4.10 10*  1.42 107
133 1879.2 1.38 10 1.41 10°
1906 8.15 10° 4 1913.7 2.96 10* 1.37 10?

1989 2.93 100 3 1985.64 1.18 10* 1.28 10?
2116 1.40 10’
2187 222 10° 4 2187 6.91 10° 1.13 102
2257 1.64 10" **4 2249.1 3.36 10* 1.09 10°
2324 1.07 10°
2380 1.00 10° **4 2390.48 1.88 10° 1.00 10°
2522 290 10’ “a 25214 3.46 10> 9.26 10°
133 2525.14 3.95 10* 9.24 10°
2642 8.61 100 **4 2653.8 9.87 10° 8.7 10°
2745 221 100 4 2757.8 1.28 10° 8.06 10°
2887 4.85 100 La 2899.61 6.68 10*  7.41 10°
2994 1.04 10°

The water case is more challenging not only due to the increased Compton
scattering interactions, but also the poor statistics as shown in Figure 5.5. However, even
with these challenges, SmartID was successful in identiB@qgeaks and attributing

them to the greatest gamma emitters for spent nuclear Fisgion products often have
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many gamma emissions within the energy window SmartID uses to determine whether or
not a peak is correlated to an emission. This causes catimpiis when a single peak

may be correlated to many different emissions. This can be mitigated by narrowing the
energy window; however, careful attention to the energy and FWHM calibration is
important for proper identification. The energy window wasimized to 0.05% for the
simulation spectra since | know the exact energy calibrattiagure4.8 shows thepeaks
identified, and Table 4.ghowswhich peaks were contributed to the nuclides included in

the MCNP simulation.

Counts

100¢

0 500 1000 1500 200C 250C 300C
keV Energy

Figure 4.8: Peaks identified from a Nal(Tl) spectrum measuBf©ggammaemissions

from 15 nuclides in @burned PWR fuel assembly in water.
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Table 4.4:1dentified Peaks for 15 nuclides in water included in the MCNP simulation.

Identified Counts  Nuclide Attributed Probability Detectability

Peak Emission of Decay

(keV) (keV)

377 1.78 10°

413 8.70 10° **Mo 411.49 1.46 10 2.16 101
538 6.09 10 ** 535.4 5.13 10° 1.30 101

14Ba 53726 244 10  1.29 10%
Mo 537.79  3.28 10° 1.29 10!
623 2.79 100 ™4 620.9 3.95 10°  9.72 10°
“Rh  621.84 9.81 10° 9.69 102
Mo 620.03  2.30 10° 9.74 10°
Mo 621.77 258 10*  9.70 102

769 2.89 100 **4 771.7 1.97 10*  6.41 10°

1145 575 100 **4 1143.3  1.35 10°  3.15 10°
133 1147.8  2.66 10°  3.13 10°
7r 1147.97 2.62 102  3.13 102

1274 5.01 100 **4 1272.8  1.68 10°  2.61 10°

1336 3.71 10

1399 4.99 100 **4 1398.57 7.01 102  2.25 102
140 5 1405.2  5.91 10*  2.23 10?2

1519 5.84 10" **4 1519.6  7.90 10*  1.96 10°

1601 3.08 1¢¢ '*La 1596.21 9.54 10*  1.83 10°
1695 1.56 10
2015 7.15 1¢°
2156 6.96 10°
2354 566 10 Ya 2347.88 8.49 10°  1.03 10°

2420 557 10° 4 2408.6  9.38 10°  9.89 10°

132 24169 138 10° 9.85 10°

2549 1.62 10" **4 25465 158 10° 9.12 10°

149 o 2547.34 1.01 10° 9.12 10°

2691 7.17 160 **4 2690.8 9.87 10° 8.38 10°

2884 4.80 10° ﬂgl_se to 2899.61 6.68 10*  7.41 10°
a

2994 7.08 10"
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4.3.2. 130 Emissions from 10 Isotopes Case

The simulated spectra for th@8Band B0 gamma emissionsases are similar, but
more differentiation is seen between energy peaks foraberhissionsase. Table4.5
lists the nuclides considered in this caBgyure 4.9shows the comparison between the
water and air case spectra for t13 amma emissionsMore differentiation i®bserved
in the higher energy ranges. This should help show that the nuclides matched to the

peaks found in this region are correctly identified.

Table 4.5 10 gamma emitting isotopes from PWR fuel assembly burned to 33,000

MWD 1 day since removal from reactor.

Isotope  Tip Energy (MeV) Emission rate (gamma/s)

“9a 1.6781d 1.5962 6.3082 16°
%Ru  39.26d 0.49709 5.9303 16°
%7r  64.02d 0.75673 3.066510'°
Nb  72.1m 0.65794 2.2804 16°
7r 16.9 h 0.74336 2.1690 16°
“Ba 12.752d  0.53726 1.4779 16°
13Cs 2.0648y  0.60472 5.4602 16°
Rh  298s 0.51186 4.5767 16°
1¥cs 30.07y 0.66166 3.3296 16°
“%Np  2.117d 0.98445 2.6747 1&°

% This emission is actually froi"™Ba, a decay daughter 6t'Cs
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Figure 4.9: MCNP simulated spectra foBQ@ gammaemissions from spent fuel in both
air and water.The spectrum in air is shown in blue and the spectrum in water is shown in

pink. Emissions are depicted by the vertical lines.

The 1 sigma errors in Figeli4.10for the 130 gamma emissions in water spectrum

continue to be much greater thihe errors for the air case.
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Figure 4.10 MCNP 1 sigma errors for3D gammaemissions from spent fuel assembly

gamma spectrum through water and air.

Figure4.11shows the aicase with 3fpeaks identified after procesg the
spectrum with SmartIDTable 4.4dists the identified energy peaks and the attributed
nuclides that were included in the MCNP models. Many peaks appear listed without
nuclide attribution.This is due to the small energy window applied in order to determine
that these peaks could be identified clearlpotedthat the peaks attributed also tend to
have the largest counts associated with them. These are the most prominent peaks, and
therdore are correctly attributed to the greatest emittirgdis products asotedin

Table 46.
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Figure 4.11 Peaks identified from a Nal(Tl) spectrum measuri8g gammaemissions

in air from a burned PWR fuel assembly in air.
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Table 4.6: Identified Peaks for the 10 nuclides in air included in the MCNP simulation.

Identified Counts Nuclide Attributed Probability Detectability
Peak (keV) Emission (keV) of Decay
333 1.71E+09
422 1.71E+09 '*Ba 423.72 3.1502 2.05E01
459 4.02E+09
476 9.15E+08 '*“Cs 475.35 1.46E02  1.64E01
499 2.85E+10 '®Ru 497.08 8.89E01  1.49E01
543 5.38E+09
596 3.27E+09
644 7.96E+09
686 3.73E+09
742 1.59E+10 °zr 743.36 9.31E01  6.94E02
796 5.30E+09 *Cs 795.84 8.54E01  5.99E02
839 1.91E+09
874 1.22E+08
917 1.99E+09 % a 919.55 2.66E02  4.66E02
959 3.83E+08
1014 1.25E+09
1075 2.09E+08
1131 3.29E+08
1185 3.69E+08
1248 1.69E+08
1329 3.18E+08
1391 5.90E+08
1490 1.89E+08
1592 6.08E+09 '*La 1596.21 9.54E01  1.83E02
1671 5.43E+08
1845 1.61E+07
2019 5.69E+06
2163 6.21E+06
2328 3.78E+07
2403 6.77E+06
2518 1.21E+08 '*a 2521.4 3.46E02  9.26E03
2602 6.80E+06
2778 3.17E+05
2898 1.83E+06 '*%La 2899.61 6.68£04  7.41E03
2977 4.76E+04
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Figure4.12shows the details of the $@aks identified from the SmartID output
file. | know from Table 4.8hat**®a should be one of tHeghest scoreisotopes,
especially with its strong high energy gamma emissidiss is validated by the peaks
identified by SmartID.l see many of the most prominent peaks m#iehemissions of
this isotopeandthe score summary figure 4.12 show¥°La as mostikely. Many
isotopes other than those included are listed as highly correlated with this spectrum, but
examining the Smartlperformancdurther, | notice that much of the scoring can be due
to a few of the peaks matching many different emissidssTable 4.6highlighted, t is
important to understand the emissions that are correlated to the most important isotopes

and determine how close the peaks found are to these.
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Score Summary:

Huclide Total (baze + bonu=s I, II. III} Comment Correlation
140La 161.03 ( 90.6 GS0.0 18.4 2.0 ) Fi==s Prod High
1351 159.05 ( 89.0 S0.0 20.0 0.0 ) Fi== Prod High
133mTe 149.30 ( 81.9 49.9 17.5 0.0 ) Fi== Prod High
99Ho 144 .31 ( 84.5 36.9 22.9 0.0 ) nedical FP High
1341 141.76 ( 78.7 41.6 21.5 0.0 ) Fi== Prod High
234Fa 135.49 ( 73.9 GS0.0 11.6 0.0 ) T-238_Daughter High
227Th 134.85 ( 97.9 2.5 4.4 30.0 T-235_Daughter High
142La 128.65 ( 88.3 31.9 3.4 5.0 Fi== Prod High
103Eu 127.07 ( 98.0 1.0 8.1 20.0 Fi== Prod High
93¥ 121.59 ( 87.9 31.4 2.3 0.0 Fi== Prod High
E0Co 120.21 ( 98.2 1.0 1.0 20.0 ) c High
21481 115.12 {( 89.6 23.3 2.2 0.0 T-238_Daughter High
160Th 113.76 ( 95.0 15.6 2.2 0.0 ) Fi== Prod High
140Ba 111.50  94.0 5.6 6.9 5.0 Fi== Prod High
156Eu 111.47 ( 64.2 43.7 3.6 0.0 ) Fi== Prod High
131Te 110.78 ( 94 .2 8.1 8.6 0.0 Fi== Prod High
84Br 110.38 (¢ 91.1 13.0 6.3 0.0} Fi== Prod High
2370 109.82 ( 98.7 0.7 5.4 5.0 237Hp_Parent High
915r 109.50  93.3 3.7 7.5 5.0 Fi== Prod High
129Te 109.11 { 98.6 1.0 9.5 0.0 Fi== Prod High
65H1 107 .40 ( 97.3 2.5 2.6 5.0 c High
67Ga 106.79 ( 98.8 1.0 2.0 5.0 Fi== Prod High
1245hb 106.30 ¢ 92.7 10.2 3.4 0.0 Fi== Prod High
239Fu 106.03 ( A1.7 30.1 14.2 0.0 ) SHH High
231Fa 104 .55 ( 99.1 1.0 4.5 0.0 U-235_ Dau+lzrr T High
97mHb 102.88 ( 98.9 0.0 4.0 0.0 Fi== Prod High
141Ea 101.84 ( 73.6 17.3 10.9 0.0 ) Fi== Prod High
240Fu 101.77 ( 99.3 oo 2.5 0.0 SHH High
131nTe 101.64 ( 57.0 31.9 12.7 0.0 ) Fi== Prod High
1321 101.51 ¢ 24.1 GS0.0 27.4 0.0 Fi== Prod High
241 A4m 101.11 { 86.5 3.2 6.4 5.0 SHH High
97Zr 1o00.98 ( 86.1 5.1 4.7 5.0 Fi== Prod High
1301 100.84 | 8B0O.8 5.9 12.2 2.0 Fi== Prod High
705e 100.64  97.7 1.0 1.9 0.0 Fi== Prod High
151Fm 1o00.44 ( 14.8 50.0 35.6 0.0 ) Fi== Prod High
138C= 100.33 ¢ 79.3 14.2 6.8 0.0 ) Fi== Prod High
87Kr 100,32 952 3.5 1.7 0.0 Fi== Prod High
212Fb 100.27 ( 98.9 no.o0 1.4 0.0 Th-232_Daughter High
2320 00,01 ( 97.0 0.0 3.0 0.0 Irrad_Th-230_23 High

Figure 4.12: Top scored nelides identified for the 30 gammaemissions sourca air

from a PWR spent fuel assembly after 1 day from removal from the reactor core.

Figure 413 shows the water case with 16 peaks identified. As was the instance
with 319gamma emissia@athrough water case, this case also suffered from significant
MCNP errors. However, even with these errors, SmartlID is able to disnemleerof
emissions even when significantly fewer emissions are included in the 10 isotope case
from the 15 isotope case. Figuté4 lists the 16 peaks identified and their relativ

contributions to the counts seen in the detector.
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Figure 4.13 Peaks identified from a Nal(Tl) spectrum measuring 10 isotope emissions

from a burned PWR fuel assembly in water.

16 Peaki=z) Identified — Sort by Energy
eV Counts Horms Ct= Pzal: Id

409 .00 3.9353E+05 14 49937 16
gle .00 1. 8517E+05 B.82161 15
1103 .00 2.1270E+05 7.83581 14
1151 .00 6. 7737E+04 2.49541 13
1370.00 2. 2829E+04 0.&84101 12
1545 .00 9 6554E+04 3.55702 11
1594 00 1. 3545E+06 49 89939 9
1635.00 2.6843E+05 9.890713 10
2018 .00 1. 3879E+03 0.05113 8
2170.00 1. 0505E+04 0.38700 7
2248 .00 2. 0817E+03 0.07669 B
2380.00 2. 6260E+04 0.96741 g
2531 .00 6.9403E+04 2.55697 3
2736 .00 1. 8337E+03 0.06755 4
2894 .00 1. 3253E+03 0.04834 1
2984 .00 1.1013E+02 0.004086 2

Figure 4.14: Peaks identified for the3D gammaemissions source in water from a PWR

spent fuel assembly after 1 day from removal from the reactor core.
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Table 4.7:1dentified Peaks for the 10 nuclides in water included in the MCNP

simulation.
Identified Counts Nuclide Attributed Probability Detectability
Peak Emission of Decay
(keV) (keV)
410  4.03E+05
817  1.88E+05 'a 815.77 2.33E01  5.74E02
1104 2.12E+05 ' a 1097.2 2.29E04  3.38E02
1152 6.85E+04 “"zr 1147.97 2.62E02  3.13E02
1371 2.35E+04 'zr 1362.68 1.02E02  2.35E02
7r 1361 6.51E03  2.35E02
1546  9.66E+04
1595 1.35E+06 '*%a  1596.21 9.54E01  1.83E02
1636  2.68E+05
2019 1.07E+03
2171 1.05E+04
2249  2.08E+03
2381 2.63E+04
2532  6.94E+04 '*ULa 2521.4 3.46E02  9.26E03
1495 254734 1.01E03 9.12E03
2737  1.83E+03
2895 1.33E+03 '*%a  2899.61 6.68E04  7.41E03
2985 1.10E+02

It is misleading to look at the nuclides scored by SmartID in Figuredue to
the low number of emissions identified; however, it is important to note that high emitters
149 a, along with®’Zr arecorrectlyidentified. When Idecreasethe number of emissions
from 329 to 130, | removed some of the most active emissiohg inpper energy
ranges.'*®La and®"Zr are significant gamma emitters in the MeV raragej combining
this along with poor MCNP errors, many of the lower energy gamma emissions are

difficult to identify.
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Score Summary:

Huclide Total (basze + bonus I. II. III) Comment Correlation
1321 87 .05 ( 3.3 50.0 33.7 0.0 % Fi=s Prod Hoderate
156Eu 62.27 (38,8 14.1 7.3 2.0 Fi=s Frod Hoderate
140La EE.68 ( 21.1 5.9 2606 2.0 73 Fi=s Frod Hoderate
151Fm 42.97 ( 0.8 3.5 8.6 30.0 3 Fi=s Frod Low
13nC= 32 .07 { 29.3 o.o0 2.7 0.0 % Fi=s Prod Lo
97%Zr 24 .75 ( 1.8 1.6 1.3 20.0 % Fi=s Frod Low
1351 2191 (¢ 1.9 14.0 &.0 0.0 3 Fi=s Frod Low
154Eu 21.67 ( 1.3 0.6 15.8 0.0 3 Fi=s Frod Low
148nPn 20.37 { 14.4 o.0 5.7 0.0 % Fi=s Prod Lo
99Ho 15.87 ( 0.9 1.4 8.5 5.0 mnedical_ FP Low
131inTe 15.03 ( 4.8 2.6 7.6 0.0 Fi=s Frod Low
937 12 .49 ( 3.5 4.1 5.0 0.0 % Fi=s Prod Lo
143Ce 12.38 ( 0.8 2.4 7.1 2.0 Fi=s Frod Low

Figure 4.15 Top scored nuclides identified for the 130 gamma emissions source in water

from a PWR spent fuel assembly after 1 day from removal from the reactor core.

It may seem that SmartID is not performing well, but the algorithpenrming
on a low resolution detector processingpaplicated and spectvath statistical errors
that are large This is important to know for real detection scenarios. If a spectrum is
collected with poor counting statistics, the user needs to staderhow the algorithm
performs and what information can still gainedfor burnup analysis and calculatgn
The fact that SmartID can correctly attribute key spectral data in less than ideal situations

is promising for real measurement applications.

4.3.3. 1024 Emissions from Major Contributing Nuclides Case

Thefinal case | modeled in MCNP was a much more complex source in air.
Since a true PWR fuel assembly burned at 33,000 MWD has over 3,000 emissions, |
reduced my large model to include thp @6 emitting isotopes accoumg for the top
1,024 emissions. Figurel shows the simulategpectrum from MCNP, and Figure
4.17 shows the corresponding 1 sigma errors. This spectrum was run for a total of

2 10" particle histories.
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Figure 4.16 MCNP simulated spectrum of 1,024 gamma emissions for spent PWR fuel

assembly in air
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Figure 4.17: MCNP 1 sigma errors for 1,024 gamma emissions from a spent PWR fuel

assembly gamma spectrum through water and air
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Peaks were identified by SmartID fdiig case, and are shown by Figdr&8
SmartID identified a total d39 peakswhich is significantly less than the number of
emissions included in the MCNP model. However, even though SmartID subtracts out
peak by peak to unveil hidden peaks, it idiclilt to reveal every weak emission.
Referringback to Figured.1,4.2 and4.3, | see that many of the weaker emissions are up
to 4 orders of magnitude weaker than the strongest emissions. When these weak
emissions lie within a few keV or less to theagest emissions, they are easily lost
within the FWHM of surrounding peaks. This should not be major issue, as long as |
keep in mind what nuclides are responsible for the strongest emissions and where in the
spectrum they occur in relation to otheosg gamma emitting nuclide§.he most
important understanding is that the major emissions are identfiedthe attributed

nuclides identified match the key nuclides included in the MCNP model.

Counts

0 500 100C 1500 200C 250C 300(
keV Energy

Figure 4.18: Peaks identified from a Nal(TI) spectrum measuring 1,024 emissions from a

burned PWR fuel assembly in air.

10¢



The resulting nuclides idéfied are shownn Figure 4.19 Asevidentpreviously,
SmartlD identifies other nuclides that are not predestto ibrary aliasing but it does
identify the nuclides | expect to be characterizegheiforms wellscoring thegreatest
gamma emittinguuclides present in the MCNP modelative tothe weakeemission
nuclides. |included the shielding search optionastprocessing this model, since the
spent fuel assembly does not exactly match the air DRFs utilized in SmartlD. There will
be alarge contribution to how the spectrum is represedtedtoself-shielding from the
rows of fuel pins in the fuel assemblincluding this shielding search will help better
account for these shielding effects. The higeestedshielding scenario is 3 cm of lead
shielding. This ixlosdy followed by 2 cm, 4 cm, and&n thick lead shielding. The
score drops off after thigoint at 1 cm thick lead, and decreases as the shielding case
decreases in thickness or is represented by iréind this to be a good representation of
the fuel assembly modsince the shielding accounts for much of the source emitting in
rows furthest from the detector being shielded by fuel pins in rows closest to the detector
The energy window considered for this first case was 2%. Figure 4.19 shows a large list
of potential nuclides present in the fuel assembly. However, due to the limitédnam
peaks identified, | cannot have confidence that all are actually represented. Since many
of these nuclides have emissions falling within very close intervataatierenergy
window is ideal. | reprocessed the spectrum with an energy winda%.ofigure 4.20

shows the resulting scored nuclides from this new scoring condition.
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Score Detail=s for Shielding Options:

Po==ible Shielding Setting: 1 Total Score: 10994 20

Shielding Haterial: Fb Thickness {(cm): 3.00

Hote:

baze =core fuction of (#matched-#emisz=sion=). weighted by vield.detectability and matching facto

bonus I bonus from number of matched pesks

bonus II bonus from relative peak height

bonus IIT bonus from alignment between peakheight= and emi=sion vields

Score Sumnary:

Huclide Total (ba=e + bonus I. II, III} Comment Correlation
143Ce 181.82 { 96.6 50.0 35.3 0.0 ) Fiz= Prod High
1321 172.74 ( 85.1 G50O.0 37.6 0.0 Fizs Prod High
151FPm 1s4.28 { 79.2 50.0 35.1 0.0 ) Fiss Prod High
140La 1g0.31  94.0 50.0 16.3 0.0 ) Fizs Prod High
214Bi 158.51 ( 8%.9 50.0 18.6 0.0 ) T-238_Daughter High
1351 152.34 { 82.2 50.0 20.2 0.0 Fiz= Prod High
234Pa 148.73 ( 71.1 50.0 27.6 0.0 ) T-238_Daughter High
133nTe 145.33 { 82.5 50.0 12.8 0.0 ) Fiss Prod High
110mhg 140.32  93.7 25.6 21.0 0.0 ) Fizs Prod High
103Ru 138.60  98.4 1.0 9.2 30.0 ) Fiss Prod High
97Hb 135.03 ( 98.8 1.0 5.2 30.0 ) Fiss Prod High
156Eu 132.67 ( 77.4 50.0 5.2 0.0 Fiss Prod High
105Ru 131.13 { 83.2 29.518.4 0.0 ) Fiz= Prod High
211FPb 127.33 ( 94.8 o8 1.7 30,0 ) T-235_Daughter High
154Eu 125.54 { 95.4 17.3 12.9 0.0 ) Fiss Prod High
leenHo 122.34 ( 91.3 11.5 19.5 0.0 ) Fizs Prod High
915r 118.04 ( 96.1 5.9 16.0 0.0 )} Fizs Prod High
131nTe 117.98 { 68.6 29.7 19.7 0.0 ) Fiz= Prod High
241hm 116.92 ( 94 .6 g.4 9.0 5.0 SHH High
152Eu 114,40 { 73.2 37.2 4.0 0.0 Fiz= Prod High
9EZr 114.30  97.7 1.0 10.8 5.0 ) Fizs Prod High
239Pu 114.12 { 40.8 50.0 23.3 0.0 ) SHH High
240Np 113,67 ( 77.3 25.6 10.7 0.0 ) SHH High
1255n 109.85 ( 97.7 9.0 3.2 0.0} Fiss Prod High
1341 109.58 { 57.5 34.8 17.3 0.0 ) Fiz= Prod High
927 109.25 ( 87.5 0.7 1.1 2000 ) Fiss Prod High
22B8Ac 106.86 { 81.8 11.9 13.2 0.0 ) Th—23Z_Daughter Hoderate
9EHD 10e.82  98.0 o0 8.8 0.0 Fizs Prod Hoderate
238Pu 106.65 { 97.8 oo 8.8 0.0 ) SHH Hoderate
138ie 10e.15 { 92.1 13.0 1.1 0.0 Fiss Prod Hoderate
140Ba 105.59 ( 94.7 4.6 6.2 0.0 ) Fiss Prod Hoderate
165c 104.69 { 98.6 1.0 0.1 5.0} c Hoderate
138Cs 104.64 ( 81.9%9 17.3 5.4 0.0 Fiss Prod Hoderate
137Cs i04.20  99.0 oo 5.2 0.0 ) Fiss Prod Hoderate
137mBa 104.18 f 99.0 o0 5.2 0.0% Fizs Prod Hoderate
23BNp 104.16 ( 98.3 45 1.5 0.0} SHH Hoderate
110A4g 103.99 { 98.8 oo 5.2 0.0} Fiz= Prod Hoderate
84Br 103.67 ( 85.0 16.8 1.8 0.0 ) Fiss Prod Hoderate
142Ba 103.14 { 85.0 11.9 1.2 5.0 Fiz= Prod Hoderate
B8Kr 101.49  74.1 24.9 2.5 0.0 Fizs Prod Hoderate
2380 101.46 { 91.4 0.7 9.3 0.0 ) SHH Hoderate
106Ru 100.80  96.4 1.0 1.4 2.0 Fizs Prod Hoderate
GEHL 100.62 ( 97.3 2.5 0.8 0.0 ) c Hoderate
134Te 100.59 { 68.4 9.4 17.8 5.0 ) Fiz= Prod Hoderate
131Te 100.33 ( 77.9 7.7 147 0.0 ) Fiss Prod Hoderate
LlCr 100.28 f 99.4 o0 0.9 0.0 nedical Hoderate
209T1 10o0.12  98.9 0.8 0.4 0.0 Hp—237_Daughter Hoderate
213Bi 99.81 ( 98.8 oo 1.0 0.0} T-233_Daughter Hoderate
2331 99.¥5  { 98.3 0.6 0.9 0.0 Hp-237_Daughter Hoderate
135%e 99 .66 [ 98.3 o0 1.4 0.0 Fi=z= Prod Hoderate
24 7Cm 99.53 ( 96.8 0.7 2.1 0.0 ) SHH Hoderate
211Bi 99.13 ( 97.2 oo 1.% 0.0 ) T-235_Daughter Hoderate
115mCd 98.96 ( 98.1 oo 0.9 0.0} Fiss Prod Low
43K 98.91 ( 90.9 3.7 2.3 2.0 =] Low
1411a 98.84 ( 98.8 o0 0.0 0.0 ) Fizs Prod Low
47 Ca 98.70 ( 95.9 o8 1.9 0.0} c Low
58Co 98.66 ( 97.0 oo 1.6 0.0 ) c Low
9251 98.63 ( 95.5 2.0 1.1 0.0} Fiz= Prod Low
111kg 98.589 ( 96.7 oo 1.% 0.0 ) Fizs Prod Low
65Zn 98.36 ( 98.3 o0 0.0 0.0 ) Fiss Prod Low
142La 98.25 ( 54.0 43.7 0.5 0.0 ) Fizs Prod Low
59Fe 98.06 ( 97.0 0.7 0.3 0.0 ) c Low
41k 97 .89 { 97.6 o0 0.3 0.0 n_activ_prod Low
E4Mn 97.85 ( 96.2 oo 1.6 0.0 ) c Low
755e 97.74 ( 97.6 oo 0.1 0.0 ) Fiss Prod Low
97Rn 97 A0 [ 9p 8 00 08 7Y Fi Frod T

Figure 4.19:Nuclides identified for a PWR spent fuel assembly after 1 day from removal

from the reactor core with a 2% energy window for peak attribution.
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Fos=ible Shielding Setting: 1 Total Score: 5408 62

Fhielding Haterial: Pb Thickness {(cm): 3.00

Hote:

base score : fuction of (#matched-#emissions), weighted by vield.detectability and matching facto
bonus I : bonus from number of matched peaks

bonus I1 : bonus from relatiwve peal height

ponus III  : bonus from alignment between peakheights and emission vields
Focore Summary:

Huclide Taotal (base + bonu= I, II, III) Comment Correlation
151Fm 138.62 ( 52.8 G50.0 35.8 0.0 ) Fis=s Prod High
103Fu 138.60  98.4 1.0 9.2 30.09 Fis=z Prod High
140La 124.39 (¢ 8%.5 27.9 7.0 0.0 Fi=s=z Prod High
234Fa 116.37 ¢ 5%.0 37.7 19.6 0.0 )} U-238_Daughter High
110mbg 114 .14 ¢ 83.7 12.6 17.8 0.0 )} Fis=s Prod High
1351 109.04 ¢ 445 E50.0 14.5 0.0 ) Fiss Prod High
95HL 106.82 ( 98.0 o0 8.8 0.0 Fiss Frod Hoderate
238Fu 106.65 ( 97.8 o0 8.8 0.0 SHM Hoderate
214E1 104.74 ¢ 78.4 18.3 8.0 0.0 ) U-238_Daughter Hoderate
465c 104.69 ( 98.6 1.0 0.1 5.0 c Hoderate
137Cs 104.20 ¢ 99.0 o.0 5.2 0.0 Fiss Prod Hoderate
137mBa 104,18 ¢ 99.0 o.0 5.2 0.0 Fizs Prod Hoderate
110Ag 103.99 ( 98.8 og.0 5.2 0.0 Fiss Prod Hoderate
97HLb 102.89  97.7 o0 5.2 0.0 Fiss Prod Hoderate
SlCr 100028 ¢ 99.4 o.0 0.9 0.0 medical Hoderate
209T1 100.12 ¢ 98.9 0.8 0.4 0.0 Hp-237_Daughter Hoderate
213EBi 99.81 { 98.8 o0 1.0 0.0 U-233_Daughter Hoderate
2330 99 75 { 98.3 0.6 0.9 0.0} Hp—237_Daughter Hoderate
135¥e 99 66 98.3 o0 1.4 0.0 % Fis= Prod Hoderate
115mCd 98 .96 [ 98.1 o.0 0.9 0.0 Fis=z Prod Low
141Ta 98.84 ( 98.8 o0 0.0 0.0 Fi=s=s Prod Low

65Zn 98.36 [ 98.3 o0 0.0 0.0 Fis=s Prod Low

41Ar 97.89 ( 97.6 o.0 0.3 0.0 n_activ_prod Lo

755e 97.74 [ 97 .6 o0 0.1 0.0 Fiss Prod Low
138Cs 97.71 (790 13.3 5.4 0.0 Fiss Frod Low

925 96.25 [ 95.3 0.7 0.2 0.0 Fiss Frod Low

675Ga 95 .69 [ 956 g0 0.1 0.0 Fiss Prod Low
134Te 95 .62 [ B6.1 6.8 17.8 5.0 Fiss Prod Low

43K 94 .46 [ B8.4 1.9 2.2 2.0 = Low
143Ce 93.73 [ 54.3 21.4 18.0 0.0 ) Fiss Prod Low

57H1 93.09 ( 86.0 2.0 0.1 5.0 = Low
105Eh 92.28 [ 91.4 g.0 0.8 0.0 Fiss Prod Low
238Hp 91.12  87.% 2.2 1.5 0.0 SHM Low
138¥e 85.48 { BO.6 4.6 0.2 0.0 Fi==s Prod Low

84Br 83.18 ( 78.2 4.6 0.4 0.0 Fi==s Prod Low
154Eu 80.68 { 60.8 7.112.9 0.0 Fis=s Prod Low

E2Mn 79.09 ( 72.4 0.6 1.1 5.0 = Low
485c 7714 ([ 744 2.0 0.8 0.0 c Low
89Rb 76.32 ( B6.1 E0 5.2 0.0 Fi=s=s Prod Low
1265b 76.18 [ 37.6 2.7 5.8 30,0 Fis=s Prod Low

22Ha 75.30 o 75.0 o.0 0.3 0.0 Cosmic_spall_pr Lo
101Te 7529 ([ 71.9 o0 3.4 0.0 Fiss Prod Low

95Zr 73.87 [ B5.D o0 8.% 0.0 Fiss Frod Low

24Ha 73.65 [ 73.6 o.0 0.1 0.0 n_activ_prod Low

1341 72.66 [ EO.5 8.1 14.0 0.0 Fiss Prod Low
EZmMn 7246 [ F2.3 o0 0.2 0.0 c Low

927 71.48 ( 70.6 g.0 0.% 0.0 Fiss FProd Low
241Am 70,79 [ 58.% 1.4 5.9 5.0 SHM Low

1321 70.66 ( 7.9 &O.0 12.7 0.0 ) Fiss Prod Low
192Ir 68.66 [ 6B6.4 0.6 1.7 0.0 medical_ RDD Low
1255n 68.63 [ B4.6 1.8 2.3 0.0 Fiss Prod Low
142Ea 68.45 { 58.4 4.4 0.7 5.0 Fi==s Prod Low
239Fu 66.95 { Z9.1 17.1 20.8 0.0 ) SHM Low
160Th 65.73 { G51.4 4.9 9.5 0.0 Fis=s Prod Low
131Te 65.26 [ 57.9 1.6 5.7 0.0 Fis=z Prod Low
136C= 56.75 [ E5.1 o0 1.7 0.0 Fis=z Prod Low
131nTe 56.35 ( 35.5 10.7 10.1 0.0 ) Fi=s=s Prod Low

937 E3.26 ([ 42.5 a.0 2.7 0.0 Fis=s Prod Low

48V E1.71 ¢ EB1.2 o0 0.5 0.0 nedical _from_ Ti Low
141Ea E0.95 ([ 45.7 2.8 2.5 0.0 Fiss Prod Low

87Kr E0.77 [ 49.0 1.7 0.0 0.0 Fiss Frod Low

E9Fe B0 22 (499 o0 0.2 0049 c Loy

Figure 4.20: Nuclides identified for a PWR spent fuel assembly after 1 day from removal

from the reactor coreith a % energy window for peak attribution.
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The number of nuclides scored drops dramatidedi;n 209 to 61and the order
in which nuclides are sced changewhen the energy window is decreased ta 1%
Figure 4.19 showedraumber ofnuclides scored high which were not actually included
in the MCNP modetiue to library aliasing Figure 4.20 shows a better representation of
the original source defindn. The top three scored nuclides are actually present in the
source definition, and have a relatively high contribution to the overall gamma emission
profile. ?**Pa, although highly scored, is falsely attributed due to double counting of
many of the iéntified peaks.*°"Ag and**? are also high gamma emitters included in
the model, and properly identified®Nb is accurately identified for its 765.81 keV
emissionhowever, the double counting of this same peak c&i%asto be inaccurately
identified. In a similar mannef**Bi and**Sc arefalsely identified.

137Cs is the scored nuclide along witi™Ba, which is the daughter product of
137Cs. Therefore, it is not actually a mistaken double counted emission since the 662 keV
emission from>'Cs really refers to the 662 keV emission frbiffBaThe following
scoredhuclide,*%Ag (ground statejs often mistakenly scored whéiCs is shown to be
present. This is due t°Ag also only having one gamma emission at 657.76 keV, which
is very clee to the 661.6 ke¥missionfrom *'Cs. Figure 4.21 shows the details from
this scoring. bbservehe same gamma emission attributed to Btbs and'*°Ag. At
this point, theuniquely attributablecoring begins tdiminish, andemaining attributed
emissions are double countede to library aliasing Many of these lower scored
nuclides were included in the original sou
with enough certainty these nuclides are present due to the limited numbessibami
identified.

To gain a better understandinghafw someof the key identifying nuclides are
attributed to the peaks identified, | examined the emissiwibutionsfor **%La and**"Cs.
Figures 4.2-and 4.22 shows the emissions identifiédr thesenuclides | see that

SmartID is accuratelgttributing the key gamma emissions-th.a with respect to the
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number of counts in the spectrum to the probability of decay and detectability of each

emission.
Huclide Score T1-2 TlsZ2_unit #Emi=sionInFange #Hatched Correlation Comment
140La 124.39 4 .0300E+01 h 33 13 High Fiss Prod
Emnisszion(KeV) Prob-DK Detectability 1.00% Energy Window Peal (KeV) Horm¥_cts
109.42 2.1900E-03 g.5100E-01 { 108.33 to 110.51 )
131.12 4. 6700E-03 7.9615E-01 { 129.81 to 132.43 )
173.54 1.2700E-03 £.8339E-01 { 171.80 to 175.28 )
241.93 4.1400E-03 5.0326E-01 { 239.51 to 244 .35 )
266.54 4. 6600E-03 4 4546E-01 { 263.87 to 269.21 )
306.90 2.4800E-04 3.6098E-01 { 303.83 to 309.97 )
328.76 2.0300E-01 3.2465E-01 { 325.47 to 332.05 )
+ 397.52 7.3500E-04 2.2929E-01 { 393.54 to 401.50 ) 397.00 0.2713
432 .49 2.9000E-02 1.9717E-01 { 428.17 to 436.81 )
+ 438.50 3.9100E-04 1.9216E-01 { 434 .12 to 442.89 ) 439.00 2.4206
445 .50 2.8600E-05 1.8648E-01 { 441.05 to 449 .96 )
487 .02 4 E500E-01 1 5575E-01 { 432 .15 to 491.89 )
+ £18.12 3.7200E-04 9.7921E-02 { 611.94 to 624.30 ) 612.00 3.5649
751.64 4.3300E-02 6.7795E-02 { 744 .12 to 759.16 )
+ 815.77 2.3300E-01 5 .7399E-02 { 807 .61 to 823.93 ) 8z21.00 4.2716
867.85 5.5000E-02 5.1687E-02 { 859.17 to 876.53 )
+ 919.55 2.6600E-02 4 B557E-02 { 910.35 to 928.75 ) 927.00 2.3077
+ 925.19 £.9000E-02 4 6027E-02 { 915.94 to 934 .44 ) 927.00 2.3077
950.99 5.1900E-03 4. 3679E-02 { 941 .48 to 960.50 )
+ 992.90 1.3400E-04 4.0107E-02 { 982.97 to 1002.83 ) 988.00 1.2809
+ 1045.05 2.4800E-04 3.6570E-02 { 1034 60 to 1055.50 ) 1037.00 0.0831
1097.20 2.2900E-04 3.3807E-02 { 1086.23 to 1108.17 )
1303.50 4.2000E-04 2.5172E-02 { 1290.47 to 1316.54 )
1405 .20 E.9100E-04 2.2308E-02 { 1391.15 to 1419.25 )
+ 1596.21 9.5400E-01 1.8269E-02 { 1580.25 to 1612.17 ) 1601.00 3.4706
1877.29 4.1000E-04 1.4166E-02 { 1858.52 to 1896.06 )
+ 1924 82 1.3400E-04 1.3570E-02 { 1905.37 to 1943.87 ) 1941 .00 0.o0021
2083.20 1.1500E-04 1.1978E-02 { 2062.37 to 2104.03 )
+ 2347 .88 8.4900E-03 1.0254E-02 { 232440 to 2371.36 ) 2342.00 0.0276
2484 .10 1.1400E-04 9.5771E-03 {2439 .46 to  2488.74 )
+ 2521.40 3.4600E-02 9.2597E-03 { 2496.19 to 2546.61 ) 2509.00 0.0885
2547 .34 1.0100E-03 9.1195E-03 { 2521.87 to 2572.81 )
+ 2899 .61 6.6800E-04 7.4109E-03 { 2870.61 to 2928.61 ) 2895.00 0.o0012

Figure 4.21: SmartID emission attribution for scored nuclitfé_ a.

The emission attributed t3'Cs is very well matched to the peak identified, and
the significant number of counts attributed to this peak matches what would be expected
from a high activity nuclidevith only a single emission. As | previously stated, the
additional nuclides attributed to this peak are most likely not pre$€Ag happens to
also have a single gamma emission within the energy window of the identified peak, but
this is a commonlynisidentified nuclide.”’Nb has 2 emissions, but the only one that

shows a match is the 660 keV peak, which has already been attribtit&sto
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Comment
Fi=z=s Prod

Comment
Fi=zs Prod

Comment
Fiss_FProd

Huclide Score Ti-2 Ti 2_unit #Emis=s=ionInRange #Hatched Correlation
137C= 104.20 3.0200E+01 4 Hoderate
Emigz=zion(KeV) FrobsDE Detectability 1.00% Energy Window Peal(KeV) Horm®_cts
+ EE61.E0 8.5100E-01 8.6937E-02 { E54 .98 to BEE .22 ) 660.00 13.0811
Huclide Score T1-2 Tls2_unit #EmissionInRange #Matched Correlation
137mBa 104.18 2.5E00E+00 T 1 Hoderate
Emiz=ion(KeV) Prob-DE Detectability 1.00% Energy Window Peal(KeV) Horm*_ct=
+ E61.65 9. 0000E-01 8.6925E-02 { 655 .03 to 668 .27 ) 660.00 13.0811
Huclide Score T1-2 Tl 2_unit #EnisszionInRange #Hatched Correlation
1104g 103.99 2. 4600E+01 = Hoderate
Enission(KeV) Prob-DE Detectability 1.00% Energy Window Peak(KeV) Horm*_cts
+ KE7.75 4. 4900E-02 8.7860E-02 { £51.17 to 664.33 ) G60.00 13.0811
Huclide Score T1-2 Tls2_unit #EnisszionInRange #Hatched Correlation
97Hb 102.89 7.2100E+01 m Hoderate
Emission(KeV) Prob-DE Detectability 1.00% Energy Window Pealk(KeV) Hormn®_cts
+ £E57.90 9.8100E-01 8.7824E-02 { 651.32 to 664 .48 ) G60.00 13.0811
1024 .50 1.0200E-02 3.7718E-02 { 1014.26 to 1034.75 )

Comment
Fiss_FProd

Figure 4.22: SmartID emission attribution for scored nuclif&Cs.

4.3.4. 12 Emissionsh Water

In order tofurtherprove that SmartlD can correctly identify key identifying

emissions for spent nuclear fuel, | developed a simplified, 12 ensssase to show

have many, if all, could be identified and correlated to the correct nuclides. Table 4.

shows the gamma emissions | chasenclude in the modeblong witheach

corresponding nuclide.
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Table 48: 12 gammasourceemissions chosen for MCNP simulation.

. Emission rate for
Emission Energy

Nuclide entire assembly
(keV) (gamma/s)
511.86 108Rh 4.58 10%
604.72 134cs 2.18 10'°
621.93 1082h 2.23 10%
652.9 gy 5.18 10"
661.66 Bics 3.33 10®
723.3 ey 4.75 108
749.8 gy 1.52 10®
795.86 Bics 4.78 10%
1004.8 ey 4.27 10"
1024.3 gy 2.16 10'°
1050.4 1082h 3.50 10"
1274.4 ey 8.25 10"

| incorporated these emissions in the MCNP model which produced the spectrum
shown by Figure 4.23l executedhe MCNP models for enough particle histories
(5 10™ histories) to reduce my average 1 sigma errors to less than|1b@h created a
A. Speo file from t h eprocessedmiitht Smarthp. The eedlinasu m an
in Figure 4.23 show the identified peak®ather than all 12 emissioniatified,

SmartID onlyextracted? peaks.
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Figure 4.23:Simulated spectrum from 12 gamma emissions along with SmartID

identified peaks.

| matched the identified peaks to the emissions included in the modetedthat
each of the 7 peaks identifiashtched one of the 12 energy peaks modeledhle 4.9

shows each individual identified photopeak along with the matched emission.



Table 4.9:SmartID peaks identified and corresponding gamma emissions.

Er(rlllg\sll)on Nuclide Ideggglke d Counts
511.86 1%%_h  Not matched

604.72 B4cs 600 4.8016 10°
621.93 10Rh 624 1.8580 10°
652.9 gy Not matched

661.66 Bics 665 7.1746 107
723.3 %Ey Not matched

749.8 gy Not matched

795.86 B4cs 789 4.84% 10°
1004.8 ey Not matched

1024.3 gy 1022 2.4217 10°
1050.4 108Rh 1061 3.683 10°
1274.4 By 1271 7.8335 10

|triedavarietyos et ti ngs on the Asmartid.inpo

changes in peak identification would take place. | slowly increasedhirgquare

thresholdfrom 0.005 up to 0.995. Once | had a-Ghuare value of 0.&n additional

peakwasidentified at 820 keV. This peak does not match any peaks introduced into the

MCNP source definition in the model.investigated why this was aeeing. | noticed

was that the nomatching pealexisted to the right of a major peak. It seemed that the

entire Gaussian broadened peak natsubtracted out, leaving a falskevation in

counts within

t h,dut wheen | increageed tadading fadtok\Vididpeak

was still identified Therefore, something else was at play. | compared the 1 sigma

errors to the spectrum shape as energy increasing, and observed an interesting pattern.

Looking at Figure 4.24, | see that the MCNP errors eme a peak at approximately

820 keV. The spectrum shown is normalized to fit within the bounds of the plotted

MCNP 1 sigma errorsT h e

i ncrease i

n

error

at

t hi

peak which was not rejected during the smoothing procElss chisquare test was not

rigorous enough to reject this spectral change. This shows the great importance of

11€
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implementing noise reduction. Even in a simulated spectrum, where noise is reduced,

even small modeling errors can play into how peaksdematified.

100 ‘
*
¥
J
10
5
Ly 1
S
2
n
—
0.1
« NormalizedSpectrum
* Error
.01 ‘ ‘ ‘ ‘ : ‘ o
0.C 0.2 0.4 0.6 0.8 1.C 1.2 1.4

Energy MeV|
Figure 4.24: The relationship between the Gaussian Energy Broadened spectrum
produced through f8 tallies in MCNP for the 12 emissions case and the corresponding 1

sigma errors.

This example identifies a key issue when simulating spectra rather than collecting
real, known spectra in a spent fuel pool environment. However, considering the
limitations placed on this study, the peak identification performs very Wigie
SmartID rnuclide matching is not expected to be reliable for this case since | only chose to
include a few emissions from nuclides that may have radditionalcharacteristic
gamma emissions. However, even with tisting condition,***Cswashighly

correlatedfollowed closely by*'Csand'®Ru, provingtherobustness of the nuclide

scoring feature.



Score Summary:
Huclide Total {base + bonus I, II, III} Comment Correlation
134C=s 114 .81 ¢ 84.3 0.6 24.9 5.0 Fis= Prod High
1321 100.60 ¢ B5.0 13.3 32.3 0.0 ) Fiz= Prod Hoderate
127mBa 100.41 ( 98.5 oo 1.9 0.0 Fi=z=_ Prod Hoderate
137C= 100.39 ( 98.5 o.o0 1.9 0.0 Fis= Prod Hoderate
106Fu 100,17 ¢ 95.3 o.0 4.9 0.0 Fiss Prod Hoderate
1245b 94 .94 { 82.4 o.012.5 0.0 ) Fiss Prod Low
143Ce 70.11 { 26.2 9.7 34.2 0.0 Fis= Prod Low
151Fn 65,02 { 2.0 25.2 37.8 0.0 Fiss Prod Low
148nFm 63.11 { 37.8 1.6 23.8 0.0 ) Fiss Prod Low
238Wp 61.75 { 54.7 0.7 6.3 0.0 SHH Low
915r E7.3% { 40.5 0.6 11.2 5.0 ) Fiss Prod Low
131nTe £7.24 { 19.1 2.6 15.5 20.0 ) Fisz=z Prod Low
89Fhb 57.15 { &5D.9 0.0 6.2 0.0 Fis= Prod Low
1255b Ee. .44 { 21.3 0.6 14.5 20.0 ) Fiss Prod Low
226Ra 53.70 { 41.0 o.012.7 0.0 U-238_Daughter Low
Scored nuclides details:
Huclide Score T1l-2 Tl-2_unit #Emi=s==sionInFange #Matched Correlation
134C=s 114.81 2. 0e00E+00 v 2 High
Eniz=s=ion(KeV) FProb-DK Detectability 1.00% Energy Window Pealk (KeV) Horm¥_ct=
. 1. 4800E-02 1. 6389E-01 i 470,60 to 10 )
563.23 8. 3800E-02 1. 1746E-01 { 557 60 to 568.86 )
5E9. 32 1. 5400E-01 1.1492E-01 { EE3 63 to E75.01 )
+ 604.70 9. 7e00E-01 1. 0157E-01 i E98 65 to 610.75 ) 600,00 31,7988
+ 79584 8. 5400E-01 5. 9937E-02 { 787 88 to 803.80 ) 789 .00 32,1161
a01.93 8. 7300E-02 5. 9015E-02 i 793.91 to 809,95 )
1038 .60 1.0000E-02 3.6927E-02 { 1028 .21 to 1048.99 3
1167 .90 1. 8000E-02 3.03B0E-02 { 1156 .22 to 1179 .58 )
1365 .20 3.0400E-02 2. 3395E-02 { 1351 .55 to 1378.85 3

Figure 4.25 SmartID nuclide scoring and emission attribution of 134Cs for the 12

emission case.

133 was identified as the second most likely nucldesent, but | easily

determine this not to be the case, sine only 10 out of 145 emissions were matched.

Additionally, when | look closer at the emissions matched, | see that these are also

matchedhliasing withother nuclides. For example, the highlyretated"*‘Cs nuclide

matches the 600 keV and 789 keV photopeak. These same two emissions are matched in

the®3 case. Knowing that***Cs is much more likely to be present, | can eliminate these

peaks from thé* attribution and see that many lessigsions are matched. This proves

that although many nuclides emit a large number of emissions, only a few may be needed

to provide attribution.

| believe the matching of nuclides for the few emissions is even more impressive

due to me keeping a largediide library available for matching. | did condense the
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library down from the many nuclides not associated with spent fuel or SNM, but | set my

half-life option to seconds so that | would not be ruling out any fission products.

4.4. Final Thoughts

Overall, SmartlD worked very well for the MCNP simulated spectra. The most
prominent peaks were correctly attributed tortiast active fission products. However,
special attention to the fine details of how the emissions are attributed to an energy peak
corntinues to be important for analysis of the burned fuel assembly. The limiting factors
of this technology are dependent on the detector specifications provided by the user. Itis
imperative that energy calibrations are accurate, and the FWHM data idlgaref
measured. Without proper calibration, many fission products could be migtaken

attributed
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CHAPTER 5

ADJOINT COUPLING

5.1. Radiation Transport Methods
Understanding how gamma ragmnitted from a fuel assembly will interact with a
highly collimated detector is important for predicting the composition of isotopes in that
assembly from a spectrum collected by the detector. The radiation transport equation
carefully accounts for the viaus interactions that can take place in a system and is an
important fundamental tool in determining the information available in the detector. This

equation for a time independent fixed source is shown by

mt rifmfo , ifOr ifmjo
. . Q@m, ifminfie® Or imfice 1 imfo,

(5.1)

wheremis the solid angle of particle directianjs the spatial coordinate of particle
positon,Ei s t he par[tiingid & the angularearticly flux, i FO is the
total macroscopic cressection, ihm tmfiCe® O is the macroscopic scattering cross

section, andj i O is the fixed source term.

5.1.1 Discrete Ordinates ()

Equation 5.1 can be solved by discretizing the variables for energy, angle, and
space. Energy is discretized by spectrally averaging over energy groups. Energy groups
are ordered from g=1 to g=G, where g=1 is the highest energies, and G represents the

lowest. The new multigroup transport equation is represented by
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(5.2)

Angle is discretized by ¢, d, and 3,
and z axes [1]. In order to specify the directigaf particle travel, two angles are

required. A set of direction cosines must satisfy the condition,— p.

guadratures refer to quadratures in-thgositivee,. The number or ordinates in a

guadrant is given by——. Figure 5.1 shows how these directions are discretized for an

Ss level symmetric discrete ordinates set.

Figure 5.1: S level symmetric discrete ordinates set.
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Finally, after applying energy, angle, and space discretization;Eh€&tesian

Boltmann Transport Equation for photons is represented by

L L R R L oRafar cRura b

~ ~ ~

X P,yror N O % oful

_ (5.3)
o 2N % ot AT 0%
C‘X TQA (S 9 00
%or « CILFG OED% 1 1M
where the new termis the Legendre expansion index; o i is thel™ Legendre
moment of the macroscopic differential scattering cross se&idnthel™ Legendre
polynomial,%o f is thel™ Legendre scalar flux moment for grogpd  * s thel™ K"

associated Legendre polynomiab,  is thel™, K" cosine associated Legendre scalar

flux moment for grouw, and%oy;  is thel™ K" sine associated Legendre scalar flux

moment for groum [2].

Computational modeling is necessary for conducting these types of calculations
and, in typical formmodels look at how radiation emanating from a point will interact
with surroundings. This makes it difficult, however, to determine how source strengths
and compositions will be computed in a detector if these source conditions change,
because a new mebwill need to be developed and executed for each specified case.
However, instead of creating multiple forward transport models of PWR fuel assemblies
with various source strengths and radionuclide compositions, only one adjoint transport

model needs tbe created to show how gamma radiation originatirtge fuel pins
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interacts with a Nal detector at a 40 cm distance away. The adjoint transport equation
essentially reverses the forward transport equation. Instead of a radiation sourge term,

thedé¢ ect or 6s absorption cross section is tre
direction is reversed along with the energy group structure. Instead of the flux variable,

d, a new variable called the adjoint importaneg,is introduced. Unlike flux, #

adjoint importance does not have units; instead, it is a measure of how likely a particle

located at any locatiodistal from the detector is to creae event in the detector.

Determining the adjoint importances at all locations around a detectoe inansport

model is a very powerful tool. The code system, PENTRAN, has this capability and was

chosen to calculate these adjoint importances.

5.1.2 PENTRAN

The PENTRAN code system, developed by Sjoden and Haghighat, can be used
for 3-D multigroupforward or adjoint discrete ordinates,\Simulations.The § method
is a deterministic approach that discretizes the angular, energy, and physical spatial
variables into a finite number of discrete angular ordinates, energy groups, and spatial
grids ove the entire phase space system. The PENTRAN system is actually a suite of
codes that allows one to readily generate mesh geometries, doltraidsport models,
and automatically collates parallel daRRENTRAN is a multigroup, anisotropic Sn code
for 3-D Cartesian geometries; it has been specifically designed for distributed memory,
scalable parallel computer architectures using the &esRassing Interface library
[3]. Automatic domain decomposition of the phase space among the angular, energy, and
gpatial variables with an adaptive differencing algorithm and other numerical
enhancements make PENTRAN an extremely robust solver with a 0.996 parallel code
fraction (based on Amdahl 6s | aw). Numerous
PENTRAN code gstem, including many international benchmark computatidds [

The many advanced numerical features in PENTRAN, including adaptive differencing
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with a twolevel parallel angular memory structure in a scalable architecture, are well

suited for determintsc work in this research.

5.1.3 Application of Adjoint

As previously mentioned, the adjoint efficiencies calculated in the PENTRAN
models can be used to estimate the forward source strength of the fission products and
actinides in the PWR fuel assemblihe forward and adjoint detector response rates are
derived from the forward transport equation which was given by equation 5.1. The

forward transport equation is written in operator form as

00 1
(5.4)
e TMEEQD €D T

whereH is the forward operatoy, is the angular flux variablg, is the forward
source density (n cths?) , £ is the outward normaénddV is the surface of the spatial
domain, V, so that the boundary condition represents a vacuum bounektipg the

conditionthat noparticlesenterthe region. fie forward operator is given by

"0 mt i . F o 1hpém Quee (5.5)

The operator is negelfadjoint, therefore the adjoint operator must be solved for. In
order to do so, equation 5.5 must be multiplied by the adjoint vasiahlerhich is
referred to as the adjoint importance. The resulting adjoint transport eqggatiotien

as
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O ”
(5.6)
. méE EQhED T

whereH" is the adjoint operatos,” is theadjoint importanceariable,, is thedetector

cross section (ct), £ is the outward normainddV is the surface of the spatial domain,

V, so that the boundary condition represents a vacuum boundary condition in that no

particles leave the regiorlhe adjoint operator is given by

0 XA, 0 B Lo ihe® Q. (5.7)

The response of a detector with a total cross segtigm, volume w , and scalar

flux %01 HO can be determined by the reaction rate at
Y ®_ Q0 0% hO. (5.8)
This reaction rate can be rewritten as
Y &, Q (5.9)
and by applying the adjoint identity, the adjoint response is
Y 6 O (5.10)
The forward and adjoint calculations were computed using a finitg@4p

energy structure and I n space using a

forward response can be rewritten as
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Y %o GO, O QO QW QA Q0
]

(5.11)

%or, FYO

WhereRyqis the forward response raé, ciufiiO is the spatial energy dependent

scalar flux (n crits?),, ofufBfiO is the spatial energy dependent detector cross section
(cmY), (x,y,z) is the spatial location of the detectéy;; is the I cell scalar flux for group

g, , & isthe "cell detector cross sectionrfgroupg(cm?), andYa is the ' cell

volume (cn). The adjoint response can be rewritten as

Y % ol RO whoh FO Q é@ @@ é@ O
;
(5.12)

Yon ;%08

whereRyg is the adjoint response raté, o ho iy HO is the spatial energy dependent
scalar adjoint function (n c¢fis?), 1§ @ AO is the spatial energy dependsentirce
(n cm3 s1), (x@y4z0 is the spatial location afon-zero source cell$poy; is the i" cell
scalar adjoint function foretectord andgroupg, 1 i is the " cell source density for
groupg(n cm?s?), andY® is the I" cell volume (cr).
The forward source can be solved for from equation 5.8 and used to determine the

activity which then can be utilized to deten@ the number of particles from a specific

nuclide present in the material.
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Y YO 1 p%; Ar%pr E N p%op
YO A p%p Ap%p E A%y 8B (5.13)

Yo AR % AR %o 8B N[ %o

The detector responsanbe grouped by energlassuming a homogenous

sourceacross course meshes

Y 5 0 %opY08 (5.14)

5.2 Adjoint Models

As discussed, adjoint efficiencies essentially show how important a particle
originating at a location is to the detector response. This information can be used to
solve for the relative contribution of fission product gammas emitted from differexst are
of the fuel assembly. Combining this information along with nuclide identification will
provide the basis for estimating the relative concentrations of key radionuclides.
SmartID will be updated to account for the specified geometry of a spenthiélpA
examination and correct for detector efficiencies along the energy spectrum in order to
rapidly reveal a predicted fuel mass characterization. A model of a Nal(Tl) detector,
showninFigure2, fil ooki ngo at a s pentreafediusihgthe s s e mb
PENTRAN 3D deterministic code to determine the adjoint efficiencies at all locations in

the fuel assembly.
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Figure 5.2 2-D top-down view PENTRAN model of Nal(Tl) detector underwater

Al ookingod at a used fuel assemb

The energy groupsere defined as a 2group structure and the energy bounds
are shown in Table 5.1. This structure was designed for uranium and plutonium
detection, and has performed well in previous research effios It is important to
keep in mind that theseeaforward energy groups. The adjoint groups will be numbered
in reverse order. From now on, | will refer to energy groups as either adjoint or forward

groups for clarification.
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Table 5.1:24-group structure for Gamma emissions.

Upper Upper
Group Energy Group Energy
Bound (keV) Bound (keV)

1 3000 13 1240
2 2749 14 1200
3 2250 15 1180
4 2210 16 1002
5 1832 17 999
6 1830 18 956
7 1760 19 954
8 1740 20 767
9 1736 21 765
10 1520 22 743
11 1500 23 741
12 1260 24 300

Figure 5.2 showan S calculation (8,280 directions per mesh) of the adjoint
importances in the model depicted in Figur2 S he model consisted of 85,165 fine
meshes and ran on 112 processors with a maximum memory of 4,096 Mb for
approximately 2 daysA 1 mm diametepinhole with a length of 10 cm collimates the
very high activity fuel assembly to prevent oversaturation of the detector, but this
collimation still allows the detector to interact with low energy gamma radiation emitted
from the first few rows of pingiithe assembly. Upon closer examination of the location
of the fuel assentpin Figure 5.3 the individual pins can still be distinguished, and
gamma importances are only 4 to 5 orders of magnitude less than if they originated close
to the detector for gh energy gammas, and 5 to 6 orders of magnitude less for lower
energy gammas. It isnportant to note that Figure 5d&picts each energy group with a
different adjoint importance scaling in order to show in more detail how the importances
change with lgation. Figure 5.4vas added to show a better representation of how the

importances relate to gamma energy. The strongest gammas also show the highest
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importances across the entire system. It will be important to identify a key region in the
fuel, consstent with what can be seen at the lowest energy ranges, in order to properly

compare nuclide content ratios and mass.
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Figure 5.3: Sgp adjoint importances mapped for 6 out of 24 adjoint energy groups. Each

group is scaled individually for better visization.
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Figure 54. Sygpadjoint importances mapped for 6 out of 24 adjoint energy groups.

Scaling is equal across all groups.
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