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Abstract

Contributions to the electron current from the three components of a gadolinium
Self Powered Neutron Detector (SPND), emitter, insulator, and sheath, are identi-
fied, characterized, and quantified to provide information on how the SPND interacts
within the transient neutron and photon flux of the Transient REActor Test (TREAT)
to create a measurable current. These contributions are measured by defining the
SPND interactions as a dose response function used within a Monte Carlo simulation
of a TREAT experiment. The data obtained from the Monte Carlo simulations are
then used to compare against two analytic models, developed by Jaschik and War-
ren, as well as the experimental results. It was found that the methodology used
produced sufficiently accurate results, that the sheath has the highest total contribu-
tion to the current, and that while the analytic models sufficiently predict the emitter

contribution, they have a very limited use due to not accounting for the sheath.

v



Table of Contents

Page
ADSETact . . ..o iv
List of Figures . .. ... vii
List of Tables . .. ... ix
List of ACTOnyms . . ... .o X
L. Introduction . . ... . 1
1.1 Background and Problem.......... .. ... ... .. ... ... . ... 1
1.2 Research Goals....... ... ... . . . . 2
1.3 Definitions . ......... . 2
1.3.1 Prompt Gammas . . ....... ... 2
1.3.2 External Gammas ............ ... .. 3
1.3.3 Self Shielding . ........ . 3
1.3.4 Local Flux Depression ............. .. ... ... ... 3
1.3.5 Emitter, Insulator, and Sheath .............................. 3
1.3.6 Prompt and Delayed SPNDs .. ...... ... .. ... .. .. ... .. ... 3
1.4 Assumptions and Limitations .......... ... .. ... ... ... ... .. ....... 4
141 MONP®) - - vttt et 4
1.4.2 Analytical Models ......... .. .. . 4
I, Theory . . oo 6
2.1 SPNDS. . 6
2.1.1 SPND Physics .. ..o 7
2.1.2 Emitter, Gadolinium . . ......... ... .. ... .. .. 9
2.1.3 Insulator, Aluminum Oxide and Sheath, Inconel
000 . .o 14
2.2 Analytical Models . ... ... . .. 17
2.2.1 Jaschik. .. ... 20
2.2.2 WaITEN ... 23
2.3 Monte Carlo . ... 24
2.4 TREAT ... 25
ITI. Methodology . ... ... . . e 27
3.1 Modeling of the SPNDs ... ... . . 27
3.1.1 DE/DF Card ... 28
3.1.2 Insulator, Emitter, Sheath Modeling ..................... ... 28
3.2 Uncertainty Propagation ......... .. ... . ... . . i 30
3.3 Validation Methodology . ........ .. .. . . 31



IV. Results and Analysis........... . 33
4.1 Monte Carlo N Particle Transport (MCNP®) Results ............... 33

4.1.1 Emitter . ... 38

4.1.2 TInsulator ...... ... . 40

4.1.3 Sheath .. ... . 42

4.2 Comparison to MIMIC-N Experiments ............................ 43

4.3 Analytic Results ......... . .. . . 47

V. ConcluSions ... ... 52
5.1 SUMIMATY .ottt 52

5.2 Future Work . ... .. o 53
Appendix A. Gadolinium (n,y) Yields......... .. ... 54
Appendix B.  TREAT Neutron Fluence .. ... ... ... ... .. .. ... ... ....... 62
Appendix C. Neutron and Photon Energy Groups .......................... 67
Bibliography ... ... 74

vi



Figure

10

11

12

13
14
15
16

17

List of Figures

Page
SPND geometry, with labeled parts [1] .......... .. ... ... ... ... .. 7
Process of the different interactions occurring within a
prompt SPND to contribute to a detectable current................... 9
Absorption (n,y) cross section of all natural occurring
isotopes of gadolinium . .......... ... .. . . 11
17Gd cross sections. Comparison between (n,y) and
inelastic scatters. ... ... 11
(7,67) Gd cross sections [2] ... ... 14
(n,y) Cross sections for all SPND components [3] ................... 15
(7,67) AlbO3 cross sections [2] . ... 16
(7v,e7) Inconel 600 cross sections [2] .......... ... 17
100 group neutron spectrum of TREAT Materials and
Instruments Modular Irradiation Capability for Neutron
detection (MIMIC-N) 2959 [4] ... 26
Mlustration of MCNP@®) model for evaluating the dose
response of the SPND’s emitter (not to scale). ...................... 29
Mlustration of MCNP@®) model for evaluating the dose
response of the SPND’s insulator (not to scale)...................... 30
Mlustration of MCNP@®) model for evaluating the dose
response of the SPND’s sheath (not to scale)........................ 31
Neutron contributions of the ILC-4 SPND components. .............. 34
Photon contributions of the ILC-4 SPND components. ............... 35
Neutron contributions of the ILC6 SPND components................ 36
Photon contributions of the ILC6 SPND components. ............... 36
Relative error of the neutron contributions of the ILC4
SPND components. ....... ... . 37

vil



Figure

18

19

20

21

22

23

24

25

26

27

Page

Relative error of the photon contributions of the ILC4
SPND components. ......... ... 37

Length normalized emitter contribution due to neutron

Neutron contribution comparison between insulator
with a CUT line and without. ............ .. ... ... ... .. ... ....... 41

Photon contribution comparison between insulator with
a CUT line and without........ .. ... .. .. .. .. ... .. .. .. ... ... ...... 42

Photoelectric effect comparison between the Warren
and Jaschik models . ...... ... ... ... . . . . 48

Compton scatter comparison between the Warren and
Jaschik models .. ... ... . . . . 48

Probability of photon collision with the emitter as a
function of photon energy . ....... .. ... .. .. 49

Probability of electron escape from the emitter as a
function of photon Energy ....... .. ... .. ... 50

Total current comparison between the Warren and
Jaschik models . ... ... ... . . . 51

viil



Table

10

11

12

13

List of Tables

Page
Dimensions of the GA SPNDs ......... ... .. .. . . . 8
List of interactions including type and time response (ic
- internal conversion, ce - Compton electron, pe -
photoelectric effect . ... ... ... 8
Natural isotopes of gadolinium ........... .. .. ... ... . ... .. ..... 10
30 group gamma energy and yield of natural gadolinium ............. 13
Results from the TREAT MCNP® model for the ILC4
SP N DD . 44
Results from the TREAT MCNP® model for the ILC6
SP N D . 46
Percent of contribution for each ILC4 component ................... 46
Percent of contribution for each ILC6 component ................... 47
Jaschik and Warren analytical result for the ILC-6 SPND ............ 51
Yield of a gamma ray at a specific energy from 100
neutron absorptions . .. ... .. 54
Neutron Flux per Unit Lethargy at the TREAT Facility ............. 62
Neutron Energy Group Distribution .. .......... ... ... ... .. ..... 67
Photon Energy Group Distribution............ .. ... ... ... ..... 71

1X



List of Acronyms

ENDF Evaluated Nuclear Data File

INL Idaho National Laboratory

LANL Los Alamos National Laboratory

MCNP® Monte Carlo N Particle Transport

MIMIC-N Materials and Instruments Modular Irradiation Capability for Neutron
detection

NNDC National Nuclear Data Center

SPND Self Powered Neutron Detector

TREAT  Transient REActor Test



MODELING AND VALIDATION OF GADOLINIUM SELF POWERED
NEUTRON DETECTORS IN A TRANSIENT REACTOR

I. Introduction

1.1 Background and Problem

The Transient REActor Test (TREAT) facility at Idaho National Laboratory
(INL) has been refurbished and resumed operations in 2017 [5]. As part of the refur-
bishment and renewed operations, modeling TREAT environments and performance
has been an ongoing effort by INL and Los Alamos National Laboratory (LANL) in
order to predict the outcomes of their nuclear reactor experiments. One of the key
areas of interest is the response of the various Self Powered Neutron Detectors (SP-
NDs) within the reactor core of TREAT. SPNDs, which are small cylindrical neutron
detectors commonly present in nuclear reactors, are used to monitor the real in-core
neutron flux. Modeling their interactions within TREAT researchers to predict per-
formance. SPNDs are neutron detectors used within the core of a nuclear reactor
environment instead of other detectors due to their simple structure, small size, no
need for power, structural stability under the environments presented within reactors,
reproducible and predictable signals, and a low burn-up [6].

To run the full TREAT model, which is a Monte Carlo N Particle Transport
(MCNP®) deck consisting of thousands of constructed solid geometries, to capture
the physics and interactions that occur within the SPNDs in MCNP® would be inef-
ficient due to the large amount of calculations because of the scatters and transitions,

especially since the electrons must be turned on to model SPNDs interactions. The



TREAT model uses a very large number of constructed solid geometries, and to turn
on electron interactions would be inefficient and slow. In order to model the SP-
NDs within TREAT, a dose response function is used to predict how likely a neutron
of a given energy will provide an electron that will be measured by the detector.
This thesis details modeling and the results from the dose response functions of the
gadolinium SPNDs in the TREAT MCNP® model as well as the assumptions made

and limitations to this project.

1.2 Research Goals

The primary goal of this research is to identify, characterize, and quantify the
contributions to the electron current from the emitter, insulator, and sheath in the
gadolinium SPNDs by Monte Carlo simulation and validate against real world TREAT
experiments. Limitations of the model and methodology by comparing the predicted
current to TREAT experimental results and the two analytical models created by

Jaschik and Warren will be determined.

1.3 Definitions

This section of the thesis is to address terms specific to the problem to intro-
duce and define the problem specific terminology that will be used throughout this

document.

1.3.1 Prompt Gammas

The term prompt gammas’ typically refers to a gamma created during a fission
event. In this document, prompt gammas instead refer to gammas that are created
within the SPND via neutron absorption or interaction. E.g. an (n,y) interaction as

opposed to neutrons created through internal conversion or beta decay.



1.3.2 External Gammas

Gammas that are created during a fission event as well as other gammas that
are created throughout a reactor are important to consider. As stated before, they
are typically considered prompt gammas, in this thesis, they are referred to external

gammas, i.e. gammas that are born outside of the SPND.

1.3.3 Self Shielding

Self shielding in this document refers to the how deep the reactions occur within
the SPND cylinder. When neutrons interact with the gadolinium, they do not travel
far due to gadolinium’s high cross section, so there are more interactions and absorp-

tions that occur at the skin of the material rather than the core.

1.3.4 Local Flux Depression

Local flux depression is due to the SPND absorbing neutrons, as such there are

less neutrons in the immediate vicinity of the detector compared to other areas.

1.3.5 Emitter, Insulator, and Sheath

The emitter is the center of the SPND where the majority of the reactions will
occur. The insulator is in the middle of the SPND and prevents stray electrons from
reaching the sheath. The sheath acts as the collector of the electrons created from the
emitter and other potential sources that reach the SPND and transfers those electron

a wire for signal detection.

1.3.6 Prompt and Delayed SPNDs

There are two types of SPNDs, prompt and delayed. While these SPNDs have the

same basic construction of emitter, insulator, and collector components, the prompt



and delayed SPNDs differ in the emitter material that is used to interact with the
neutron flux. Delayed SPNDs use emitter elements that tend to become radioactive
after neutron absorption, and use the resulting electron from a beta decay release
to create a current. Prompt SPNDs create the majority of their current through
neutron absorption events, where the prompt gamma rays interact with atoms and
create electrons via either the photoelectric effect or Compton scattering, as such
these emitter elements tend to not become radioactive after neutron absorption.
Prompt SPNDs are able to react to the flux as quickly as the electronics allow
[7]. The delayed SPNDs response time, however, is determined by the half-life of the
beta-decaying isotope. As these detectors are typically chosen for electron efficiency
rather than sensitivity to changes in a neutron flux, their response time is on the

range of seconds to minutes, and that depends on the element chosen as the emitter.

1.4 Assumptions and Limitations

1.41 MCNP®

MCNP® is used to predict and model interactions for TREAT and the SPNDs. It
is assumed that the underlying models, material compositions, and implementations
of TREAT and in general used by MCNP® and in the TREAT model are sufficient.

The model of TREAT that was provided included the material composition of
the SPNDs, it is assumed that the composition and construction of the gadolinium
SPNDs are adequate and that MCNP® and all the data libraries adequately predict
the probability of interaction and transport of the neutron, photon, and electron

particles.

1.4.2 Analytical Models

The analytical models, built by Jaschik and Warren independently, assume: [8, 9]



the particle flux through the SPND is steady state,

the particle flux through the SPND is isotropic,

the SPND emitter is the only contributor to the current, and

there is no material burn up.

The SPND has many methods to release electrons, however, analytical models only
account for the gamma interactions within the emitter. The beta decay analytical
model from Warren [10] was ignored due to desiring to model a transient pulse. The
transient pulse would be over in the time frame required for the SPND to contribute
to the current. The external photon fluence was also ignored in these models due to
not knowing that information of the TREAT experiment, so there would be nothing
to compare the result to.

The analytical model also requires the use of input data, such as cross section
data from Evaluated Nuclear Data File (ENDF), gamma capture information from
National Nuclear Data Center (NNDC), and neutron flux data from TREAT experi-
ments. It is assumed that the data used to populate the analytical model is sufficiently

accurate.



II. Theory

The theory chapter covers how Self Powered Neutron Detectors (SPNDs) function
as well as the materials and geometry chosen to construct a SPND. This chapter also
goes into detail on how the analytical models presented by Jaschik and Warren work
8, 9]. This chapter also briefly overviews Transient REActor Test (TREAT) as well

as showing the neutron fluence that occurs in the reactor.

2.1 SPNDs

There are two types of SPNDs, prompt and delayed. Delayed SPNDs are more
typically used in power reactors due to their increased efficiency in exchange for
a signal delay ranging from seconds to minutes depending on the emitter element
chosen. Delayed SPNDs have have been the focus of more research due to being
commonly used within power reactors. The TREAT facility, however, uses prompt
SPNDs due to their ability to reflect changes in the neutron flux with a < 1 ms time
resolution [1].

Prompt SPNDs are made from either gadolinium, hafnium, platinum, ytterbium,
rhodium, zirconium, cobalt, and vanadium due to their desired combination of high
neutron absorption cross section and low amounts of beta decay after irradiation [9].
The element chosen for a SPND will effect the efficiency, burn up, and the type of
interactions that will occur. For TREAT, the SPNDs used are made of gadolinium
and hafnium; however, this thesis will only focus on the gadolinium types.

A typical SPND is illustrated in Fig 1. Surrounding the emitter element is an
insulator, typically Al,O3, and then a collector sheath, typically made out of the
material Inconel 600. These are also the materials used in the TREAT SPNDs.

The emitter is the notable difference between all SPNDs, and drives the types of



interactions that will occur to generate current as well as the efficiency of the detector.
The insulator and sheath also play a significant role in the SPND response. The
insulator can trap electrons as well as create a stabilized space charge electric field
that defines the minimum amount of energy required for an electron to contribute to
the overall current by crossing from the emitter to the collector. The region prevents
electric noise from low energy electrons created by the emitter. In TREAT, this

minimum energy is about 260 keV [1].

—\\N\—
( (H h ; >— -
|3 \ —
VAR R —
Lead wire  Lead wire Inconel Electrometer/
Emitter Insulator (emitter) (BKG) Sheath picoammeter

Figure 1. SPND geometry, with labeled parts [1]

This research looks at two different lengths of a gadolinium emitter in a SPNDs,
these two designs will be called ILC4 and ILC6 going forward, as that is the name
from TREAT. The ILC4 type SPND has the longer emitter, about four centimeters,
and the ILC6 type SPND has an emitter length of about two centimeters. The

specifications of the SPNDs are given in Table 1.

2.1.1 SPND Physics

SPNDs follow mostly the same process regardless if the detector is a prompt or
delayed type. The process starts when a neutron enters the detector and interacts,
typically with the emitter. The neutrons can be absorbed in a certain number of

ways, tabulated in Table 2 [1].



Table 1. Dimensions of the Gd SPNDs

Type Length (cm) Inner Radius (cm)  Outer Radius (cm)
Emitter (Gd), 4.610 N/A 0.023
type ILC4
Emitter (Gd), 2.228 N/A 0.023
type ILC6
Insulator 150 0.023 0.0635
(Al0O3)
Sheath (Inconel 150 0.0635 0.787
600)

Table 2. List of interactions including type and time response (ic - internal conversion,
ce - Compton electron, pe - photoelectric effect

Reaction # of Interactions Time Response
(n,87) One Delayed
(n,e5c) One Delayed
(7,€ec) One Prompt
(7,epe) One Prompt

(n,7,€ec) Two Prompt
(n,7,epe) Two Prompt

Delayed SPNDs rely on the (n,5”) reaction to generate their signal current.
Prompt SPNDs generate most of their signal through the two-interaction type. Due
to their reliance on gamma rays from neutrons, prompt SPNDs are also sensitive to

external gamma rays [8].



Once the electrons are produced in the emitter, either from beta decay or photon
interactions, they travel outward towards the collector, continuously losing energy due
to inelastic collisions and the Bremsstrahlung effect. Once they get to the insulator
region, they have a chance of being absorbed, especially if they do not have enough
energy to overcome the space-charged electric field that is created due to the saturated
insulator region. Finally they reach the collector and contribute to the detector

current. This process is shown in Figure 2 [8].

_ l 5
Neutron Capture within the Emitter, Absorption of electrons within the %
Releasing a Prompt Gamma-Ray insulator, creating a electric field g
m . . l
3 - Production of Electron_s via Compton If Electrons Overcome the Electric Field
ol Scatter of Photoelectric Effect l
. W
Energy Loss due to Inelastic Collisions Electrons Reach Sheath and Contribute z
and Bremsstrahlung to Detector Current %
- \

Figure 2. Process of the different interactions occurring within a prompt SPND to
contribute to a detectable current.

2.1.2 Emitter, Gadolinium

The most important part of the SPND process occurs in the emitter region. The
emitter material considered here is 99% pure gadolinium. In its natural state, gadolin-

ium is composed of six stable isotopes and one radioisotope, as shown in Table 3 [11].



Table 3. Natural isotopes of gadolinium

Nuclide Half-Life (Decay mode) Natural Abundance

152Gd leld yr (o) 0.002 (1)

54Gd 0.0218 (3)
1%5Gd 0.148 (12)
156Gd 0.2047 (9)
17Gd 0.1565 (2)
158Gd 0.2484 (7)
160Gd 0.2186 (19)

Gadolinium is used in SPNDs due to its extremely high absorption of thermal
neutrons. °’Gd has the highest thermal neutron cross section of any stable nuclide
at 259,000 barns [11]. As a comparison, hafnium, another SPND emitter used in
TREAT, has a thermal neutron cross section of about 8 barns [3]. The cross sections
of all the isotopes present in natural Gd are shown in Figure 3.

The major interaction for the gadolinium emitter is the probability that it will
absorb the neutron. Figure 4 shows the difference between the (n,y) cross section,
and the inelastic cross section for the most significant gadolinium isotope, *"Gd. As
seen from Figure 4, the absorption cross section is the most important interaction as
the TREAT facility is a thermal neutron reactor.

As seen in Figure 4, the other interactions are not considered important inter-
actions. Interactions other than the neutron absorption occur at energies that are
higher than what is relevant for most reactors, including the TREAT reactor. As such,
neutron absorption is the interaction that should be focused on and thermalization

of neutrons is important for SPND reactions to occur.

10
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It is also important to note that "8 Gd and '°Gd have (n,37) reactions with
emissions of 970.9 keV and 1955.8 keV beta-particles respectively. These electrons
will contribute to the current once the decay time frames are relevant, where the half-
lives of 19Gd and '%'Gd are 18 hours and 3 minutes respectively [3]. These decays
have been shown to have a significant effect on the current in TREAT experiments,
where after about 35 minutes in a 600 kW steady state neutron flux, the gadolinium
SPND’s current increased by about 20% [1] due to the reaching times where beta
decay reactions occur. As seen in Figure 3, the %8Gd and '%°Gd have a cross section
that is smaller than the other isotopes; however, they are guaranteed to release a high
energy electron, making them much more likely to contribute to the current at a later
time following absorption of a neutron.

Through the (n,7y) interaction, the gadolinium nucleus will become excited, and
through de-excitation will release at least one resulting gamma particle with a maxi-
mum energy of 8.44 MeV. On average 1.67 gamma rays will be created per neutron
absorption [12]. The full yield probability of a given gamma ray energy due to neu-
tron absorption for natural gadolinium is given in Appendix A; however, a 30-group
gamma energy and yield table is given in Table 4 for convenience.

After gamma rays are created through neutron absorption, they travel through the
gadolinium, losing energy and creating electrons as they interact. Figure 5 shows the
two major cross sections for gamma ray interactions in gadolinium: the photoelectric
effect and Compton scattering. The pair production effect is not a major concern due
to the low probability of occurrence as well as that the creation of a positron will,
on average, create a net zero change to the current [8]. While the annihilation event
will create gamma rays with high enough energies that they may contribute to the
current though either the photoelectric effect or a Compton scatter, the probability

of the effect occurring is too small to be considered as a notable contributor to the

12



current. The Compton scatters are the most dominant mode of interaction for this

range of gamma ray energies, and will result in the highest contribution to the electric

current due to their higher likelihood of occurrence [8].

Table 4. 30 group gamma energy and yield of natural gadolinium

Group Average Yield Group Energy Range Yield
Energy (MeV) (MeV)
1 0.0828 1.19E-1 16 0.745 1.84E-2
2 0.144 1.80E-3 17 0.791 5.02E-2
3 0.187 2.09E-1 18 0.885 9.86E-2
4 0.226 2.54E-3 19 0.954 2.05E-1
5 0.268 1.88E-2 20 1.03 7.85E-2
6 0.297 5.57E-3 21 1.15 2.65E-1
7 0.341 3.58E-3 22 1.27 1.23E-1
8 0.363 3.46E-3 23 1.45 5.84E-2
9 0.407 1.90E-3 24 1.76 7.22E-2
10 0.448 7.17E-3 25 2.06 5.87TE-2
11 0.489 3.43E-3 26 2.70 1.82E-2
12 0.534 1.09E-2 27 3.85 4.24E-2
13 0.596 1.29E-2 28 4.85 3.67E-2
14 0.633 1.09E-2 29 5.36 3.88E-2
15 0.688 1.94E-2 30 6.28 7.98E-2

13
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Figure 5. (y,e7) Gd cross sections [2]

2.1.3 Insulator, Aluminum Oxide and Sheath, Inconel 600

After the photon interacted with and released an electron from a gadolinium atom,
the electron must travel through the insulator and into the sheath. The insulator stops
thermal electrons from passing through to the collector. If the electrons get stopped
in the insulator, they create an electric field. This field repels electrons away from
its center, so if an electron does not have enough energy to cross it is pushed back to
the emitter, and if does have enough energy it is pushed into the collector [13]. An
insulator is used in SPNDs to reduce noise that would occur from allowing low energy
photons created from the Bremsstrahlung effect or after many Compton scatters to
contribute to the current. Once the electron passes the insulator region, it reaches the
sheath, which acts as the collector. Once an electron reaches the sheath, it travels up

the wire and is counted toward the SPND current. As such, especially in a prompt

14



SPND, the contributions from the insulator and sheath are important to track for as
an electron created in either of those components has less space to travel (if any) to
contribute to the current.

Neutrons or stray photons may interact within the insulator or sheath. As such
it is important to consider the materials used in these regions as well, the TREAT
gadolinium SPND insulator is made out of Aluminum Oxide with 70% density [14].
The sheath is made of Inconel 600, an alloy that is primarily made of nickel. Compared
to the emitter, both of these components are relatively invisible to a thermal neutron

flux due to their small cross sections, as shown in Figure 6.

—— Gadolinium
—— Al,O3
Inconel 600

104 -

102 -

10°-

Component Neutron Cross Section (1/cm)

w0 107 10 107
Neutron Energy (MeV)

Figure 6. (n,y) Cross sections for all SPND components [3]

As shown in Figure 6, the neutron absorption cross section for the other com-
ponents is orders of magnitudes less than that of natural gadolinium. However, the

neutron interaction probability is just one part of how much a component contributes
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to the current. The gamma cross section for the other components means they may
create electrons from either the gamma rays that the gadolinium do not interact with
or from the external photon fluence from the reactor itself. The gamma cross sections
are shown in Figure 7 and 8 for the insulator and sheath respectively.

As seen in Figures 7 and 8, these components also have a smaller gamma ray
cross section than gadolinium; however, it is not as large as it was for the neutron
absorption cross sections. The gamma ray cross sections for both the insulator and
sheath are large enough where their volumes being much larger than the volume of
the gadolinium emitter means that they will have a significant contribution to the
current, especially for the sheath. Electrons created within the sheath do not have to

travel in order to add to the SPND current.
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Figure 7. (y,e”) AlyO3 cross sections [2]
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Figure 8. (7,e”) Inconel 600 cross sections [2]

2.2 Analytical Models

In order to calculate the electron current that is created from SPNDs under a
high neutron flux, two analytic models were created in 1974 by Jaschik and Warren.
These models only consider how many electrons are created from the emitter, as such
these models may not reflect reality. The Jaschik and Warren analytic models are
similar, and mostly use the same equations. There are two major differences between
Jaschik and Warren [8, 9]. The first is that Warren uses approximations to reduce
the computational cost required to evaluate the model. The other major difference is
that Jaschik groups the prompt gamma energy and then integrates over the groups
while Warren treats the prompt gammas as discrete values. It should also be noted
that Warren’s analytical model does address other contributions such as the (v,e) or
(n, p7) reaction while Jaschik does not. However, only the (n, 7, €) reactions were

considered due to the transient nature of the flux as well as being limited on the
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external photon flux data within TREAT.
This section will now walk through the analytic models, with the deviations from
the base equations discussed within the individual subsections.

The overall current equation for the emitter within a SPND can be given as

2

I, = %Rn > [ nl Y(E,;)P(E,) /OE’” Q(Ee)dge} (1)

i=1 b j=

where

I is the detector current in A/cm,

e is the electronic charge, 1.602E-19 A/e,

V is the volume of the emitter in cm?,

L is the length of the emitter in cm,

R, is the reaction rate of the flux,

Y (E,;) is the yield of a given gamma after a neutron absorption,

P;(E,) is the probability of interaction, where 7 indicates if it is from a Compton
or photoelectric effect event, and

fOEe‘m” €;(F.)dE, is the electron escape efficiency over all electron energy ranges

that could exist after interaction with a gamma ray of E,;.

The first term in Equation 1, R,, denotes how likely a neutron flux is going to

react with the SPND emitter. The neutron reaction rate can be described as

R(n) = / N S(B)G(E) (B F(E,)E, 2)

where
¥ is the macroscopic cross section of the emitter element in em ™1,

¢ is the neutron flux in n/cm?s,
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f(E,) is the self shielding effect, and

F(E,) is the flux depression effect.

The neutron self shielding factor, f(E,,), which occurs due to the high cross section
of gadolinium, impacts the reaction rate as not all of the gadolinium will be subjected

to the entirety of the neutron flux. This phenomena is described in Equation 3.

f(En) = %x[Q{x[Kl(w)h(x) + Ko(z)lo(x)] — 1} @
K@) () — Ko(n) () + Ka(a) Do)
where x = X(E,)re, . is the radius of the emitter, and I and K are modified Bessel
functions of the first and second kinds, respectively.
The neutron flux depression term, F'(E,), described by Equation 4 and 5, is due to
neutrons interacting with the SPND. Neutrons close to the SPND are not interacting

with the fissile material, so fewer neutrons are created in the immediate vicinity

resulting in a lower flux local to the SPND.

F(E,) = HK;(EH) (4)
Ke(E,) = 23;; {l"(ii) -7+ 21 v f(En) (5)

where \;,. is the transport mean free path of the moderator used in c¢m, L is the
average diffusion length of the moderator in ¢m, and v is Euler’s constant, 0.5772.

How Jashik and Warren handle the other two major terms of Equation 1 differ-
ently, the probability of interaction (P;(E,)) and the escape efficiently ( fOEe’"“” €(Ee)dE,).
They both agree on the underlying physics, however, Warren makes approximations
to those two terms to lighten the calculational power required. These different for-

mulations are addressed in the following sections.
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2.2.1 Jaschik

The expression for the probability of collision is determined by representing the
probability that an electron is produced by either a Compton scatter (i = 1) or
photoelectric effect (i = 2). It takes into account the path length probability function,
as the longer the gamma ray travels through the emitter, the more likely it is to have
an electron freeing event. The expression is

Ei(Ew)

pe) = 2B [ N e i) )

where ¥ is the macroscopic gamma ray cross section in 1/em, N(1) is the path length
probability function, and L,,,; is the maximum path length a gamma ray can have
through the emitter: \/m

The path length probability function for a cylinder is derived in Snidow [15]. It
is repeated here for clarity. It is also important to note that the exact formulation in
Snidow has a samll typo, and Equation 7 is believed to be the correct formulation as

it recreates the figures within Snidow’s paper.

9 arcsin(n) 1/2
N(l) = / sin?(0) <1 - k23in2(9)) db

TTe Jarcos(m)

3k arcsin(n) 1/2
- / sin*(0)cos(0) (1 - k:QsinQ(Q)) db

TTe® Jarcos(m)

arcsin(n)
+ ! / sin(f)cos(6)dd

2rea rcos(m)

MreQ

1 arcsin(n)
- / cos(8)sin(0)arcsin(ksin(0))df

rcos(m)
where

o= %LWW /Te, which is a normalized maximum path length,

k= %l /re, which is the normalized path length,

n, is the last possible angle for a normalized path length, give as 1/k or 1, de-
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pending on if k is greater than or less than 1, respectively, and
m, is the first possible angle for a normalized path length, given as L., /L or 1,

depending on if k is greater than or less than 1, respectively.

The m constant in Equation 7 can be approximated as always 1 since L, is very
close to L for a small r., which is true for the geometry of the SPND emitters.

The electron escape efficiency is the probability that an electron produced within
the emitter of energy E. will escape from the emitter, cross the insulator, and reach

the collector. This efficiency is

/0 Y e (B)E, =
/E:m (_ %> { /Em N[R(E'") - R(E)}pi(E/;Ev)dE’}dE

(8)

where

( — Z—f) is the reciprocal of the specific energy loss of electrons,

N[R(E') — R(E)] is the path length probability function, where the argument is
the difference in path lengths of the electron starting and ending energy,

pi(E'; E,) is the probability that a gamma ray of energy E. will create an electron
on energy £’

E! .. is the maximum possible energy that a gamma ray of energy E. can give to
an electron, and

Ein is the minimum energy required for an electron to travel through the insu-

lator.

The p;(E'; E,) equation does differ significantly depending on whether it is a

Compton scatter of a photoelectric effect event. The formulation for these are given
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in Equation 9 and Equation 11 respectively.
The formulation to determine the probability of interaction for Compton scatters

is
E/2 El2 2El
— 9
BIQ(EW - E,)Q " (E’Y - E/)E”/ BI(E”/ - El) ( )

p(ELE,) = F[2 +
where F is a normalization factor, given as

1
F =
A+B+C+D

1 2
A=E(1+=
(”ﬁ')

E,E,

B=—r—— 10
B/Q(E’Y_Et) ( )
2 2 E —FE

o=(2 -1+ 2\ _)E
(5’2 ﬂ’) < L, !
E2

D=——t
2F,

where F; = EW% which is the maximum energy which a Compton scattered elec-

Ey
moc?”

tron can gain, and 5 =
The formulation to determine the probability of interaction for the photoelectric

effect is

Wl s B,) =8| B (£, - E)] (1)

where E is the binding energy of the on an electron in the K-shell.
As mentioned before, Jaschik groups the E, based on the yield function. This is
done to reduce the computational cost. Jaschik groups the gamma energies through

the following formulation
E — 2?:1 E,Y (Ey;)
! Z?:l Y(Ew')

Due to Jaschik grouping and integrating over the gamma ray energy yields, Equa-

(12)

tion 1 is transformed into
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I — e%Rn 22: { /0 e Y(EW)Pi(EV)< /0 fome ei(Ee)dEe> dEv} (13)

2.2.2 Warren

As mentioned previously, one of the major differences between Jaschik and Warren
is that Warren utilizes a lot of simplifications. This section will restate the final
equations that Warren presents. And an in depth explanation for the rationale is
found in Warren’s article [9].The equation for the Compton scatter contribution to

the component is given as

n Et(E'yz) Et(E’W)
e = Teie ™ ZIR, S V[ ae [ ape(Ba B - E) ()

Emin Emin

where
Ny is Avagadro’s number,
d is the diameter of the emitter,
A is the atomic weight,
Z is the atomic number,

K is an approximation constant for the weighted average of the stopping energy

gem?

over an appropriate energy range (200 keV to 6 MeV). For gadolinium, K = 0.65857%,

[ is the average path length, given as half the diameter for a gadolinium SPND,
and

o(E,i, By — E') is the Compton scattering cross section and given in Equation 15.
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O'(EW;, EW' — E/>

mc? E E,—F mc? mec?. o
= 71'7‘8 2 - / + . / )
B2 |E,—-F E, E,—-FE E,

with r = 7.94e — 26 cm?.
The equation for the photoelectric effect contribution to the current is given in

Equation 16.

T K- -
Lnoye,, = ZedNolen ; Y (Eyi)t(Eyi) (Byi — Ey, — Erpin) (16)
where p is the density of gadolinium, and p(E.,;) is the approximation of the photo-

electric effect cross section and given as

where N is the atomic density of the emitter.

2.3 Monte Carlo

The other methodology used to determine the electron current created from the
SPND in this research is through Monte Carlo simulation, namely the Monte Carlo
N Particle Transport (MCNP®) software. Monte Carlo simulations are conducted by
proceeding through any number of probability functions. After proceeding through
the probability functions, the result is tallied and the computer goes through the prob-
ability functions again. It repeats this process as many times as desired, ultimately

determining the mean result and the associated variance.
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2.4 TREAT

The TREAT facility at Idaho National Laboratory (INL) operated from 1959-
1994 and was later refurbished and resumed operations in 2017 to support fuel safety
testing as well as studying material structural responses to various levels and pulses of
neutron flux. The TREAT facility is a air cooled, ziracloy-clad, graphite moderated
reactor capable of almost any power history within 2500 MJ of max core transient
energy [5], allowing it to stress the materials under test.

Typically, the residence time for a sample in the TREAT core for a given ex-
periment is a few days; however, the transient neutron flux may last only a few
milliseconds to minutes [5]. This short time period is why prompt SPNDs are used
at this reactor instead of their more efficient counterpart.

To model the TREAT facility within MCNP®), the test cases and configuration
used were the ones that matched the configuration during the Materials and Instru-
ments Modular Irradiation Capability for Neutron detection (MIMIC-N) series of
experimental tests, which were conducted to determine the operability and durability
of neutron sensors, including the gadolinium SPNDs, during steady state and tran-
sient neutron fluxes [16]. The results and inputs of these tests are what were used to
populate the TREAT, SPND model, and analytic models. The information gathered
from these tests are also what is used to validate the output of all of the models used
during research.

The reference neutron spectrum used for the analytic models is from these tests,

and is shown in Figure 9 as well as Appendix B.
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Figure 9. 100 group neutron spectrum of TREAT MIMIC-N 2959 [4]
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III. Methodology

The methodology chapter covers how the Self Powered Neutron Detectors (SP-
NDs) models were developed and incorporated into the full Transient REActor Test
(TREAT) model, including how the sensitivity analysis was performed. This section

also discusses what the results from the models will be compared to.

3.1 Modeling of the SPNDs

It is possible to turn on the electron mode within the TREAT model within Monte
Carlo N Particle Transport (MCNP®) and collect the results of the electron current to
the SPNDs. MCNP® can directly estimate the results; however, the computational
time required would be excessive due to the large size of the model. To reduce
the calculations needed and overall reduce computational time required, the dose
response function was used within MCNP® to approximate how many electrons a
source particle of a given energy would generate. To determine the dose response
function, six models of the SPND were created: two models for each of the three
main components of an SPND, the emitter, insulator, and collector. Two models
were needed for each component to be able to separate the contributions from the
neutron flux and the external gamma flux.

The data used to create the dose response function was determined through im-
plementing a uniformly distributed 89 group or 48 group particle source for neutrons
and photons respectively. These energy groups are tabulated in Appendix C and were
chosen because they are commonly used for environments of interest. To create the
data for the dose response function, the uniform distribution was used in conjunction
with the SCX card within MCNP® | which tallies contribution according to the source

particle energy group that caused the interaction [17].
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The MCNP® version used for modeling the SPNDs was 6.2 and the nuclear data
used were from the Evaluated Nuclear Data File (ENDF) VII.1 database [18].

3.1.1 DE/DF Card

To implement the dose response function within the TREAT MCNP® deck, the
DE/DF card was used. This card takes source particle energy points and the respec-
tive data points, then interpolates to determine the response. While the interpolation
can be linearly computed, due to the wide range on energies used, logarithmic inter-
polation was used instead. For the source particle energy point, the logarithmic bin
center of the distribution was used. To handle data points that were zero, it was

assumed that a small value, 1E-30, is functionally zero.

3.1.2 Insulator, Emitter, Sheath Modeling

All of the models had the source emitted inwardly from a sphere with a radius
of 200 centimeters. While the sphere radius is somewhat arbitrary, it does need to
be large enough to approximately isotropically irradiate the entirety of the geometry.
The tally results must also be multiplied by 72, where 7 is the radius of the emitting
sphere, to account for spherical divergence.

The emitter takes an F1 tally, which is the surface current tally with MCNP®
around the surface of the emitter to determine the number of electrons that are
leaving the surface. It is assumed that the electric field of the insulator is created
instantaneously, so the emitter model also removes electrons below 260 keV to account
for that. This model assumes that the electrons that make it to the surface of the
emitter (with energy greater than 260 keV) will make it to the sheath. The geometry

used for the emitter model is illustrated in Figure 10 (not to scale).
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Emitter { D — Source

Figure 10. Illustration of MCNP®) model for evaluating the dose response of the
SPND’s emitter (not to scale).

The insulator also takes an F'1 tally around the surface between the insulator and
the sheath. The insulator model includes the emitter, with the emitter’s electron
importance turned off to ensure that the contributions tallied are solely from the
insulator. The geometry used for the insulator model is shown in Figure 11.

The sheath uses an F4 tally, which is the average cell flux tally within MCNP®, to
calculate all electrons that are created within its volume, it also includes the insulator
and the emitter with their electron importance set to zero so that the contributions
tallied are solely from the sheath. The geometry used for the sheath model is shown

in Figure 12.
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Figure 11. Illustration of MCNP®) model for evaluating the dose response of the
SPND’s insulator (not to scale).

Once these tallies are obtained, they are multiplied by 72, the number of groups,
and volume in the case of the sheath tally to remove spacial and tally that MCNP®

inserts to obtain the total number of electrons tallied per source particle.

3.2 Uncertainty Propagation

To predict the energy current and determine how useful the methodology is, just
using the mean of the SPND model results would be insufficient. Therefore, multiple
dose response functions were created from each SPND result, the relative error was

used to determine the 20 variance, and those were also ran within TREAT.
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Figure 12. Illustration of MCNP®) model for evaluating the dose response of the
SPND’s sheath (not to scale).

3.3 Validation Methodology

To validate the models, data obtained from the Materials and Instruments Mod-
ular Irradiation Capability for Neutron detection (MIMIC-N) test series is used and
compared against the TREAT model results. The MIMIC-N test series were done to
test the SPND and other measurement devices used in the TREAT facility. These
series have gathered the experimental results showing that the SPNDs are linearly
proportional to the total power of the reactor [19]. The results from the experiments
found the relationship in Equation 18 and Equation 19 for type ILC4 and ILC6 of

the gadolinium SPNDs respectively [16]:

31



I(nA) = 1.2309P(MW) — .0354 (18)

and

I(nA) = 0.9256 P(MW) — .0022 (19)

where the power used during the reactor test, in MW, will determine the output
current from the SPND, in nA.

To compare the model results to the experimental results, the DE/DF card in the
TREAT model predicts the electron current per source particle. These results are
then multiplied by the electron charge and the TREAT normalization parameters to
determine the current per power. For this model of the reactor, it is assumed that

there are about 7.6E16 neutrons per MW [14].

32



IV. Results and Analysis

The results chapter covers the data that was obtained from the modeling as well
as how well the analytic models compare to them. This chapter also interprets what

the data means and what information can be inferred to draw conclusions.

4.1 Monte Carlo N Particle Transport (MCNP®) Results

After running the model to determine the DE/DF card, Figure 13 and 14 show
how the components react from a given neutron or photon energy respectively. These
figures are made using the type ILC4 Self Powered Neutron Detector (SPND) geom-
etry. The dash marks above and below the lines in the following figures indicate the
upper and lower uncertainty bounds at 1o.

All three of the components, the emitter, insulator, and sheath, react with largely
just the thermal energy neutrons from Figure 13, which is expected due to neutron
cross sections generally being larger at lower neutron energy. Furthermore, the emitter
having more interactions is expected, as was seen in Figure 6, the (n,y) cross section
for the insulator and sheath were magnitudes lower than that of natural gadolinium.
There were still many reactions; however, this is because the model for the sheath
and the insulator included the emitter, the emitter absorbed the incoming neutrons
and released the gamma rays that the insulator and sheath interacted with.

In Figure 14 it is seen that the photons start to react more commonly above
a certain energy (around 100 keV), which is due to the inserted CUT card of 260
keV. While the total cross section increases with lower photon energies, the reaction
becomes dominated by the photoelectric effect, which will completely absorb the
photon to release an electron. So for low energy photons, the number of electrons

produced is limited, while for a higher energy photon, the photon can create multiple
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electrons to contribute to the current.

The current created by the photon interactions was also larger than the current
created by the neutrons. This is expected since neutrons create photons after being
absorbed by the gadolinium nucleus. The photons then release electrons through the
photoelectric effect or Compton scatters. Therefore, the photon source distribution
only requires one interaction, while the neutron source distribution requires another
interaction to occur. This also means that when the results from the photon source
are used in the dose response function, it will incorporate the external photon flux

and also account for the neutron flux.
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Figure 13. Neutron contributions of the ILC-4 SPND components.
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Figure 14. Photon contributions of the ILC-4 SPND components.

The neutron and photon MCNP® results for the type ILC6 SPND can be seen
in Figure 15 and Figure 16 respectively. These results do not differ significantly from
the type ILC4 SPND. The major difference is that the ILC4 has a larger emitter
response compared to the ILC6 type detector, which is expected as the ILC4 has a
length of 4.61 ¢cm and the ILC6 has a length of 2.22 cm.

The relative errors of the neutron and photon contributions (o/z), where Z is the
mean, are plotted in Figure 17 and Figure 18 for the neutron and photon error re-
spectively. These plots are using the error from the ILC4 SPND model as the relative
error from the ILC6 model did not significantly differ from the ILC4 results. For the
very large errors, those greater than 50%), only occur for neutron energies greater than
1 eV. As seen in Figure 13, incoming neutrons greater than 10 MeV will have little
impact on the results. While these errors are higher than the ideal maximum error of
10-20 %, nearing a 100% error at some energies, they were considered adequate due

to time constraints and minimal impact to the total results.
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Figure 15. Neutron contributions of the ILC6 SPND components.
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Figure 16. Photon contributions of the ILC6 SPND components.
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Figure 17. Relative error of the neutron contributions of the ILC4 SPND components.

0.14 - 1 —— Emitter
—— |nsulator
0.12- ——— Sheath
_ 0.10-
o
=
w 0.08 -
[0)
=
r_"-U' 0.06 -
&
0.04 - i
f
0.00 - —

10® 10> 10% 103 102 107! 100 10!
Photon Energy (MeV)

Figure 18. Relative error of the photon contributions of the ILC4 SPND components.
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In the photon results, there is a notable spike in the error for the emitter at around
100 keV. This spike in error is due to the 260 keV CUT card that was used to simulate
the electric field of the insulator. The error is not expected to create a high variance

to the results due to the low contribution at this energy range.

4.1.1 Emitter

The emitter neutron contribution shown in Figure 13 and Figure 15 is larger than
the neutron contribution from the insulator and the sheath. This is because the
neutrons interact and release gamma rays in the emitter, as such the emitter is likely
to interact with the gamma first, and also the highest energy gamma rays. For the
emitter photon contribution shown in Figure 14 and 16, the emitter contribution is
smaller than the sheath’s contribution. While the emitter does have a large gamma
cross section by about a magnitude than the sheath, as was shown in the gamma
cross section figures, Figure 5 and Figure 8, the sheath has a much larger volume and
not needing the electrons to travel results in a larger electron contribution.

It was expected that the emitter current to be proportional to length [8, 9] as the
increase in length provides a larger surface area for neutrons and photons to interact
with. Normalizing for the length of the emitter is shown below in Figures 19 and 20
for the neutron and photon tally respectively. It is seen that the contributions from

the emitter are proportional to length.
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Figure 19. Length normalized emitter contribution due to neutron fluence.
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Figure 20. Length normalized emitter contribution due to photon fluence.
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4.1.2 Insulator

When the neutrons were interacting with the insulator model, the contribution was
found to be less by about half of the emitter model results. This contribution is due to
the gamma ray macroscopic cross section of AlyO3 that was shown in Figure 7. The
gamma rays that are not absorbed within the emitter travel through the insulator and
have a decent of interacting and creating electrons. The insulator is mostly invisible
to the neutron flux, and therefore is not creating a significant amount of gamma rays,
but it is interacting with the gamma rays that are created in the emitter.

For the current from the external photon source distribution, the insulator is much
smaller in contribution than the emitter and the sheath contributions. The insulator
also has its highest contribution at the lowest photon energy, but this is due to how
the model is constructed. The photons are streamed at insulator-sheath interface,
so the low energy gamma rays will interact at that surface, and is more likely to be
considered a contribution. However, the same low energy photon interacting at or
near the insulator-emitter interface, would not be able to contribute to the current
due to the insulator’s electric field. In order to capture the external photon flux, this

methodology was used instead of modeling photon emission from the emitter.

4.1.2.1 Insulator with the CUT card

As the insulator creates the electric field and depending on where the electron
is created, the electron would feel the repulsive electric field away from the sheath.
A CUT line was inserted within the MCNP® model at a radius determined from
Equation 20 to simulate the electric field and prevent the model from counting low

energy electrons that are created near the emitter [8]:

— {—125—71(%/ Tﬂ 2 (20)



where r; is the outer radius of the insulator, and r. is the radius of the emitter.
Through comparison between running an insulator with a CUT card and one
without, it can be shown that the difference, while measurable, is not significant due
to the insulators small contribution. From Figure 21 and Figure 22, it is seen that
the contribution from the neutron distribution has more variation than the photon
distribution. This is also due to how the model is constructed, with the photon
distribution being streamed at the surface of the insulator, while the majority of the
photons that are created in the neutron distribution model are created by the emitter,
and therefore are more likely to interact at the emitter-insulator surface and need the

electron energy to pass through the electric field.

- —— No CUT card

—— CUT card
0.0008 -

0.0006 -

0.0004 -

0.0002 -
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0.0000 -

1078 10°° 1074 1072 10°
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Figure 21. Neutron contribution comparison between insulator with a CUT line and
without.
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Figure 22. Photon contribution comparison between insulator with a CUT line and
without.

4.1.3 Sheath

As discussed previously, the sheath contribution due to photons was found to be
higher than the emitter contribution as seen in Figure 14 and 16, and that the size
of the sheath makes it more likely for interactions to occur. It is also important to
note that the sheath used an F4 tally, average volume flux, to determine the electron
current. This tally was used as any electron that is within the sheath is counted
as a charge, not just those that would cross the surface. However, the use of this
tally means that any electrons that had too much energy imparted and ended up
escaping the collector are not counted against the modeled contribution. Therefore,
the sheath contribution is the most likely to be over-counting; however, even with the
over count, it is not expected that the sheath would have a lower contribution than

the other SPND components due to its larger size.
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4.2 Comparison to MIMIC-N Experiments

After running the DE/DF tally card in the Transient REActor Test (TREAT)
model, the results are tabulated in Table 5 and Table 6 for the ILC4 and ILC6 type
SPND respectively. The error determined was by using the 20 difference from the
MCNP® model used to create the DE/DF card as well as the 20 difference from the
TREAT model. Most of the error is from determining the tally card, as was shown
in Figure 17 and Figure 18, as the TREAT model had a relative error (¢/z) of about
3% per tally.

There are two unexpected results from this set of data. The first is that the photon
results are an order of magnitude larger than the neutron results. This is likely due to
how the neutron model is limited in determining the total neutron contribution and
reflecting gamma rays. As the model has a void around the component of interest,
once the gamma ray leaves the component, it will not reflect back into the component
and create more electrons. Therefore, the neutron results underestimate the number
of photon interactions and resulting electrons that occur. These results do not mean
that the current from gadolinium SPND is mostly due to the external photon flux, it
means that the neutron dose response function is under counting its contribution by
some unknown amount.

The second unexpected result is that the emitter contribution is an order of mag-
nitude smaller than the sheath. This result is in part due to how large the sheath is
compared to the emitter. The sheath is over 100 times greater than the ILC4 type
emitter and 275 times greater than the ILC6 type emitter, therefore, even with a
smaller cross section the sheath has a lot more opportunities to interact with either
the gamma ray or the neutron particle. Furthermore, because the sheath doubles as
the collector, any electron created within the sheath is counted towards the contribu-

tion while electrons created within the emitter must reach the surface with enough
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energy to cross the insulator’s electric barrier.

However, there are also possible errors in how the model determines the sheath
contribution. A known error is that the model does not account for an electron escap-
ing the collector and not ultimately contributing to the current. This methodology
does mean that the sheath overestimates its contribution as it does not account for
any electron escaping the collector; however, that serves to explain why the model
overestimates the amount of current obtained. Even if the methodology accounted
for electrons escaping the sheath, the sheath would likely still exceed that of the other
components due to the difference in size.

Dividing the total current by the emitter length results in a mean current of 0.421
nA/cm/MW and 0.619 nA/cm/MW for the type ILC4 and ILC6 SPND respectively.
Therefore, the total current is not proportional to the emitter length as a large amount
of the current contribution is from the sheath. This result also implies that as the
emitter length increases, the result is less efficient on a volume basis; however, there
may be a point where the efficiency increases again as the emitter creates more pho-
tons for the other components to interact with. The sheath values do not change
significantly with emitter length, but that may be because the emitter is too small.
Once the emitter becomes sufficiently large it may significantly increase the sheath
contributions.

The difference between the TREAT model results and the experimental results
are close enough that the model is considered to be a good approximation. While the
results has an absolute error of about 0.709 and 0.456 nA/MW for the type 4 and
type 6 SPND respectively, the MCNP® modeling was expected to be inaccurate due
to approximations in how MCNP® calculates electron transport as well as handling
a lot of scatters and interactions as the delta rays and electrons interact with the

components.
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Table 5. Results from the TREAT MCNP® model for the ILC4 SPND

Particle Component Lower Bound Mean Upper Bound

(20) (20)

Neutron Emitter 0.036 0.0436 0.0511
Photon Emitter 0.644 0.661 0.678
Both Emitter 0.68 0.704 0.729

Neutron Insulator 0.0065 0.00774 0.00896
Photon Insulator 0.0115 0.0112 0.011
Both Insulator 0.018 0.019 0.0199
Neutron Sheath 0.0362 0.0396 0.043
Photon Sheath 1.17 1.18 1.19
Both Sheath 1.21 1.22 1.23
Neutron All Components 0.0787 0.091 0.103
Photon All Components 1.83 1.85 1.88
Both All Components 1.9 1.94 1.98

The percent that each component contributes to the total current is shown in
Table 7 and Table 8 for the ILC4 and ILC6 SPND respectively. As can be seen
from Table 7 and Table 8, the emitter contribution is small for how important it was
expected to be. Once again, this result does not account for the emitter producing
photons through neutron absorption. Furthermore, it can be seen that the insulator
contributes to about 1% or less of the total SPND current. Also, it was found that
the emitter almost doubled their contribution from changing an emitter length of 2.23

cm to 4.61 cm.
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Table 6.

Results from the TREAT MCNP® model for the ILC6 SPND

Particle

Component Lower Bound Mean Upper Bound

(20) (20)

Neutron Emitter 0.00835 0.011 0.0135

Photon Emitter 0.139 0.144 0.149

Both Emitter 0.147 0.155 0.163
Neutron Insulator 0.0 0.0 0.0
Photon Insulator 0.0 0.0 0.0
Both Insulator 0.0 0.0 0.0

Neutron Sheath 0.0335 0.0364 0.0394
Photon Sheath 1.17 1.19 1.2
Both Sheath 1.21 1.22 1.24

Neutron All Components 0.0418 0.0474 0.0529
Photon All Components 1.31 1.33 1.35
Both All Components 1.36 1.38 1.4

Table 7. Percent of contribution for each ILC4 component

Particle Component Percent of Total
Neutron Emitter 2.24
Photon Emitter 34
Neutron Insulator 0.398
Photon Insulator 0.578
Neutron Sheath 2.04
Photon Sheath 60.7
Neutron All Components 4.68
Photon All Components 95.3
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Table 8. Percent of contribution for each ILC6 component

Particle Component Percent of Total
(%)
Neutron Emitter 0.798
Photon Emitter 10.5
Neutron Insulator 0.0
Photon Insulator 0.0
Neutron Sheath 2.65
Photon Sheath 86.1
Neutron All Components 3.44
Photon All Components 96.6

4.3 Analytic Results

The analytic models were constructed using the ILC6 SPND model, so the emitter
has a length of 2.23 cm. The Warren analytic model was found to be much more time
efficient than the Jaschik model, as expected due to the minimal amount of integrals
that the Warren model uses. However, the Jaschik analytic model resulted in a much
closer result to the MCNP® result for the emitter contribution due to neutrons.
Figure 23 and Figure 24 show the difference in results between the two models by

showing how they calculate the contribution agnostic of the incoming neutron flux.
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Figure 23. Photoelectric effect comparison between the Warren and Jaschik models
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Figure 24. Compton scatter comparison between the Warren and Jaschik models

48



As seen in Figure 23 and Figure 24, the flux agnostic current varies significantly
in small perturbations to the gamma ray energy. The variance is due to the yield
factor not having any notable pattern as the gamma ray energy changes. The other
two factors, the probability for a photon to collide (with either a Compton Scatter or
Photoelectric Effect) and the probability for an electron to escape after creation, are
smooth functions of the gamma ray energy. This is shown in Figure 25 and Figure

26 for the collision probability and escape probability respectively.
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0.05 -

0.04 -

0.03 -

0.02 -

Probability of Collision

0.01 -

000 - 1 1 1
0 1 2 3 4 5 6

Photon Energy

Figure 25. Probability of photon collision with the emitter as a function of photon
energy
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Figure 26. Probability of electron escape from the emitter as a function of photon
Energy

The total result is found using the neutron fluence data of the Materials and
Instruments Modular Irradiation Capability for Neutron detection (MIMIC-N) 2959
run [14], and the fluence is known to have resulted in a total power signature of about
254 MW. The results are tabulated below in Table 9. The Jaschik model results are
extremely close to the SPND model for the emitter’s current due to neutrons, 1.1E-2
nA/MW. The result is within 30 of the mean. For the Warren model, it seems that
the approximations made to reduce the calculation time make the model much more
inaccurate than Jaschik’s analytic method of grouping the prompt energy emissions
into 30 groups. The usefulness of these models are unfortunately limited due to
ignoring the contributions from the other effects and components.

The current can also be shown as a function of neutron energy, as seen in Figure
27. It can be seen that even though the Warren model is much larger than the Jaschik

model, that the shapes of the two results are similar. It does deviate from the emitter
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contribution shown in Figure 13 as there is not much of a contribution from neutrons
with an energy greater than 107 MeV. The peak of the results is also matched by
the fluence measured in the MIMIC-N experiment also peaking at close to the same

energy.

Table 9. Jaschik and Warren analytical result for the ILC-6 SPND

Model Current (nA/MW) Absolute Error to

the Mean (nA)

Warren 2.63E-2 1.5E-2

Jaschik 7.33E-3 3.3E-3
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Figure 27. Total current comparison between the Warren and Jaschik models

51



V. Conclusions

The conclusion chapter summarizes the work done in this thesis as well as dis-
cussing some of the conclusions reached. This chapter also proposes future work that

should be considered regarding Self Powered Neutron Detectors (SPNDs).

5.1 Summary

The primary objective of this research was to be able to identify, characterize, and
quantify the influences of the individual components of a gadolinium SPND on the
current and to compare these results to both real world experiments as well as the
two analytic models created by Warren [9] and Jaschik [8]. Another objective was to
be able to demonstrate that the gadolinium SPND current within Transient REActor
Test (TREAT) can be adequately modeled using Monte Carlo N Particle Transport
(MCNP®) with a dose response function to decrease the computation needs. Both
of these objectives were met.

It was found that the sheath has the largest contribution to the current, con-
tributing approximately 75% or 85% of the current for the ILC4 and ILC6 type
SPND respectively. While this result was not expected, it should be noted that the
emitter still plays a significant role in the SPND, as that is the material that will be
interacting with the neutron flux and creating photons that the emitter or sheath may
interact with to release electrons. The analytic model from Jaschik was also found to
be fairly close to the MCNP® result for the emitter. However, because the emitter
contribution due to neutrons was only 1.5% for either type of SPND, the usefulness
of the analytical model may be limited.

Furthermore, the modeled results were within an order of magnitude of the ex-

perimental results, only being off by about +0.7 nA/MW and +0.5 nA/MW for the

52



ILC4 and ILCG6 type respectively. This over estimation of the current is believed
to be partially due to how the model was constructed and how MCNP® calculates
electron transport. While these results could potentially be improved, they are still
considered within expected error due to the limitations of MCNP® modeling and
approximations made for electron transport and the computational effort of storing

the results from a large amount of scatters.

5.2 Future Work

Future work regarding further validation studies is recommended. Also work in
comparing models of different TREAT experiments or using different prompt SPND
elements, such as hafnium, and replicating this methodology for delayed type SPNDs
and comparing the results to literature on that topic as well as these results.

Other work could be in expanding the analytic models to account for the sheath.
To expand the analytic model to account for the sheath, the path length probability
for a hollow cylinder must be determined, the sheath should focus on the (v, €)
reactions, and instead of multiplying by the probability of escape, the function would
be multiplied by (1-Pescape)-

The last project for researching SPNDs is in determining increases in efficiency
for prompt SPNDs, work should be done in changing the geometry of the emitter
to interact with more neutrons, as well as experiment with different materials of the
sheath for increases in photon interaction.

For research regarding the methodology used in this research, further work is
recommended using a different tool to model electron transport and use those results

to create the dose response function.
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Appendix A. Gadolinium (n,y) Yields

Table 10. Yield of a gamma ray at a specific energy from 100 neutron absorptions

v Energy (MeV) Yield
6.91 0.07
6.75 1.32
6.67 0.08
6.42 0.22
6.15 0.06
5.9 0.47
5.78 0.13
5.68 0.09
5.66 0.15
5.61 0.07
5.58 0.24
5.54 0.1
5.4 0.2
5.35 0.03
5.31 0.09
5.25 0.05
5.18 0.19
5.16 0.08
5.14 0.03
5.09 0.05
5.06 0.13
Continued on next page
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Table 10 — continued from previous page

v Energy (MeV) Yield
5.03 0.05
4.92 0.19
4.87 0.09
4.81 0.06
4.74 0.16
4.7 0.05
4.67 0.07
4.65 0.05
4.62 0.05
4.57 0.03
4.49 0.17
4.41 0.04
4.36 0.04
4.34 0.15
4.22 0.09
4.09 0.04
4.08 0.04
3.99 0.13
3.95 0.04
3.87 0.04
3.83 0.06
3.74 0.05
3.72 0.05

Continued on next page
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Table 10 — continued from previous page

v Energy (MeV) Yield
3.68 0.06
3.66 0.08
3.58 0.09
3.57 0.04
3.52 0.04
3.41 0.06
3.4 0.05
3.39 0.07
3.37 0.05
3.35 0.05
3.31 0.07
3.24 0.06
3.22 0.05
3.16 0.15
3.06 0.12
3.0 0.17
2.98 0.08
2.9 0.14
2.87 0.07
2.85 0.07
2.84 0.1
2.81 0.26
2.75 0.07

Continued on next page
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Table 10 — continued from previous page

v Energy (MeV) Yield
2.7 0.22
2.68 0.31
2.6 0.26
2.58 0.11
2.52 0.14
2.5 0.1
2.47 0.18
2.43 0.09
2.42 0.09
2.4 0.15
2.36 0.09
2.34 0.1
2.31 0.26
2.3 0.12
2.26 0.15
2.18 0.14
2.16 0.14
2.14 0.12
2.11 0.25
2.09 0.15
2.03 0.15
2.02 0.21
1.99 0.23

Continued on next page
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Table 10 — continued from previous page

v Energy (MeV) Yield
1.94 0.18
1.84 0.22
1.8 0.38
1.78 0.25
1.66 0.27
1.55 0.59
1.39 0.3
1.37 0.29
1.35 0.36
1.32 1.55
1.29 0.32
1.26 1.16
1.19 5.93
1.16 0.25
1.14 0.76
1.12 1.3
1.11 1.47
1.1 1.11
1.07 0.38
1.05 0.46
1.04 0.36
1.02 0.19
1.0 2.12

Continued on next page
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Table 10 — continued from previous page

v Energy (MeV) Yield
0.986 0.18
0.977 1.35
0.962 3.08
0.944 4.24
0.916 1.04
0.897 2.82
0.867 0.34
0.853 0.21
0.78 1.69
0.769 0.21
0.763 0.16
0.743 0.21
0.736 0.19
0.714 0.19
0.709 0.22
0.692 0.18
0.647 0.26
0.608 0.18
0.596 0.66
0.559 0.18
0.543 0.16
0.527 0.15
0.472 0.14

Continued on next page
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Table 10 — continued from previous page

v Energy (MeV) Yield
0.47 0.35
0.447 0.13
0.425 0.17
0.397 0.1
0.392 0.1
0.38 0.09
0.369 0.14
0.364 0.16
0.358 0.09
0.352 0.09
0.346 0.13
0.34 0.2
0.335 0.26
0.325 0.11
0.312 0.1
0.306 0.06
0.297 0.57
0.289 0.15
0.278 0.93
0.255 0.65
0.247 22.2
0.243 0.49
0.237 0.44

Continued on next page
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Table 10 — continued from previous page

v Energy (MeV) Yield
0.232 0.05
0.219 0.14
0.209 0.15
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Appendix B. TREAT Neutron Fluence

Table 11. Neutron Flux per Unit Lethargy at the TREAT Facility

Neutron Energy (MeV) | Fluence per Unit Lethargy
le-10 5.8e+08
1le-09 3.67e+10
1le-08 1.6e+11
2.3e-08 7.92e+11
5e-08 1.61e+412
7.6e-08 1.81e+12
1.15e-07 1.49e+412
1.7e-07 1.02e+12
2.55e-07 6.73e+11
3.8e-07 6.18e+11
5.5e-07 6.0le+11
8.4e-07 5.19e+11
1.28e-06 5.99e+11
1.9e-06 6.14e+11
2.8e-06 6.26e+11
4.25e-06 6.47e+11
6.3e-06 6.59e+11
9.2e-06 6.87e+11
1.35e-05 7.05e+11
2.1e-05 7.68e+11
3e-05 6.16e+11
Continued on next page
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Table 11 — continued from previous page

Neutron Energy (MeV)

Fluence per Unit Lethargy

4.5e-05
6.9e-05
0.0001
0.000135
0.00017
0.00022
0.00028
0.00036
0.00045
0.000575
0.00076
0.00096
0.00128
0.0016
0.002
0.0027
0.0034
0.0045
0.0055
0.0072
0.0092
0.012
0.015

6.05e+11
7.45e+11
7.35e+11
7.81e+11
7.27e+11
7.25e+11
7.69¢e+11
6.98e+11
6.78e+11
6.92e+11
7.6le+11
7.52e+11
8.04e+11
9.25e+11
8.32e+11
7.73e+11
7.62e+11
7.6e+11

8.50e+11
8.93e+11
9.08e+11
8.46e+11

6.3e+11

Continued on next page
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Table 11 — continued from previous page

Neutron Energy (MeV)

Fluence per Unit Lethargy

0.019
0.0255
0.032
0.04
0.0525
0.066
0.088
0.11
0.135
0.16
0.19
0.22
0.255
0.29
0.32
0.36
0.4
0.45
0.5
0.55
0.6
0.66
0.72

5.3%e+11
6.38e+11
6.78e+11
7.84e+11
8.72e+11
7.24e+11
6.67e+11
8.6le+11
9.88e+11
9.2le+11
8.66e+11
9.0le+11
9.49e+11
9.7e+11

1.04e+12
1.19e+12
1.13e+12
1.03e+12
1.0le+12
1.03e+12
1.15e+12
1.22e+12

1.19e+12

Continued on next page
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Table 11 — continued from previous page

Neutron Energy (MeV)

Fluence per Unit Lethargy

0.78
0.84
0.92
1.0
1.2
1.4
1.6
1.8
2.0
2.3
2.6
2.9
3.3
3.7
4.1
4.5
2.0
2.5
6.0
6.7
7.4
8.2
9.0

1.07e+12
1.09e+12
1.1e412

1.08e+12
9.53e+11
9.19e+11
9.86e+11
8.7le+11
7.79e+11
7.42e+11
6.63e+11
5.le+11

4.05e+11
3.34e+11
2.72e+11
2.12e+11
1.68e+11
1.43e+11
1.16e+11
8.42e+410
5.71e+10
3.34e+10
1.48e+10

Continued on next page
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Table 11 — continued from previous page

Neutron Energy (MeV) | Fluence per Unit Lethargy
10.0 7.81e+09
11.0 6.41e+09
12.0 5.01e+09
13.0 2.11e+09
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Appendix C. Neutron and Photon Energy Groups

Table 12. Neutron Energy Group Distribution

Group Neutron Energy (MeV)
1 1.39e-10
2 le-09

3 5e-09

4 1e-08

5 3e-08

6 7e-08

7 le-07

8 1.52e-07
9 2e-07

10 4.14e-07
11 6e-07

12 8e-07

13 1.13e-06
14 3.06e-06
15 5.04e-06
16 8.32¢-06
17 1.37e-05
18 2.26e-05
19 3.73e-05
20 6.14e-05
21 0.000101

Continued on next page
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Table 12 — continued from previous page

Group Neutron Energy (MeV)
22 0.000167
23 0.000275
24 0.000354
25 0.000454
26 0.000583
27 0.000749
28 0.000961
29 0.00109
30 0.00123
31 0.0014
32 0.00158
33 0.0018
34 0.00203
35 0.00231
36 0.00261
37 0.00296
38 0.00335
39 0.0038
40 0.00431
41 0.00488
42 0.00553
43 0.00627
44 0.0071

Continued on next page
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Table 12 — continued from previous page

Group Neutron Energy (MeV)
45 0.00805
46 0.00912
47 0.0103
48 0.0117
49 0.0133
50 0.015
51 0.017
52 0.0193
53 0.0219
54 0.0248
55 0.0261
56 0.0281
o7 0.0318
58 0.0409
59 0.0525
60 0.0674
61 0.0865
62 0.111
63 0.143
64 0.183
65 0.235
66 0.302
67 0.388

Continued on next page
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Table 12 — continued from previous page

Group Neutron Energy (MeV)
68 0.439
69 0.498
70 0.564
71 0.639
72 0.724
73 0.821
74 0.93
75 1.05
76 1.19
7 1.35
78 1.74
79 2.23
80 2.87
81 3.68
82 4.72
83 6.07
84 7.79
85 10.0
86 11.9
87 13.5
88 14.9
89 16.9
90 20.0
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Table 13. Photon Energy Group Distribution

Group Photon Energy (MeV)
1 0.001
2 0.01
3 0.02
4 0.03
5 0.045
6 0.06
7 0.08
8 0.1

9 0.15
10 0.2
11 0.3
12 0.4
13 0.45
14 0.5
15 0.525
16 0.6
17 0.7
18 0.8
19 0.9
20 1.0
21 1.12

Continued on next page

71




Table 13 — continued from previous page

Group Photon Energy (MeV)
22 1.2
23 1.33
24 1.5
25 1.66
26 1.88
27 2.0
28 2.33
29 2.5
30 2.67
31 3.0
32 3.5
33 4.0
34 4.5
35 5.0
36 5.9
37 6.0
38 6.5
39 7.0
40 7.5
41 8.0
42 9.0
43 10.0
44 12.0

Continued on next page
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Table 13 — continued from previous page

Group Photon Energy (MeV)
45 14.0
46 17.0
47 20.0
48 30.0
49 50.0
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