
lable at ScienceDirect

Nuclear Engineering and Technology 52 (2020) 2852e2859
Contents lists avai
Nuclear Engineering and Technology

journal homepage: www.elsevier .com/locate/net
Original Article
Simulation, design optimization, and experimental validation of a
silver SPND for neutron flux mapping in the Tehran MTR

Mahdi Saghafi a, *, Seyed Mohsen Ayyoubzadeh b, Mohammad Sadegh Terman c

a Department of Mechanical Engineering, University of Bonab, Bonab, Iran
b Department of Energy Engineering, Sharif University of Technology, Tehran, Iran
c Nuclear Science and Technology Research Institute, Atomic Energy Organization of Iran, Tehran, Iran
a r t i c l e i n f o

Article history:
Received 30 October 2019
Received in revised form
15 May 2020
Accepted 15 May 2020
Available online 11 June 2020

Keywords:
Silver SPND
Monte Carlo method
Tehran research reactor
MCNPX
* Corresponding author.
E-mail address: msaghafi@ubonab.ac.ir (M. Saghafi

https://doi.org/10.1016/j.net.2020.05.017
1738-5733/© 2020 Korean Nuclear Society, Published
licenses/by-nc-nd/4.0/).
a b s t r a c t

This paper deals with the simulation-based design optimization and experimental validation of the
characteristics of an in-core silver Self-Powered Neutron Detector (SPND). Optimized dimensions of the
SPND are determined by combining Monte Carlo simulations and analytical methods. As a first step, the
Monte Carlo transport code MCNPX is used to follow the trajectory and fate of the neutrons emitted from
an external source. This simulation is able to seamlessly integrate various phenomena, including neutron
slowing-down and shielding effects. Then, the expected number of beta particles and their energy
spectrum following a neutron capture reaction in the silver emitter are fetched from the TENDEL
database using the JANIS software interface and integrated with the data from the first step to yield the
origin and spectrum of the source electrons. Eventually, the MCNPX transport code is used for the Monte
Carlo calculation of the ballistic current of beta particles in the various regions of the SPND. Then, the
output current and the maximum insulator thickness to avoid breakdown are determined. The optimum
design of the SPND is then manufactured and experimental tests are conducted. The calculated design
parameters of this detector have been found in good agreement with the obtained experimental results.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Surveillance of reactor safety margins such as power axial offset,
departure from nucleate boiling, and power peaking factor, can be
performed by mapping and monitoring of the neutron flux distri-
bution [1]. In-core neutron detectors directly measure these flux
distributions and have more accuracy in comparison to the ex-core
detectors [2]. As such, in-core fixed detectors have been increas-
ingly implemented for flux mapping purposes. Because of the Self
Powered Neutron Detector's (SPND) excellent radiation resistance,
ability to perform in harsh physical and chemical environments,
low cost, and small dimensions, this type of detectors are among
the first choices for such aim [1,3e6].

SPNDs generally have a coaxial structure with two conductive
electrodes: the emitter, usually placed at the interior, and the col-
lector, which is usually placed at the exterior. To avoid direct
recombination of the collected electrical charges, an electrically
insulated space is considered between the electrodes, which is
).

by Elsevier Korea LLC. This is an
usually filled bymineral materials such as MagnesiumOxide (MgO)
or Alumina (Al2O3). The material used for the collector is usually
Inconel or Stainless-Steel, chiefly to provide maximum compati-
bility with the usually high temperature and pressure, and acidic
environment of a power Pressurized Water Reactor (PWR) core. On
the other hand, the emitter is selected from materials which have
relatively high neutron capture cross-section resulting in beta or
high energy gamma decay [7]. In the beta decay-based types, also
known as delayed SPNDs, positive electrical charge is increased in
the emitter by losing electrons through the beta particle emission.
However, in the detectors based on gamma decay, also known as
prompt SPNDs, secondary electrons are chiefly produced by the
photo-electric, pair-production, and Compton mechanisms. As a
result, an electrical current between the electrodes is induced by
collecting emitted beta particles or secondary electrons in the
collector, and replacing electrons by a lead wire attached to end of
the emitter, without any external power supply. Rhodium, Vana-
dium, Cobalt, Hafnium, Silver, and Platinum are thematerials which
are frequently used as emitters in SPNDs [5,8e13]. Since the char-
acteristics of an SPND are primarily determined by the material of
the emitter, these detectors are generally categorized as prompt
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and delayed groups [14]. Rhodium, Vanadium, and Silver based
emitters result in delayed response while Cobalt-based SPNDs
show a prompt response to neutron capture. Prompt SPNDs usually
have smaller burn-up, and subsequently lower induced current in
comparison with their delayed counterparts [7]. For each emitter
material, the induced current of SPNDs is also depended on di-
mensions of consisting parts, and a series of sensitivity studies are
required to design an optimized SPND. In this paper, silver is
selected as an emitter because of more availability, low depletion
rate, and strong output signal [9].

This research is performed in the framework of a research
project to develop an online neutron flux mapping system for the
Tehran Research Reactor (TRR) based on the continuous measure-
ments of a series of SPNDs. As a prerequisite, the optimal number of
share of n� capture
�
107Ag

�
¼ n� capture cross section of 107Ag � natural abundance of 107AgP

107Ag ; 109Ag

ðn� capture cross section� natural abundanceÞ

share of n� capture
�
109Ag

�
¼ n� capture cross section of 109Ag � natural abundance of 109AgP

107Ag ; 109Ag

ðn� capture cross section � natural abundanceÞ

(1)
SPNDs in the core of the TRR and their placement configuration
were previously determined using an information theory based
method [15]. Then, an artificial neural network was developed for
mapping output neutron flux of SPNDs to reactor states, which
were defined by the position of control rods and the amount of fuel
burn-up [3]. The focus of this research is on the optimal design of an
SPND with the silver emitter, including as much physics as possible
by using a combination of both Monte Carlo (MC) and analytical
based methods. Simulations based on the Monte Carlo method are
generally very accurate in modeling the neutron and gamma in-
teractions of interest in detectors. However, simplified analytical
models were developed to study the effects of different variables on
SPNDs, including space charge effects which cannot be easily
incorporated into MC-based methods [16e19]. Note that by using
MC-based particle transport codes such as Monte Carlo N-Particle
(MCNP) code for the precise determination of neutron flux distri-
bution and emitted beta particles, there is no need to analytically
estimate self-shielding, spectrum effect, escape probability, etc.
Other researchers have also used MCNP code for modeling the
behavior of different types of detectors, such as Micro-Pocket
Fission Detectors [20], Scintillator detectors [21], Suspended foil
microstrip neutron detectors [22], and SPNDs [23,24]. Here, the
designed SPND, consisting of a silver emitter, Alumina (Al2O3)
insulator, and Inconel-600 collector, is also constructed to experi-
mentally benchmark and assess the accuracy of the simulations.

The rest of the paper is organized as follows. In section 2, the
required data for simulation of the neutron capture and beta decay
of silver SPND, such as the expected number of beta particles and
their energy spectrum following a neutron capture are generated.
In section 3, the MC model of the SPND in Monte Carlo N-Particle
eXtended (MCNPX) code is described and an analytical method for
the calculation of the output electrical current based on these re-
sults is developed. In section 4, the dimensions of the emitter,
insulator, and collector are optimized. In section 5, experimental
benchmarking of the designed SPND is performed in the core of the
TRR and its sensitivity to thermal and total neutron flux is
calculated. Finally, section 6 includes a summary and conclusion.
2. Calculation of required data for simulations

To determine the rate of neutron capture in the emitter, it is
necessary to find the share (probability) of neutron capture in each
isotope of naturally occurring silver. Mole fraction concentration of
natural silver, which consists of 107Ag and 109Ag, are respectively
considered as 51.82% and 48.18% according to the Nubase 2012 li-
brary [25] using the Java-based Nuclear Data Information System
(JANIS-4.0) code interface [26]. Moreover, the capture share of a
neutron, as a function of its incident energy, in these isotopes,
based on the data from TENDL-2015 library [27], is obtained by Eq.
(1) and shown in Fig. 1
Since the beta decay parameters, i.e. half-life and branching
ratio, following a neutron capture are dependent on the formation
mode of the secondary nucleus, it is required to determine the
probability of ground and meta-stable generation. In Fig. 2, the
formation probability of 108Ag and 110Ag isotopes in their ground
state is plotted versus the incident neutron's energy using TENDL-
2015 library.

Probability of beta decay in the ground state of 108Ag (half
live ~ 143 s) and 110Ag (half live ~ 25 s) is 0.9715 and 0.997,
respectively. According to Figs. 1 and 2, the expected number of
beta particles generated in a natural silver emitter per a neutron
capture reaction in the emitter is presented in Fig. 3, versus the
Fig. 1. Share of neutron capture in isotopes of natural silver.



Fig. 2. Probability of silver isotopes formation in the ground state following a neutron
capture. Fig. 4. The energy spectrum of beta particles from the decay of silver isotopes.
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energy of the captured neutron. Also, the energy spectrum of
generated beta particles by the decay of silver isotopes is illustrated
in Fig. 4.

3. Monte Carlo simulation and analytical electric current

TRR is a pool-type, light-water, Material Testing Reactor (MTR)
with 5 MW thermal power. TRR has plate type Low Enriched Ura-
nium (LEU) fuels. The core configuration of this reactor is shown in
Fig. 5. The silver SPND will be installed in an empty box (Irradiation
box) in the core (D6 cell).

For the simulation in MCNPX, it is required to define the ge-
ometry of the SPND in this code. This geometry has been embedded
in a vacuum region which is surrounded by a cylindrical surface,
emitting neutrons or gammas isotropically, as shown in Fig. 6.

The source and its energy spectrum have been defined in two
ways, to fulfill two objectives. For the aim of cross-validating the
experimental results, the source spectrums have been defined
(Fig. 7 and Fig. 8) identical to the spectrum of the previously
Fig. 3. Expected number of generated betas in the emitter following a neutron capture.
simulated [3] neutron and gamma flux of the TRR core in the
location of the SPND. However, for the aim of comparing SPNDs on
the merit of their own performance, quite independent of the
reactor's core, for thermal reactors, the convenience of calculating
the sensitivity of the detector for a monoenergetic 25 meV
(2200m/s) neutron source has been followed [18,29,30]. Sensitivity
(S) is defined by the ratio of the output electrical current (I) to flux
(f) in the vicinity of the detector [23,30], as follows:

S¼ I
f

(2)

Since MCNPX2.7E is not able to model beta decays while
Fig. 5. TRR core configuration [28].



Fig. 6. The geometry of the simulation in MCNPX code.

Fig. 8. The energy spectrum of gamma flux.
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following the products, the beta decay of 108Ag and 110Ag (which
are the secondary isotopes produced by neutron capture in natural
silver) cannot be directly modeled in MCNPX. Therefore, to simu-
late this process, a three-step approach is used. In the first step, the
neutron capture rate per unit of neutron flux in the vacuum region
is calculated in the emitter region usingMCNPX. At the second step,
performed externally, the beta decay ratios of the respective iso-
topes of silver and their mode of generation are considered and the
appropriate beta energy spectrum and its yield are calculated. This
data has been used to generate a new input file for MCNPX with
betas as its source particles. To consider the self-shielding effect,
the emitter is divided into 10 coaxial cylinders with the same
height of the SPND, to save the position of the neutron capture (and
the emission position of the beta rays). In this new MCNPX model,
the surrounding vacuum region and the isotropic neutron source is
removed to avoid duplicate gamma effects. The expected number of
beta particles and their energy spectrum is calculated using Figs. 3
and 4, respectively. Beta rays are emitted as a homogenous source
from each one of the cylinders in the emitter.

Since at this phase, the beta particle ballistic current is of pri-
mary importance in the calculation of the detectors output current,
Fig. 7. The energy spectrum of neutron flux.
as it is discussed soon, the emitter, insulator, and collector have
been divided into multiple artificial cylinders, andMCNPX's F2 tally
has been defined on these surfaces, as shown in Fig. 6. Also, due to
the inherent symmetry, a quarter of the SPND with reflective
boundaries is simulated in MCNPX to reduce the computational
time of neutrons and electrons transport.

In the last step, bymaking use of the density of ballistic electrical
current ( J

!
f ) which has been obtained from MCNPX, the density of

electron conductive current ( J
!

e) can be determined by using the
conservation law of charges in steady-state conditions [31], stated
as:

V:
�
� J
!

f ðrÞþ J
!

eðrÞ
�
¼0 (3)

Therefore, the density of electrical current in the insulator (Je;I)
can be written as:

Je;IðrÞ¼ Jf ;IðrÞ þ
C1
r

(4)

where Jf ;I is the density of ballistic current of the insulator. By
Fig. 9. Net beta current through the surface between emitter and insulator versus
emitter radius.
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considering an Ohmic relation for the insulator as Je ¼ sE, and also
using the relation DV ¼ � R rI

rE Edr, we have:

C1 ¼ �
sDV þ

ðrI
rE
Jf ;IðrÞdr

ln
�

rI
rE

� (5)

where rE is emitter radius, rI is insulator radius, and E is the electric
field. At this stage, one may write:

EðrÞ¼1
s

0
BBB@Jf ;IðrÞ �

ðrI
rE
Jf ;IðrÞdr

r ln
�

rI
rE

�
1
CCCA� 1

r
DV

ln
�

rI
rE

� (6)

By considering the electrical current of the external circuit, I ¼
2prEhðsEðrEÞþJf ;IðrEÞÞ, for a detector with a height of h, and Ohm's
law in the external circuit as DV ¼ RextI, it can be concluded that:
Fig. 10. Net beta current through the surface between the insulator and collector
versus insulator thickness.

IbðrÞ¼

8>><
>>:

�7:01� 104r1:22C expð � 1:17� 10ðrC � rIÞÞexpð � 5:67ðrI � rEÞÞ
�
1� exp

�
� 5:41� 10�1rE

��
; 0 � r � rE

expð � 1:18� 10ðr � rEÞÞ ; rE � r � rI
expð � 1:18� 10ðrI � rEÞÞexpð � 3:48ðr � rIÞÞ ; rI � r � rC

(11)
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�
1
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�1
0
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�
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�
�

ðrI
rE
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�
r
�
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rE ln
�

rI
rE

�
1
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The detector's output current, obtained in Eq. (7), is numerically
calculated using the F2 tally output from MCNPX. Finally, the non-
breakdown assurance in the insulator can be verified by numeri-
cally evaluating the maximum value of Eq. (6).

4. Dimensions optimization

To obtain the optimum dimensions of the SPND, it is necessary
to find a first-order and rough relation between the output current
and the sought-after design parameters. To reach this aim, a data-
base has been constructed by repeatedly simulating the electrical
current of SPNDs with various emitter, insulator, and collector di-
mensions (sensitivity studies). In Fig. 9, the net beta current from
the surface between the emitter and insulator is presented versus
six different values of the emitter radius. For every emitter radius,
different thicknesses of insulator and collector are randomly
selected and simulation of the sensitivity studies is performed. It is
readily seen that the trend of these data is suitably described by a
Box-Luxas model [32] as:

Ib
�
nA

�
¼6:480�10�12

�
1� exp

�
� 8:198� 10�4rE

�
mm

��

(8)

Also, the net beta current through the surface between insulator
and collector is illustrated in Fig. 10 for six values of insulator
thickness. To develop the database of sensitivity studies, different
values for emitter radius and collector thickness are selected for
simulation of every insulator thickness. The trend in this figure has
been captured using an exponential fit, written as:

IbðnAÞ¼1:966� 10�12 exp
�
� 1:163�10�3tIðmmÞ

�
(9)

Finally, the leak flow of beta particles through the external
surface of the collector versus the thickness of this region is pre-
sented in Fig. 11 for six values of collector thickness. Similarly, to
develop the database of sensitivity studies, different values for
emitter radius and insulator thickness are selected for simulation of
every collector thickness. The relation for the trend of this data is
mathematically encapsulated as:

IbðnAÞ¼1:208� 10�12 exp
�
� 8:536�10�4tCðmmÞ

�
(10)

While Eqs. (8)e(10) are of great use in the determination of an
initial guess for the dimensions of an SPND's various regions, it is
necessary to develop a more accurate model in which the effects of
cylindrical geometric weakening and self-shielding of neutron and
beta fluxes are considered, for the optimization phase. A suitable
semi-empirical model, found to best fit the data by minimizing the
summation of relative squared errors, is as:
The data in Fig. 9, Fig. 10, and Fig. 11 are used to find the best fit
in the different regions of the SPND (emitter, insulator, and col-
lector, respectively) for Eq. (11). The exponential form is selected for
Eq. (11), because of the attenuation effect in different regions, and
the radius is selected as a parameter, because of cylindrical geom-
etry. The length of the SPND can be neglected in themodel, because
of the small ratio of SPND diameter to its length.

Eq. (11) shows the dependency of output current to the external
radius of various regions and can be used for the determination of
optimal dimensions. To proceed, the nominal sensitivity of silver is
considered as 10�20ðAÞ per unit of neutron flux. Also, the unit of



Fig. 13. The ratio of the electric field in the insulator to maximum electric field to avoid
its breakdown.

Fig. 11. Leaked beta current through the external surface of collector versus thickness
of collector.
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IbðrÞ in Eq. (11) is nanoamperes, and it is calculated per unit of
neutron flux in the unit of detector length, expressed as centime-
ters. Since the output current shows its maximum has more de-
pendency on the thickness of the emitter, rather than the
thicknesses of insulator and collector, one could roughly write:

dIbðrEÞ
dh

¼ � 2:13� 103rEð1� expð � 88:6rEÞÞ (12)

Also, the output current for nth axial mode is obtainable from:

IbðrÞ¼
ðþh
2

�h
2

dIbðrEÞ
dh

cos
�ð2nþ 1Þp

H
z
�
dz (13)

As such, the minimum mass of emitter can be determined by
minimizing the following cost function:

C¼ rpr2EHðrEÞ (14)

The constraints mentioned above result in an emitter with di-
mensions of rEz600 ðmmÞ and a height of hz10 ðcmÞ.
Fig. 12. The ratio of parasitic current to the total current.
In the next step, it is required to determine the thickness of the
collector tominimize the ratio of parasitic current (leaking from the
collector to the environment) to the total generated current (the
output of the emitter). By ignoring insulator effects, this ratio is
presented in Fig. 12.

Based on the data in Fig. 12, the ratio of the parasitic current to
the total current decreases by increasing the thickness of the
Inconel collector to� 700ðmmÞ, and then the ratio increases. On the
other hand, increasing collector thickness leads to increase neutron
absorption or scattering probability in the collector (decrease in the
total generated current). Therefore, collector thickness is selected
to be 400ðmmÞ, where the rate of decrease in the ratio of the
parasitic current to the total current starts to decrease. As the final
step, the optimal thickness of the insulator region should be
Fig. 14. Designed and constructed silver SPND with connected cable and holder.



Fig. 15. The time-dependent output current of SPND for increase in thermal power
from the first critically to 500 (kW).
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calculated. This thickness has been determined as a balance be-
tween the countering effects of maximum ballistic to conductive
charge conversion in this region and the maximum permissible
electric field strength in this region before breakdown. This latter
parameter in Alumina is 16� 104ðV =cmÞ and its specific conduc-
tance is s ¼ 10�14ðU =cmÞ [33]. The ratio of the electric field in the
insulator to maximum electric field to avoid its breakdown is pre-
sented in Fig. 13. Electric field in the insulator is calculated by
substituting ballistic current in the insulator (Jf ;I) into Eq. (6) from
the output of MCNPX code. Eq. (6) is derived using the conservation
law of charges in steady-state conditions and considering an Ohmic
relation for the insulator as Je ¼ sE (Je is the density of electron
conductive current). By selecting a 25% safety margin to avoid
insulator breakdown and to have maximum electric resistance of
the SPND in open circuit, the thickness of the insulator and the
shunt electric resistance should be tIz75 ðnmÞ and Rextz 300 ðkUÞ,
respectively.

These design parameters would yield an SPND which would
pass 8200 (nA) of electrical current through a currentmeasurement
instrument with an internal electrical resistance of 50 ðkUÞ when
Fig. 16. The time-dependent output current of SPND for power stabilization in 2.2
(MW) thermal power.
exposed to a thermal neutron flux of 5�1013ð# =ðcm2 $sÞÞ. This
designed and constructed silver SPND is shown in Fig. 14.

5. Experimental benchmarking of the designed SPND

The designed silver SPND with optimized dimensions by sim-
ulations is experimentally tested in the core of TRR (D6 Cell in
Fig. 5) after construction. In Fig. 15, the time-dependent variation of
the SPND's output current is presented for a power maneuver from
the reactor's first criticality to the generation of 500 ðkWÞ thermal
power. Because of safety concerns in low powers, the reactor power
is increased in several steps to reach 500 ðkWÞ, and finally it is
stabilized in 500 ðkWÞ thermal power, approximately at 11:50. The
positive current in the initial stage of the test is related to the
induced noise. By reactor power increase after the criticality, SPND
current (in negative values) has the superior effect. In Fig. 16,
measured current of the SPND during stabilization of the thermal
power in 2.2 (MW) is presented. To measure the sensitivity of the
SPND to the absolute value of the power level, the power increase
maneuver is performed in different power levels and the output
current is measured after reaching steady-state conditions. The
absolute value of the measured currents versus the reactor's ther-
mal power is illustrated in Fig. 17.

A simple linear fit on the data in Fig. 17 indicates that the ratio of
the SPND current to the thermal power of the reactor is equal to
2268 ðnA =MWÞ. Calculated thermal neutron flux and total
(neutron and gamma) flux using MCNPX code in the location of the
SPND (D6 cell in Fig. 5) in TRR core at 5 ðMWÞ thermal power are
5:3� 1013ð# =ðcm2 $sÞÞ and 8:6� 1013ð# =ðcm2 $sÞÞ, respectively.
For 10 (cm) active length of the detector, the sensitivity of the de-
tector is obtained for thermal neutron flux and total (neutron and
gamma) flux as Sth ¼ 3:28� 10�21ðA =ð# =ðcm2 $sÞÞÞ and Stot ¼
1:98� 10�21ðA =ð# =ðcm2 $sÞÞÞ, respectively.

The simulation result, 820 (nA), and experimental result, 870
(nA), of this SPND in 500 (kW) thermal power of TRR show good
agreement. Therefore, it can be concluded that the design proced-
ure of the SPND and simulation results have had a satisfactory
accuracy.

6. Conclusion

In this paper, the dimensions of the various regions of a silver
SPND are optimized by using simulations based on both Monte
Carlo (MC) and analytical methods. While the used MC simulation
Fig. 17. The measured output current of SPND versus reactor thermal power.
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has been a very accurate method for modeling the transport and
interactions of neutron and gamma particles, the lack of this
models ability to accommodate beta decay products and electric
space-charge effects has made a multistep MC-database-MC-
analytic approach a necessity. In this approach, the density of
neutron captures in the emitter of a silver SPND is simulated using
the MC method. Then, the expected number of beta particles and
their energy spectrum following a neutron-capture in natural silver
isotopes are generated using the TENDL database, via the JANIS
interface. Then, the density and energy spectrum of beta particles
are input to another MC model and transported by MCNPX code to
yield the space-depended ballistic beta current. Finally, the con-
duction output current of the SPND is determined by numerically
solving analytically relations using the obtained data. The designed
SPND is experimentally tested in the TRR core. The simulated
output current of the SPND reasonably agrees with the experi-
mental test results. The proposed method for response simulation
and design optimization of the delayed-type silver SPNDs can also
be adopted and implemented on optimization of prompt-type
SPNDs. However, investigations on uncertainties in construction
parameters of SPND such as dimensions should be made in future
studies using suitable uncertainty models and reliable datasets.
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