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Abstract

The GHARR-1 MCNP5 input deck was successfully modified to simulate the
multi capsule irradiation protocol adopted in the present work to experimen-
tally characterise the neutron flux in the inner irradiation channel of the
GHARR-1 LEU core. The inner irradiation site was modified by discretising
its 17cm active length into spatial demarcations to enable Bottom, Middle and
Top irradiation other than the single capsule irradiation which is the normal
protocol in the conduct of neutron activation analysis at the GHARR-1. Flux
characterization and analytical measurement of sample were carried out in the
three (3) irradiation capsules introduced into the inner irradiation channels at
the bottom (normal), middle and top positions using the scheme developed in
the experimental work for validation of the MCNP simulations. Flux monitors
were used for irradiation and k0-method was adopted for the experimental
flux characterization analysis. Neutron spectrum parameters such as Cad-
mium ratios, a measure of the deviation of epithermal neutrons from the ideal
1/E distribution (a) and thermal-epithermal flux ratio (f) were determined for
the three capsules as well as the thermal, epithermal and fast neutron fluxes,
and the MCNP simulation results were compared with these experimental re-
sults. Results obtained from the MCNP simulations agree fairly with experi-
mental results. However, relatively high thermal, epithermal and fast neutron
fluxes were obtained from the MNCP simulations than what was determined
experimentally. This increase could be attributed to the treatment of the core
as a fresh core for the MCNP simulation rather than a core that has been in
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operation for five years with anticipated core depletion which may have im-
pacted the experimental results. The present work could further be improved
by incorporating results from burn up studies into the MCNP input deck so
as to more appropriately capture and simulate the actual state of the GHARR-
1 LEU core which has been in operation for almost 5 years.

Keywords

Neutron Spectrum Parameters, KO-Method, MCNP Simulation, Bottom,
Middle and Top Irradiation Column, Flux Monitor

1. Introduction
MCNP Code and Modelling

Monte Carlo Neutron-Particle code (MCNP) is a class of computational algo-
rithms that uses repeated random sampling to compute their results. For compu-
tations involving particle transport calculations such as neutrons, electrons and
photons, the Monte Carlo computer code provides an extremely effective and flex-
ible platform for parametric determination. The MCNP code is used for the com-
putations of multiplication factors, reaction rates, saturated activities, neutron
fluxes and spectra, power peaking factors, reaction rate distributions, shielding,
among others. At almost all energies, MCNP can track 34 different particle types,
including photons, light ions, 2000+ heavy ions, and nucleons. In cases when li-
braries are not accessible, it employs conventional or standard assessed data li-
braries combined with physics models [1] [2]. Different versions of the MCNP
software exist which include MCNP5, MCNP6 and MCNPX developed at the Los
Alamos Scientific Laboratory, USA. However, their functions are similar and
work on the same principles. One can decide which one to use based on conven-
ience. To be able to perform MCNP simulation, the user first creates an input file
(deck) that is subsequently read by MCNP. This file contains information about
the problem in areas such as the geometry specification, the description of mate-
rials and selection of cross-section evaluations, the location and characteristics of
the neutron, photon, or electron source, the type of answers or tallies desired, and
any variance reduction techniques used to improve efficiency.

The capability to handle complex geometry is a key benefit of using MCNP [2].
The MCNP employs these input cards: cell, surface and data cards format to define
or modify the problem geometry (in this instance, a research reactor) and its mate-
rial requirements. The surface cards are the fundamental building block of the prob-
lem geometry [1]-[4]. The different surfaces, including planes, cylinders, cones,
spheres, among others, as well as their dimensions and orientation in the x, y, and z
coordinate systems are all specified. A positive integer is used to identify each sur-
face card (surface number). Cells are formed by combining operators using the in-

tersection, union, and complement. These cells are described by the cell card, which
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also determines the density, particle or photon importance, and material composi-
tion (via material number) of the cell (importance of 0 means, particle history is not
followed in the cell while the importance of 1 means is the vice versa). To identify
between the various material cards, a material number is used. In this work, while
we used an existing MCNP model of the GHARR-1 Miniature Neutron Source Re-
actor (MNSR) core [3], we integrated into the model the cell cards for the irradiation
capsules, tally cards, energy bins, etc., to replicate the experimental geometry.

Tallying in MCNP allows the user to define the output or information desired
from the calculation and how this information is presented in the output file.
MCNP offers seven common tally types (Briesmeister, 2005) [4]. Except for KCODE
criticality situations, which are normalized to one fission neutron, all tallies are
normalized to one “starting” particle and therefore one must employ the proper
scaling factors to normalize the result by the thermal power of a system (reactor).
The scaling factor can be applied at a later time during data processing or entered
on the FM (tally multiplier) card. The cell flux tally (Fn), tally segment (FSn), tally
multiplier (FMn) and tally energy (En) cards were employed as supplemental tally
cards in this investigation. To be able to tell whether the output of a deck is usable
depends on its output multiplication factor value (k-effective, keg). It is described
as the proportion of a generation’s neutron population to that of the generation
before it. The kcode card in MCNP regulates criticality calculations. A generation
is referred to as a ks cycle when used with the kcode card. Three input parameters
are needed for the kcode card in MCNP: the total number of ke cycles, the starting
ke guess, and the number of initial cycles to be skipped. Since the Monte Carlo
spatial neutron distribution, which depends on the eigenvalue and geometry of
the system of interest takes some time to converge, certain cycles must be skipped.
The final estimate of the ke is presented as the average of all the simulated kg
cycles at the end of an MCNP simulation. The final estimate of the ke has associ-
ated uncertainty, as with every Monte Carlo simulation. As the number of ke cy-
cles increases, the uncertainty reduces. Therefore, it is crucial to simulate a signif-
icant number of ke cycles to obtain an accurate estimate of the final k.¢ of a critical
system [5]-[23].

MCNP simulation was employed in the present work and the results obtained
from the MCNP simulation were compared with that of an experimental study on
flux characterization in which a multi-capsule scheme realised through the intro-
duction of three (3) irradiation capsules each of length 5 cm into the 23 cm long
irradiation channel of the Ghana Research Reactor 1 (GHARR-1) facility was car-
ried out. In addition to the experimental and MCNP characterization of the neu-
tron parameters, the present study intended to highlight the differences in neu-
tronics characteristics (Ze., physics) of LEU and the HEU and also relate observa-
tions from the present study to that outlined by [23].

2. Ghana Research Reactor-1 (GHARR-1)

Ghana Research Reactor-1 (GHARR-1) with 34 kW reactor power and 13% en-
richment is primarily utilized in the studies of reactor physics, nuclear engineer-
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ing, nuclear reaction cross-section measurements and neutron activation analysis,
among others. The current installed Low Enriched Uranium core (34 kW MNSR)
is a converted Highly Enriched Uranium core (90.2%, 30 kW MNSR) [24]. It has
been roughly six (6) years since the conversion was carried out and recent obser-
vations and measurements of neutron flux have revealed some distinctive varia-
tions in some of the neutron flux parameters as compared to the HEU core, par-
ticularly those reported in [23]. To provide experimenters with the most accurate
spectral characteristics of experimental sites and to maintain a high degree of re-
liable information to carry out reactor experiments and most importantly neutron
activation analysis, neutron spectrum characterization of GHARR-1 is the focus
of this research work using MCNP simulation.

The GHARR-1 originally operated on a highly enriched uranium fuel core.
However, as part of the US Department of Energy’s project on Reduced Enrich-
ment for Research and Test Reactors [25], it was transitioned from high-enriched
uranium (HEU) to a low-enriched uranium (LEU) core. The GHARR-1 facility
successfully undertook the core conversion in 2017. The reactor’s maximum ther-
mal neutron flux is 1.0 x 10" ncm*s™*. The GHARR-1 facility is used basically

for education and training and also for neutron activation analysis.
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Figure 1. GHARR-1 LEU Core Reactor Components (A), MCNP5 plot of vertical cross
section of the GHARR-1 model (B) and Cross-section through the GHARR-1 reactor (C).

The main components of the GHARR-1 reactor and the cross-section through
the reactor used in the present study are as depicted in Figures 1(A)-(C) respec-

tively. Comparison of key parameters for reference GHARR-1 HEU and LEU
cores are shown in Table 1.

Table 1. Comparison of key parameters for reference GHARR-1 HEU and LEU cores [24].

Key Parameters HEU LEU
Reactor type MNSR MNSR
Fuel type rod rod
Power, kW 30 34
Fuel rod lattice 350 350
Number of Active Fuel rods 344 335
Number of Dummy rods 6 15
Core diameter (mm) 230 230
Core height (mm) 230 230
Fuel lattice pitch (mm) 10.95 10.95
Coolant inlet pressure (atm) 1 1
Coolant heat transfer mode Natural convection  Natural Convection
Reflector Beryllium Beryllium
Control rod absorber Cadmium Cadmium

Control rod cladding
Number of control rods
Core shape
Coolant/moderator
Fuel Meat
U-235 Total Core Loading, g
U-235 Enrichment, wt%
U-234 content, wt%

Stainless steel
1
Cylindrical
Deionised water
U-Als
~998.1
90.2
1.0

Stainless steel
1
Cylindrical
Deionised water
UO:
~1355.3
13.0
0.2
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Continued

U-236 content, wt% 0.5 0.25
Density of Meat, g/cm? 3.456 10.6
Meat Diameter, mm 4.3 4.3
Cladding Diameter, mm 5.5 5.5
Thickness of He Gap, mm None 0.05

Cladding Material Al-303-1 Zirc-4

Material for Grid Plates LT-21 Zirc-4

Top Shim Tray LT-21 LT-21

Material for Dummy Elements Al-303-1 Zirc-4

Number of Tie Rods 4 4
Material for Tie Rods Al-303-1 Zirc-4
Adjuster Guide Tubes 4 4
Effective Delayed Neutron Fraction 8.08 x 10°? 8.57 x 107
Prompt neutron lifetime (s) 8.12 x 107 1.41 x 1074

Maximum thermal Neutron flux, n/cm?s 1 x 10" 1 x 10"
Excess reactivity, mk 4.0 3.87
Control rod worth, mk 7.0 6.90
Shutdown margin, mk 3.0 3.03

3. Methodology

3.1. Experimental

3.1.1. Multi Capsule Irradiation Protocol for Flux Characterisation

Table 2 and Figure 2 show the experimental scheme adopted for flux characteri-
zation along the 15 cm length of the 17 cm active length of the inner irradiation
channel in the GHARR-1 (The irradiation tube (or irradiation channel) covers the
active length of 17 cm of the reactor. The length of the reactor core is 23 cm).
Detailed theory and experimental procedure on Multi Capsule Irradiation Proto-
col for Flux Characterisation have been presented in the publication by Adu-
Okyere et al [26].

Table 2. Multi-capsule irradiation protocol [26].

Position of Length  Preset flux/ncm™2s! Irradiation Protocol Irradiation
the capsule Range (cm) at half power (17 kW) Time/s

The set of capsules labeled “bottom_bare & bottom_Cd”
Bottom 0to5 5.0 x 101 containing the prepared flux monitors was sent in turns into the 5400
reactor for both bare and cadmium covered respectively.

An empty capsule filled with cotton wool and heat sealed was first
sent in each case followed in turns by the capsules labeled “middle

Middle >to 10 5.0 10% bare & midlle_Cd” containing the prepared flux monitors for both >400
bare and cadmium covered respectively.
Two empty capsules filled with cotton wool and heat sealed were
first sent followed by the capsule labeled “top_bare & top_Cd”
top 10to 15 5.0 x 101 5400

containing the prepared flux monitors for both bare and
cadmium covered respectively
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Figure 2. Multi-capsule irradiation protocol [26].

3.2. MCNP Simulation

Neutronic simulations of the present case was conducted by using MCNP5 and
the input deck used was that employed for the study conducted by Osei [3]. Mod-
ifications were implemented in the deck to reflect the GHARR-1 current LEU
core. The part of the model of interest in this study was the inner irradiation chan-
nel which was modified in various ways to suit the experimental protocol in this
study. The inner irradiation site was modified by discretising its axial length into
spatial demarcations for Bottom, Middle and Top Capsules as shown in Figure 3.

One of the targets of the MCNP simulation was to replicate the experimental
process performed at the inner irradiation site. For bare irradiation, three rabbit
capsules were modelled inside the LEU inner column and for cadmium cover ir-
radiation, three cadmium cylinders and bare capsules were modelled inside the
irradiation channel as in Figure 3. This modification was necessary for the simu-
lation of the Cadmium ratios of the activated foils (Au and Zr), f and alpha (a)-
values and the neutron fluxes across each volume of the capsules.

top capsule .
E middle capsule .

- bottom capsule

o ‘-\_"'\ .-r"_""-
L channel support —\l_’

structure

Non-cadmium Cadmium

Figure 3. Capsules modelled inside the LEU Inner irradiation channel for bare and
cadmium covered.
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Additional analysis conducted with the MCNP simulation is the comparison of
neutron spectrum characteristics of MNSR LEU and the HEU core. The compar-
ison covered thermal, epithermal, and fast neutron characteristics using 3 energy
groups and 400 neutron energy bins. The tally multiplier card (FMn) and the cell
flux tally card (F4: N) were combined for the normalization of the flux tallies re-
spectively. The MCNP model was simulated by employing MCNP’s criticality
card (KCODE): 100000 particles per cycle, 330 cycles with first 30 cycles skipped,
and an initial ke guess of 1.004. The Monte Carlo statistical error in each calcula-
tion was less than 1%. The ENDF-B/V and ENDEF-B/VI cross-section data librar-
ies were used in all cases.

In modelling of the GHARR-1 using MCNP simulation code, the cell cards,
surface cards and data cards were used to model the structures and components
of the reactor core. The structures and components modelled include fuel
pins/elements, top and lower end plugs of the fuel pins, beryllium reflectors,
top and bottom grid plates, control rod, control rod guide tube, top and lower
water orifices, fission chambers, aluminum support structure (aluminum sup-
port structures below and above reflectors), temperature transducer, inner and
outer irradiation channels, reactor vessel, planes for rabbit capsules, air column
in reactor vessel, top cover plate of the reactor vessel, slant tube, reactor pool,
and reactivity regulating rods (refer to Figure 1). The materials modelled using
data cards include control rod cadmium metal, stainless steel clad, polyethylene
rabbit capsule, guide tube aluminum matrix, guide tube water, reactor core
coolant water, reactor pool coolant water, top grid plate zirconium, uranium
235 13% fuel, beryllium reflectors, and activation materials such as Au-197, Zr-
94, Zr-96, Mn-55, Al-27, Fe-58, Lu-176, Co-56, Sc-45 and W-186. The input
file can be modified to suite several calculation purposes such as criticality, flux,
reactivity, reactivity coefficients, delayed neutron fraction, neutron generation
time and control rod worth calculations. The additional cards such as cell flux
tally (Fn), tally segment (FSn), tally multiplier (FMn) and tally energy (En) cards
were used to model other necessary information required and related to the

reactor core.

3.2.1. Determination of Reactor Neutron Parameters Using MCNP
Simulation

To determine the neutron spectrum parameters (f and alpha (a)-value) across
each volume of the three capsules modelled, Gold and Zirconium foils were used.
The Cadmium ratio (Rcg) of the foils (Au and Zr) activation based on the reactions
(*Au(n, y)"®Au and **Zr(n, y)*Zr) was determined as the ratio of the bare foil
activation to the cadmium covered. A factor of one (1) for the cadmium transmis-
sion factor (Fcq) was assumed. The f and o values were obtained using the same
approach as performed in the experimental f and a determination [1] [2]. How-
ever, in determining the neutron fluxes across the volume of each of the capsules
modelled, an energy group was specified to track the flux of neutrons across the

volume of each capsule. Table 3 shows the specified energy groups used.
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Table 3. Neutron spectrum energy ranges.

Neutron spectrum region Energy range
Thermal neutrons 0 - 5.5E-7 MeV
Epithermal neutrons 5.5E-7 - 1.0E-1 MeV
Fast neutrons 1.0E~1 - 20.0 MeV

Using the F4: N (track length estimates of cell flux) card, the neutron fluxes
within the volume of each capsule were simulated. However, outputs of MCNP
neutron flux are in per cm?® To convert these fluxes into conventional neutron
flux in neutrons per cm? per sec (ncm2s™!), a normalization factor (N¢) was estab-
lished. This factor is dependent on the reactor power and the number of neutrons

per fission. Equation (1) and Equation (2) illustrate how this factor was calculated.

(1]0U|E/S€C)( 1 MeV j( Fission j=3.467><101° Fission )

watt 1.6x10™ Joules )\ 180 Mev watt sec
fission _ nheutrons
N; =3.467x10"° —— xP watt xV———— 2)
waltt sec fission

N, = 3.467 x10" x P x V neutrons/fission

where P is the steady state reactor power, and in this work, reactor power of 17000
W was maintained throughout. 180 MeV is the energy release per fission in both
LEU and HEU cores.

Aside from the neutron fluxes determined across the three capsules that were
modelled using the three neutron energy groups, a simulation to determine the
whole neutron spectrum using 400 neutron energy bins across the three capsules
modelled for the bare and cadmium cover was performed. This was significant
for ascertaining the neutron fluxes determined using the three neutron energy
groups across the three capsules (bottom, middle and top). Another aspect of
this simulation was to determine the characteristic effect of the cadmium on the
neutron spectrum by modelling the condition (Ze., the cadmium capsule) in the
MCNP.

3.2.2. HEU and LEU Neutronic Characteristics Using MCNP Simulations
To compare the neutronics of the HEU and LEU cores, two major simulations
(i.e., axial neutron flux and the whole neutron spectrum) were performed for both
the HEU and LEU models for the inner and outer irradiation columns as depicted
in Figure 4 and Figure 5. In Figure 4, the irradiation columns were equally di-
vided into ten planes using the Fs card and based on the En card, three neutron
energy groups as specified in Table 3 was considered. Also, the energy groups: 0
- 6.25E-7, 6.25E-1 - 8.21E—1 and 8.21E-1 - 20 MeV for the thermal, epithermal
and fast neutrons respectively were also considered.

Also, in Figure 5, the whole volume of the irradiation columns (i.e, HEU and
LEU inner and outer) was simulated by employing the En tally card with arbitrary
400 neutron energy (MeV) bins.
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Figure 4. LEU and HEU inner and outer irradiation columns segmented into ten planes.

— volume of —
irradiation
volume of column
irradiation
'l column 4
LEU inner LEU outer HEU inner HEU outer

Figure 5. LEU and HEU inner and outer irradiation columns-whole volume.

4. Results and Discussion
Neutron Spectrum Parameters

The neutron spectrum parameters such as the Cadmium ratios (Rcq), the measure
of the deviation of epithermal neutrons from the ideal 1/E distribution (a), the
thermal-epithermal flux ratio (f), the thermal, epithermal and fast neutron fluxes
were determined inside each irradiation capsule positioned at the bottom, middle
and top in the inner irradiation channel as presented in Table 4 for both experi-
mental determination and MCNP simulations.

The results obtained for the bottom capsule were compared with similar exper-
iments performed by [23] and [27] and simulations performed by [3].

Table 4. Comparison of neutron flux characterization parameters in the inner irradiation channel at bottom, middle and
top capsule positions.

Capsule Rt
P Piti N Reference P f a ¢ (ncms™")  depi (ncm2s7!) s (ncm?s7')
ositio 7Au “Zr
EXP. 221 3.00 185+ 3.7 0.096 + 0.029 4.6 x 101 2.49 x 10'° 9.24 x 1010
(Adu-Okyere eral. [26])) =" 7 R R £111x10° +£598x10° +2.2x10°
Bottom EXP.
. 2.08 3.45 18.8 —0.048 5.12 x 101! 2.47 x 1010 2.49 x 1010
Capsule (Baidoo et al. [27])
EXP.
2.02 3.51 16.8 -0.039 5.02 x 101! 2.98 x 10%° 10.4 x 10'°

(Osei et al. [23])
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Continued
MCNP 6.86 x 10! 5.04 x 101! 3.15 x 101!
2.02 2.16 18.8 £3.76 —0.100 = 0.003
(Present Work) +3.3 x 101 +25x10"°  +2.6x10°
MCNP
. 1.96 2.59 17.8 -0.097 6.44 x 101! 5.25 x 101! 3.23 x 101!
(Osei [3])
EXP. 421x 10" 2.01x10° 481 x 10"
2.10 2.06 21.0+42 —0.18+0.036
Middle (Adu-Okyere et al [26]) +1.01 x 10 +£4.82x10%® +1.15x%x10°
Capsule MCNP 6.74x 10" 496x 10" 3.22x 10"
2.13 3.12 17.9 £3.58 -0.078 £ 0.023
(Present Work) +3.37x 100 +248x10° +1.61 x10%°
EXP. 263 2.04 23,04 708 0204006 390X100  165x10°  482x10°
Top  (Adu-Okyere et al. [26]) ’ ’ R e +9.36x10° +£390x10% +1.16 x 10°
Capsule MCNP 5.94x 10 348x 10" 2.29 x 10"
2.43 3.09 19.1 £3.82 -0.11+0.033
(Present Work) +297x 10 +1.74x 10" +1.15x 10

Rca: Cadmium ratio; a: Measure of the deviation of epithermal neutrons from the ideal 1/E distribution; f: Thermal-epither-
mal neutron flux ratio; ¢hw: Thermal neutron flux (ncm™s™); ¢pi: Epithermal neutron flux (ncm™2s™'); ¢ Fast neutron flux

(ncm2s7Y).

The MCNP simulation results agree quite well with the results presented by [3]
within a relative deviation of 3% - 14%. Marginal deviations were also observed in
all neutronic parameters measured for the modelled LEU core. It is therefore a fair
conclusion that the protocols employed for the spectrum characterization in the
present work were adequate. Additional comparison between the experimental
results and the MCNP simulations in this work show varying degrees of deviations
(4% - 30%) for the Cadmium ratios, f and alpha values. Large deviations (30% -
95%) were observed for the neutron spectrum parameters (thermal, epithermal
and fast flux).

The observed deviations in the experimental results compared to the MCNP
results shown in Table 4 are largely attributed to the state of the rector cores
(i.e., the actual reactor core and MCNP core). The experimental results depict
the exact state of the reactor core (ie, its physics characteristics at the time of
the experiments, after 5 years of operation of the LEU core which was installed
in July 2017). However, unlike the experiment, the MCNP input deck depicts
the fresh core without considering the compositional changes of the Uranium
isotopes, moderator, the core structural materials including burnup corrections
or build-up of Xenon and Samarium poison, hence the observed deviations. In
addition, the reactor is filled with reactivity insertion materials (cadmium) in
some of its irradiation channels due to entrenched reactor safety protocols and
irradiation process safety requirements which might have also contributed to
the observed deviations in the experimental results compared to the MCNP sim-
ulation results.

MCNP Simulation of the whole neutron spectrum for non-cadmium covered
and cadmium covered, bottom, middle and top irradiation capsules using an ar-
bitrary 400 neutron energy bins shows neutron spectrum depicted in Figure 6 and

Figure 7.
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Figure 6. Comparison of the neutron flux spectrum for non-cadmium covered (Bare) cap-
sules (Bottom, middle and top).
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Figure 7. Comparison of the neutron flux spectrum for cadmium covered capsules (Bot-
tom, middle and top).

Figure 6 and Figure 7 represent typical thermal reactor neutron spectra. The
vertical axis of the graph represents the flux per unit lethargy and the horizontal
axis also represents the logarithmic of the neutron energy [28]. Relative to the
core, the neutron flux decreases from the bottom across the top.

No significant differences in trend across the thermal and fast energy spectrum
were observed for the bottom, middle and top irradiation capsules as in Figure 7.
However, significantly higher flux per unit lethargy were observed at the bottom

and middle irradiation capsule positions than for the top irradiation capsule po-
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sition. This is an indication that, as neutrons moves further away from the active
reactor core, only energetic neutrons are able to tunnel through and hence the
relatively high thermal neutron flux and also relatively lower f-value observed for
the bottom capsule as compared to the middle and top capsules.

Trend of energy spectrum for the case of cadmium covered capsules as shown
in Figure 7 is distinct from that of non-cadmium covered capsules in Figure 6.
The energy spectrum for the cases of cadmium covered capsules is observed to
begin at much higher value (1.0E-7 MeV) than for non-cadmium covered cases
(1.0E-9 MeV). This suggests a neutron spectrum cut-off in the range (1.0E-9
MeV)~(1.0E-7 MeV) and hence confirms a cadmium cut-off energy of 5.5E-7
MeV (0.55 eV) [5]. The results further indicate that neutrons within the energy
range from 0 MeV to approximately 1.0E-7 MeV do not contribute to sample
activation for irradiation performed under cadmium covered (ie., placement of

cadmium around the activation foils or samples during irradiation).
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Figure 8. Comparison of axial flux profile of three neutron energy group (0 - 5.5E-7, 5.5E-7 - 1.0E~1 and
1.0E—1 - 20 MeV) for the HEU and LEU inner irradiation site.

Axial neutron flux profile and the distribution of whole neutron energy spec-
trum within the inner and outer irradiation columns of HEU and the LEU core
were determined to ascertain the variations or similarities in the neutronic char-
acteristics of the two reactor cores. The axial neutron flux distribution for the
HEU and LEU models were determined using three neutron energy groups. Two

sets of neutron energy groups were considered: one set is those typically found in
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literature for cadmium cut-off and the other is a default three-energy group asso-
ciated with the MNSR MCNP input. The energy groups (i.e,, typical cadmium cut-
off energy in literature) ranged from 0 - 5.5E-7, 5.5E-7 - 1.0E-1 and 1.0E-1 -
2.0E1 [29] and the other set of neutron energy groups (i.e., MNSR MCNP input)
also ranged from 0 - 6.25E-7, 6.25E-7 - 8.21E-1 and 8.21E-1 - 2.0E1 MeV [12],
[30] respectively for thermal, epithermal and fast neutrons.

Figure 8 and Figure 9 compare the inner irradiation channel spectrums of the
two set neutron energy groups (0 - 5.5E-7, 5.5E-7 - 1.0E-1 and 1.0E-1 - 2.0E1)
MeV and (0 - 6.25E-7, 6.25E-7 - 8.21E-1 and 8.21E-1 - 2.0E1) MeV.

Thermal spectrum Epithermal spectrum
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s 2
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Figure 9. Comparison of axial flux profile of three neutron energy group (0 - 6.25E-7, 6.25E-7 - 8.21E—1 and
8.21E-1 - 20 MeV) for the HEU and LEU Inner Irradiation Site.

For both HEU and LEU modelled cores, similar trend in neutron spectrum is ob-
served and a characteristic drop in neutron flux realised for axial movement away
from the core. Significant variation in thermal spectrum corresponding to the neu-
tron energy, 0 - 5.5E—7 could be observed with clear distinction between the HEU
and LEU thermal spectrums. Although neutron spectrum trend of the LEU core
over-predicts the HEU neutron spectrum within the axial length range of (-7 to 0)
cm, the two profiles merges beyond this range. For the spectrum (5.5E-7 to 1.0E-1
and 1.0E-1 to 2.0E1), the curve converges as you move down along the core. In the
case of (6.25E-7 to 8.21E—1 and 8.21E-1 to 2.0E1), the curve diverges. The two fig-
ures (Figure 8 and Figure 9) show the importance of presenting the two set of energy
groups. With the slight variation in the boundaries of the energy group in the entire

neutron spectrum in the inner irradiation channel, the neutron flux profiles change.
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Figure 10. Comparison of axial flux profile of three neutron energy group (0 - 5.5E-7, 5.5E~7 - 1.0E~1 and

1.0E-1 - 20 MeV) for the HEU and LEU Outer Irradiation Sites.
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Figure 11. Comparison of axial flux profile of three neutron energy group (0 - 6.25E-7, 6.25E-7 - 8.21E~1

and 8.21E-1 - 20 MeV) for the HEU and LEU Outer Irradiation Site.
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Figure 10 and Figure 11 also compare the outer spectrums for the two set neu-
tron energy groups (0 - 5.5E-7, 5.5E-7 - 1.0E~1 and 1.0E-1 - 2.0E1) and (0 -
6.25E-7, 6.25E-7 - 8.21E-1 and 8.21E-1 - 2.0E1 MeV).

No significant differences are observed in the spectrum trend for the two set
energy groups (0 - 5.5E-7, 5.5E-7 - 1.0E-1 and 1.0E-1 - 2.0E1) MeV and (0 -
6.25E-7, 6.25E-7 - 8.21E—1 and 8.21E-1 - 2.0E1) MeV considered for the MCNP
simulation.

Thermal spectrum in both the inner and outer channels was observed to be
relatively high for the LEU compared to the HEU. The high thermal spectrum for
the LEU is also observed in [3] when the HEU and LEU flux at half power was
compared (Ze., HEU at 15 kW and LEU at 17 kW). It must be noted that the pre-
vious HEU core was a 30 kW power reactor, however, the current LEU core op-
erates at the maximum power of 34 kW. This account for the relative increase in
the thermal spectrum of the LEU due to the increase in thermal power (Z.e., from
30 to 34 kW) to make up for the thermal neutron trade-off for the LEU core as a
result of the core conversion from HEU to LEU.

Results of the whole volume simulations of the inner and outer irradiation sites
for both HEU and LEU cores using 400 arbitrary neutron energy bins are shown
in Figure 12 and Figure 13.
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Figure 12. Comparison of the neutron flux and energy for the HEU and LEU inner irradi-
ation site.

Identical neutron spectrums characteristics are observed for the whole volume,
inner and outer irradiation sites simulations. The similar spectrums observed are
largely due to the retained dimension of the HEU and some other materials like

the coolant/moderator etc., with the only changes being the material composition
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and percentage of fuel (90.2 - 13.0 wt. % of U-235), control rod and its guide tube
[3] [31]. According to the findings, the impact of operation or utilization concern-
ing neutron spectrum parameters in irradiation channels has minimal or negligi-
ble influence as a result of a commercial MNSR conversion. In essence, the choice
between HEU and LEU in reactor design involves tradeoffs between core size, fuel
loading, neutron flux, and the complexity of achieving and maintaining criticality.
HEU and LEU differ primarily in the concentration of the fissile isotope Uranium-
235 (U-235), and this significantly affects reactor physics parameters and opera-
tional characteristics/behaviors related to neutron cross-sections.

Similar to this work, a feasibility research was performed by [32] for generic
MNSR LEU fuels to predict the impact of a possible core conversion from HEU
to LEU. The results suggested that a core fueled by UO, fuel with 12.5% enrich-
ment would reproduce the same neutronics data as the HEU core with 90.2% en-
richment [33] [34]. This was ascertained by [31] prior to the NIRR-1 core conver-
sion where a neutronic study was conducted to access the impact of HEU to LEU.
The results obtained indicated similar neutron spectrums distribution for both
HEU and the LEU. The axial distribution of the neutron spectrum, in all cases
(ie, both inner and outer) also showed a relatively high spectrum at the thermal
neutron region (Ze., 1.0E-9 to 1.0E-7 MeV approximately) for the LEU with min-
imal marginal difference compared to the HEU. From the criticality calculation,
the keff obtained is 1.0034 for LEU and 1.0032 for HEU.
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Figure 13. Comparison of the neutron flux and energy for the HEU and LEU outer irradi-
ation site.

The single capsule irradiation channel protocols have been developed and
adopted over the years during the operation of the HEU core. The reactor core is

currently operated with the LEU core as a result of conversion of the HEU core to

DOI: 10.4236/wjet.2025.133040

638 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2025.133040

G. Adu-Okyere et al.

the LEU core. It is necessary to compare the LEU MCNP simulations with the
HEU MCNP simulations to see whether there would be significant deviations be-
tween the results obtained on three energy groups (thermal, epithermal and fast
fluxes) as shown in Figures 8-11 as well as the flux versus energy results shown in
Figure 12 and Figure 13. The reaction rate equations and neutron flux equations
for the neutron fluxes in the three different energy groups (thermal flux, epither-
mal flux and fast flux) can be found in the references [3] [23] [26] and many other
references in the literature. Flux characterization protocols developed for HEU
experimental study by Baidoo ef al [27], and this experimental study results [27]
have been used to validate the HEU MCNP simulation studies. Similar LEU flux
characterization protocols have been developed to obtain the experimental results
by Adu-Okyre et al. [26], which have been used to validate the MCNP results in
this study. The observed significant variation observed between the LEU experi-
mental study [26] and this study is partly due to the fact that the MCNP simulation
has not replicated the multi-capsule experimental set-up exactly the manner in
which the multi-capsule experiment was carried out (Table 4), and also partly due
to the MCNP simulation unable to simulate the exact state of the core as explained
in the text earlier (the compositional changes of the Uranium isotopes, moderator,
the core structural materials including burnup corrections or build-up of Xenon
and Samarium poison, as well as the addition of reactivity insertion material in
some of the irradiation channels contributed to the observed deviations. The
burnup of the fissile content (U235) of the fuel over the years of the reactor oper-
ation results in the reduction of the expected neutron flux level (or power level).
Reduction in the neutron flux level (or power level) below certain level can shut
down the reactor during reactor operation). The MCNP simulated all the bare
samples together and all the Cadmium-covered samples together. The multi-cap-
sule experiment was carried out by activating each sample separately. Because of
the high neutron capture characteristics of Cadmium, activating all the 3 Cad-
mium-covered samples together would shut down the reactor. However, there is
agreement between the MCNP single-capsule HEU and LEU simulation results
(Figures 8-11). Also there is agreement between flux versus energy results pre-
sented in Figure 6 and Figure 12, the MCNP inner-irradiation results with exten-
sion to multi-capsule simulation (Figure 6). Based on this general agreement be-
tween the results obtained, the LEU flux characterization protocols developed for
the LEU multi-capsule experimental study are adequate for the GHARR-1 facility

to be used for multi-capsule irradiation of long and intermediate radionuclides.

5. Conclusions

Monte Carlo N-Particle Transport (MCNP) simulation was employed in the pre-
sent work to theoretically mimic an experimental study on flux characterization
in which a multi-capsule scheme realised through the introduction of three (3)
irradiation capsules each of length 5 cm into the 17 cm long irradiation channel
of the Ghana Research Reactor 1 (GHARR-1) facility. The objective was to provide

DOI: 10.4236/wjet.2025.133040

639 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2025.133040

G. Adu-Okyere et al.

a sound scientific basis for extending the accessible irradiation space, especially
for irradiation involving intermediate and long lived radionuclides by 60% during
the utilization of the Ghana Research Reactor 1 (GHARR-1) facility. The routine
characterisation of the GHARR-1 inner irradiation channel is conducted by the
introduction of a single irradiation capsule (5 cm long) loaded, underutilising the
available irradiation space in the inner irradiation channel. Of interest to the ob-
jectives of the present work is also, the characterization of neutron spectrum and
determination of their spatial distribution close to the full length of the inner ir-
radiation channel and also to conduct a comprehensive neutronics simulation to
analyse the neutronics characteristics and impact of the conversion from HEU to
LEU core on the neutron spectrum using MCNP. The GHARR-1 MCNP input
deck was modified in the present work to suit the discretisation of the inner irra-
diation channel required for the present work and to support the multi capsule
irradiation protocol which was investigated. The whole neutron spectrum of the
HEU and LEU inner and outer columns was determined using 400 arbitrary neu-
tron energy bins. The HEU and LEU axial neutron flux variation was determined
using three energy groups respectively for the thermal, epithermal and fast neu-
tron spectrum. Experimental results obtained show increasing f-value across the
irradiation column as, 18.5 + 1.7, 21.0 £ 2.2 and 23.0 + 7.08 respectively from the
bottom capsule to the top capsule; the MCNP simulation results are 18.8 + 3.76,
17.9 £3.58 and 19.1 + 3.82 respectively from the bottom capsule to the top capsule.
The corresponding epithermal neutron shaping factor (a-value) varied as, —0.096
+ 0.029, —0.18 + 0.036 and —0.20 + 0.06 from the bottom to the top capsule re-
spectively; the MCNP simulation results are —0.100 + 0.003, —0.078 + 0.023 and
—0.11 £ 0.033 from the bottom to the top capsule respectively. The respective ex-
perimental results determined in the bottom capsule irradiation column for ther-
mal, epithermal and fast fluxes are 4.60 x 10'! + 2.5 x 10, 2.49 x 10 + 5.98 x 108,
9.24 x 10" £ 2.2 x 10% the MCNP simulation results are 6.86 x 10'! + 3.4 x 10%,
5.04 x 10" +2.5x 10", 3.15 x 10" + 2.6 x 10'°. The respective experimental results
determined in the middle capsule irradiation column for thermal, epithermal and
fast fluxes are 4.21 x 10" + 1.01 x 10%°, 2.01 x 10'° + 4.82 x 108, 4.81 x 10'° + 1.15
x 10% the MCNP simulation results are 6.74 x 10" + 3.3 x 10%°, 4.96 x 10'! + 2.48
x 10%, 3.22 x 10" + 2.6 x 10". The respective experimental results determined in
the top capsule irradiation column for thermal, epithermal and fast fluxes are 3.90
x 10" + 9.36 x 10°%, 1.65 x 10" £ 3.90 x 10%, 4.82 x 10" + 1.16 x 10% the MCNP
simulation results are 5.94 x 10 + 2.97 x 10", 3.48 x 10'! + 1.74 x 10'°, 2.29 x
10" + 1.15 x 10'°. The MCNP Neutronic simulation results indicated similar HEU
and LEU spectrum characteristics suggesting very minimal or negligible impact

of the HEU to LEU core conversion on the neutron spectrum parameters.
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