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1. INTRODUCTION

Research reactors are essential tools for nuclear en-
ergy development. Irradiation of materials, components, 
and developing power fuel elements carried out in re-
search reactors must safely meet the needs of industry 
and utilities [1].  
   The core of a research reactor contains fuel assem-
blies, moderator, reflectors, reactivity control devices 
(neutron poisons), and experimental apparatus. In many 
cases, these components are modular and are placed in 
prescribed locations on a grid plate to achieve an opera-
tional core to meet the needs of the current experimental 
programs while fulfilling the requirements of the Operat-
ing Limits and Conditions, OLCs.

The research reactors are generally controlled by con-
trol rods (neutron absorbers). Control rods are an impor-
tant technology for maintaining the desired state of fis-
sion reactions within a nuclear reactor. They constitute a 
real-time control of the fission process, which is crucial 

for both keeping the fission chain reaction active and pre-
venting it from accelerating beyond control.

The state of a fission chain reaction can be concisely 
summarized by the effective multiplication factor, k, which 
indicates the change in total number of fission events 
during successive generations of the chain reaction [2]. 
It is defined as:

     total # of fission events in a given generation
k =

      total # of fission events in the previous generation

A reactor that is in a steady state  has k = 1, and the 
reactor is said to be critical. If k < 1, the reactor is subcritical 
and the chain reaction cannot be sustained. If k > 1, the 
reactor is supercritical and the reaction will grow expo-
nentially.

The most important number for nuclear reactors 
is therefore 1, as any other value of the multiplication 
factor k implies a very useless or very dangerous reactor. 
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temperatures (in experimental devices), and the neutron 
flux spectrum and densities at the fuel samples locations, 
through adjustment of the neutron absorbers, core design, 
reflector layout, or the experimental device layout.

To determine core operating strategies that would 
permit maximum operating flexibility for reactor utilization 
while remaining within the OLCs, validated methods and 
codes should be utilized to determine core parameters.

In this paper, two-dimensional, three-group diffusion 
calculations are verified according to the IAEA 10 MW 
MTR reactor [6,7].The macroscopic cell and core calcu-
lations are performed using the well known reactor codes 
WIMS-D4 [8] and CITATION [9] respectively.

The reactivity worth effect of control rod movements 
and their  shadow effect on the power distribution must 
be in accordance with the OLCs regarding a sufficient 
shutdown margin.

In this research, a sensitivity analysis of the use of 
different absorber materials on the main safety parameters 
is conducted. The related safety quantities and parameters 
are as follows: core excess reactivity, shutdown margin, 
the total reactivity worth of control rods, thermal neutron 
flux, power distribution and Power Peaking Factor (PPF).

To analyze the effect of different types of neutron ab-
sorber on these parameters, three industrial and opera-
tional types of absorber materials are selected : Ag-In-Cd 
alloy, B4C, and  Hf [6,7]. The main differences between 
them are the resonance neutron absorption spectrum, es-
pecially over the epi-thermal range, and thermal neutron 
absorption cross sections. In this research the integral ef-
fect of created spectrum is studied. 

2. THE IAEA 10 MW BENCHMARK REACTOR

Computational models, numerical methods, and 
nuclear data should be verified, validated, and approved. 
The IAEA benchmark research reactor [6,7] is a pool 
type research reactor cooled and moderated by light 
water, which uses graphite as a reflector material. It can 
operate at a nominal power of 10 MW. It uses MTR fuel 
elements with low and high enriched U. In this study 
only the Low Enriched Uranium (LEU) fuel is considered. 
The defined reference core (Fig. 1) has a 5×6 grid filled 
by 21 Standard Fuel Elements (SFE), four Control Fuel 
Elements (CFE), and a central irradiation box composed 
of (H2O+AL). All fuels are assumed to be fresh (i.e. 
without initial burn up) in this research.                                                         

The fuel elements consist of 23 fuel plates of SFE type 
and 17 fuel plates of CFE type. Two separate regions in 
CFE are dedicated for fork-type absorber blades. Fig. 2 
and 3 show LEU SFE and CFE respectively. The reactor 
core is inserted in a light water pool, cooled by downward 
forced convection, and reflected by two opposite rows 
of graphite. Table 1 summarizes the main parameters of 
the reactor.

Maintaining precisely k = 1 is difficult, as this precise 
balance is influenced by a huge number of factors [2]. 
Some of these factors are inherent to the fissile fuel or 
reactor materials themselves, such as the number of 
neutrons produced in a fission event or the amount of 
neutron absorption due to fuel rod casings or moderators. 
However, even if engineered to perfect balance initially, 
the multiplication factor of a reactor will necessarily vary 
over time, as many by products of the fission reaction are 
neutron absorbers (referred to as poison) and will lower 
the overall neutron population as they accumulate.

Control rods thereby find their use as an effective 
method for combating these time-dependent changes in 
reactors. Control rods are essentially a highly effective 
neutron-absorbing mechanical structure, which can be 
actively inserted or withdrawn from the reactor core 
while the fission process is occurring.

By controlling the portion of the control rod that 
interacts with the fission reaction, the multiplication 
factor can be finely tuned to maintain reactor criticality 
.In addition, control rods can be used to intentionally 
make rapid changes to the reactor state (i.e. turning the 
reactor on and off), especially as an emergency shut off 
feature by fully inserting the rods [2].

Each control element has a reactivity worth, indicating 
the ability of the control element to absorb neutrons. The 
balance between excess reactivity worth of the reactor 
core and reactivity worths of the control elements should 
be estimated in such a way that the reactor can be operated 
safely. Most control rods contain materials which strongly 
absorb neutrons, so that insertion of a control rod produces 
significant flux changes throughout the reactor. These 
flux changes in turn alter the worths of other control rods  
present, so that the collective worth of the control rods 
may differ significantly from the sum of the individual 
worths [3]. This difference is thought to arise from inter-
action effects among the control rods, and determination 
of the magnitude of these interaction effects is essential 
to the proper control and safety of the reactor. 

These reactivity changes and their effects should be 
predicted and compared with verified calculations or 
measured parameters to confirm that there is sufficient 
margin at all times to ensure that the reactor can be shut 
down safely and will remain shutdown following all 
normal operational processes, anticipated operational 
occurrences, and design basis accidents [4,5].

In the case of material irradiation special fuel tests, 
the total core excess reactivity, the reactivity worth of 
control rods, the shutdown margins, the power density 
distribution, the maximum linear power of the test sample, 
and the PPF must be estimated and verified in accordance 
with the Operating and Limit Conditions (OLCs) of the 
reactor.

Advanced irradiation, tests are typically performed 
at multipurpose research reactors, which have the flex-
ibility to adjust sample power levels, sample average 
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The Winfrith Improved Multi-group Scheme (WIMS) 
is a general code [8] for reactor lattice cell calculation on 
a wide range of reactor systems. In particular, the code 
will accept rod or plate fuel geometries in either regular 
arrays or in clusters and the energy group structure has 
been chosen primarily for calculations. 

The basic library has been compiled with 14 fast groups, 
13 resonance groups and, 42 thermal groups, but the user 
is offered the choice of accurate solutions in many groups 
or rapid calculations in few groups. Temperature dependent 
thermal scattering matrices for a variety of scattering laws 
are included in the library for the principal moderators 
which include hydrogen, deuterium, graphite, beryllium, 
and oxygen. 

The treatment of resonances is based on the use of 
equivalence theorems with a library of accurately evaluated 
resonance integrals for equivalent homogeneous systems 
at a variety of temperatures. The collision theory procedure 
gives accurate spectrum computations in the 69 groups 
of the library for the principal regions of the lattice using 
a simplified geometric representation of complicated 
lattice cells.  

The computed spectra are then used for the condensation 
of cross-sections to the number of groups selected for 
solution of the transport equation in detailed geometry. 

Solution of the transport equation is provided by the 
use of either the Carlson DSN method or by the collision 
probability methods [8].

The output of the code provides cell-averaged param-
eters for use in overall reactor calculations. In this re-

3.  CALCULATING METHOD 

3.1  Macroscopic Cell Calculations using WIMSD 
Code
Diffusion calculations that are made using a diffusion 

code [9] need  macroscopic cross sections and scattering 
matrices. They have been generated using the WIMSD4 
code [8].

Fig. 1. IAEA 10MW Benchmark Core

Fig. 2. LEU SFE

Fig. 3. LEU CFE
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buckling input to WIMSD4 are 6.2343E-03 cm-2 and 
1.7087E-03 cm-2 respectively. They were derived by 
considering the geometric buckling of a rectangular 
parallelepiped of 60 cm height and 40.27 cm side length 
with an 8 cm extrapolation thickness. As already stated, 
all of the SFE and CFE were selected as fresh fuel without 
burn up.

3.2  Diffusion Core Calculations using CITATION 
Code 
After generating the group constants for all the reactor 

search, macroscopic cross sections for each core zone were 
calculated based on the PERSEUS method (WIMSD4 
code Manual, 1991) introduced in the slab geometry 
(plate type). The WIMSD library file used in this research 
was produced using the ENDF/B III Nuclear Data Bank 
(NDB).

Three partitions of basic 69-group were selected to 
homogenize cell data and accommodate integral parameters 
using FEWGROUPS card.

The upper energy group limits were chosen as follows: 
10 MeV, 5.531 KeV, and 0.625 eV. The radial and axial 

Core material 

        Nuclear fuel       MTR

        Fuel element       Plate-type clad in Al

        Coolant       Light water (downward forced flow)

        Moderator       Light water

        Reflector       Graphite-Light water 

        

Fuel specifications 

       Fuel material       UAlX - Al

       Fuel enrichment       20 w/o  U-235

Fuel element dimensions

        Length (cm)       8.00

        Width (cm)       7.60

        Height (cm)       60.0

        Number of plates  SFE/CFE       23/17

Fuel plate dimensions

        Plate meat (mm)       0.51

        Width (cm)  active/total       6.30/6.65

        Height (cm)       60.0

        Water channel between plates (mm)       2.23

        Plate clad thickness (mm)       0.38

Core thermal hydraulics

       Water temperature (oC)       20

       Fuel temperature (oC)       20

       Pressure at core height  (bar)       1.7

Table 1. Main Benchmark Problem Operating Conditions  (IAEA Technical Document, 1980)
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(central water whole), surrounding water, and graphite 
reflector. 

The CITATION code [9] solves the multi energy-group 
(up to three) neutron diffusion equation to calculate the 
effective multiplication factor, power density, and neutron 
flux distribution in the reactor core. It uses an iterative 
based finite difference numerical method on defined 
control volumes to solve the diffusion equation.

Maximum relative changes of the flux and multipli-
cation factor were set to 1.0E-4 and 1.0E-5 respectively 
for the last iteration as the convergence criteria.  

The two-dimension and three-group diffusion calcu-
lations specified the zone identification of 26 horizontal 
row regions going from left to right and 24 vertical col-
umn regions going from top to bottom. Figure 4 shows 
the introduced CITATION homogenous zones for the 
IAEA 10 MW benchmark core (fig. 1). 

4. RESULTS 

Table 2 presents the results of the group constants for 
water coolant and moderator, and also neutronic absorber 
materials including Ag-In-Cd, B4C, and Hf. It contains 
diffusion coefficients (D), absorption cross sections (∑A), 
and total removal cross sections (∑R). 

Table 3 presents the scattering matrix (∑1≤i,j≤3S(i,j)) 

components, the group constants were introduced into the 
CITATION code [9] in order to model the reactor core in 
two dimensions (x-y). The fluxes were normalized to 10MW 
in the whole core. The axial buckling of 1.709*10-3 cm2 
corresponds to a chopped cosine axial flux distribution 
with an 8 cm reflector savings.

The benchmark core (fig. 1) is made of various elements 
of the reactor core including: the Standard Fuel Element 
(SFE), Control Fuel Element (CFE), central flux trap 

Fig. 4. Introduced Zones for the CITATION Code

Table 2. Macroscopic Cross Sections of the Neutron Moderator and Absorbers

Group Diffusion  (cm) ∑a [cm-1] ∑R [cm-1]

water

Fast 1.902220E+00                          9.394170E-04 9.798374E-01

Epi-thermal 1.633430E+00                          1.347450E-02                          8.445590E-01

thermal 1.274610E+00                          7.757240E-02                          0.0                          

Ag-In-Cd

Fast 6.751860E+00                          9.744310E-04 9.779428E-01

Epi-thermal 1.604140E+00                          6.174550E-02                          3.403406E-01

thermal 1.294810E+00                          1.407010E-01                          0.0                          

B4C

Fast 3.188230E+00                          3.164700E-02 4.641055E-01

Epi-thermal 1.602080E+00                          9.967210E-02                          2.620548E-02

thermal 1.229390E+00                          1.357200E-01                          0.0                          

Hf

Fast 1.051380E+00                          1.390670E-03 9.668682E-01

Epi-thermal 1.599340E+00                          6.907160E-02                          2.897892E-01

thermal 1.219020E+00                          1.532670E-01                          0.0                          
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Results show an appropriate verification of calculations 
according to the selected benchmark calculations [4,5].

The calculation results of the effective multiplication 
factor, excess reactivity, shutdown margin, control rod 
worth, Power Peaking Factor (PPF), minimum and 
maximum point power density are summarized in Table 7 
according to the neutron absorber used. The largest 
shutdown margin is obtained with B4C, while the least  
PPF is gained by Ag-In-Cd alloy.

for water and neutron absorbers calculated using the 
WIMSD4 code and required to run the CITATION code. 
Tables 4 and 5 present calculated K∞ values for the SFE 
using the WIMSD code and keff of the core using the 
CITATION code. Obtained values are compared with 
the main benchmark studies [4]. Average fluxes are 
calculated over the x-y plane of the core. Table 6 presents 
calculated and benchmark values of average thermal 
neutron fluxes for the central flux trap. 

Table 3. Macroscopic Cross Sections of the Neutron Moderator and Absorbers

Group Fast Epi-thermal thermal

water

Fast 0.0 4.511700E-02 4.375500E-06

Epi-thermal 0.0 0.0                          8.380400E-02

thermal 0.0 0.0                          0.0                          

Ag-In-Cd

Fast 0.0 4.359200E-02 4.226400E-06

Epi-thermal 0.0 0.0                          3.349800E-02

thermal 0.0 0.0                          0.0                          

B4C

Fast 0.0 2.741500E-02 2.426800E-06

Epi-thermal 0.0 0.0                          6.032700E-03

thermal 0.0 0.0                          0.0                          

Hf

Fast 0.0 4.082600E-02 3.955600E-06

Epi-thermal 0.0                          0.0                          2.969800E-02

thermal 0.0                          0.0                          0.0                          

Calculated ANL(USA) INTERATOM(Germany) EIR(Swiss) CNEA(Argentina)

1.6341 1.6547 1.657 1.657 1.6341

Table 4. K∞ of the SFE (Cell Calculation)

Calculated ANL(USA) CEA(France) JAERI(Japan)

1.17252 1.1695 1.1870 1.1834

Table 5. Keff  (Core Calculation)

Calculated ANL(USA) EIR(Swiss) CNEA(Argentina)

2.451E+14 2.585E+14 2.492E+14 2.366E+14

Table 6. Thermal Neutron Flux Densities at Central Flux Trap (n/s.cm2)
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The maximum fluctuations of point power densities 
and the thermal neutron fluxes over surrounding regions 
are gained using the B4C absorber rod and the minimum 
fluctuations are gained by Ag-In-Cd alloy. 

Figure 7 shows the power distribution in the core 
when there is no absorber used. Figures 8, 9, and, 10 show 
the power distribution when the Ag-In-Cd, Hf, and B4C 
control rod absorbers have been fully inserted, respectively.

The maximum values of point power densities belong 
to the inside fuel regions surrounding the central flux 
trap (irradiation position), surrounded by control fuel 
elements, and the peripheral fuel elements beside the 
graphite reflectors. 

Figures 5 and 6 show the integral effects of neutron 
absorbers on the thermal neutron flux distributions and 
the point power distribution along the third row of the 
core (fig. 1) relating to the CFE. 

Parametrs None Ag-In-Cd B4C Hf

Keff 1.1725 0.993393 0.910944 0.963252

Excess Reactivity % 14.7121 - - -

Excess Reactivity (pcm) 14712.154 - - -

Shutdown Margin % - -0.6650 -8.9157 -3.8149

Shutdown Margin % - -665.094 -8915.79 -3814.993

Total Reactivity Worth of the Control absorbers (%) - 15.3771 23.6278 18.527

Total Reactivity Worth of the Control absorbers (pcm) - 15377.24 23627.94 18527.14

2-D PPF 1.4171 1.4844 1.5563 1.5234

Point Power density Maximum(w/cc) 151.46 155.72 166.35 160.65

Point Power density Minimum(w/cc) 77.95 50.45 32.48 49.833

Table 7. Final Results of Diffusion Calculations and Safety Parameters

Fig. 5. Thermal Neutron Flux along the Third Row of the 
Benchmark Core According to the used Neutron Absorber

Fig. 6. Power Density Distribution along the Third Row of the 
Benchmark Core According to the used Neutron Absorber

Fig. 7. Power Density Distribution without Absorber

Fig. 8. Power Density Distribution using Ag-In-Cd
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including both thermal cross sections and resonance 
epithermal cross sections on the final power distribution. 

The maximum values of point power densities belong 
to the inside fuel regions surrounding the central flux trap 
(irradiation position), surrounded by control fuel elements, 
and the peripheral fuel elements beside the graphite 
reflectors. 

The highest shutdown margin is obtained using B4C 
neutron absorbers.The lowest PPF is produced by using 
Ag-In-Cd neutron absorbers. 

The greatest and least fluctuation of the power dis-
tributions are gained by using B4C and Ag-In-Cd alloy 
respectively.

B4C is the most effective absorber material; it can be 
used to gain a greater shutdown margin. Also Ag-In-Cd 
can be used to reduce power fluctuation over irradiation 
devices and fuel plates if all safety margins are preserved 
in each case. In other words, to select the best neutron 
absorber material for safety absorber rods, a detailed and 
complete analysis including corresponding experimental 
tests should be performed according to the specified 
OLCs.
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The greatest and least fluctuation of the point power 
densities are gained by using B4C and Ag-In-Cd alloy, 
respectively.

5. CONCLUSION 

In this paper, a sensitivity analysis of the use of differ-
ent absorber materials on the main safety core parameters 
and integral shadow effect on the power density distribu-
tion was performed. The following safety quantities and 
parameters were examined: core excess reactivity,  shut-
down margin, control rod worth, Power Peaking Factor 
(PPF) and power distributions.

Two-dimensional, three-group diffusion calculations 
were verified according to the IAEA 10 MW MTR 
benchmark reactor [6,7]. The macroscopic cell and core 
calculations were performed using the well known reactor 
codes WIMS-D4 [8] and CITATION [9] respectively.

The reactivity worth of control rods and their shadow 
effect on the neutron flux and power distribution have 
been investigated. To analyze the effect of the different 
types of neutron absorber on these parameters, three 
industrial and operational types of absorber materials 
were used in this study. They are Ag-In-Cd alloy, B4C, 
and  Hf  [6,7]. 

Results show that the most effective absorber is B4C,  
producing the most control worth reactivity, power 
fluctuation, and maximum point power density. 

Figures 6, 8, 9, and 10, also Table 7 present the integral 
effect of the created spectrum of neutron absorptions 

Fig. 9. Power Density Distribution using B4C

Fig. 10. Power Density Distribution using Hf


