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Abstract

The paper briefly describes the Utilisation of 3 MW TRIGA Research Reactor of BAEC for neutron
beam research, neutron activation analysis and isotope production. It includes the installation of the
triple axis neutron spectrometer at the radial piercing beam port and a neutron radiography set-up at
the tangential beam port and their uses for material analysis and condensed matter research and
material testing. Nuclear and magnetic structures of some ferrites have been studied in powder
diffraction method in the double axis mode. SANS technique with double crystal diffraction known
as Bonse and Harts method has been adopted in an experiment with alumina sample. The neutron
radiography set-up and its use in the detection of corrosion in alumina have been reported.
Determination of arsenic concentration in drinking water from tubewell via Instrumental Neutron
Activation Analysis and production of radioiodine-131 by dry distillation method are presented. Our
experience on the removal of N-16 decay tank because of the leakage of coolant and bringing the
research reactor back to operational by-passing the decay tank have been focussed. A possible
reconfiguration of the existing TRIGA core, without exceeding the safety margins, providing
additional irradiation channel and upgrading the neutron flux for increased radioisotope production
has been attempted. Cross section library ENDF/B-VI and JENDL3.2, code NJOY94.10, WIMSD
package, 3-D code CITATION, PARET and Monte Carlo code MCNP4B2 have been employed to
achieve the objective.

1. Introduction

The BAEC TRIGA is zirconium hydride moderated and light water cooled pulsing type reactor
having a steady state thermal power of 3 MW under forced convection cooling mode of operation.
The reactor can be operated up to a power level of 500 kW under natural convection cooling mode.
BAEC TRIGA research reactor achieved its first criticality on 14 September 1986 and was completely
commissioned for full power operation on 01 October the same year. Until July 1997 the reactor had
been operated for about 3200 hours ( total bum-up was about 5500 MWh ) at different power levels
to perform a total of 760 irradiation's under 719 requests. The area of utilization of the TRIGA
research reactor includes manpower training, neutron activation analysis, radioisotope production,
neutron beam research, etc. On July 14 1997, it was observed that water had been leaking out from the
N-16 decay tank of the primary cooling loop. On investigation the tank bottom was found to develop
corrosion, mainly because of rainwater that had seeped in and accumulated in the curvature of the
decay tank saddle. Ultimately we had to remove the decay tank and make a by-pass connection. This
has been described here briefly. In the recent year it has been planned to upgrade the neutron flux and
to create additional irradiation channels for increased production of radioisotopes. Thus to achieve
this goal a possible reconfiguration of the existing TRIGA core has been tried.
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2. Neutron Beam Research

Applications of neutron beam research are based on two types of equipment: Triple axis neutron
spectrometer for material studies via neutron scattering technique, Neutron radiography set-up for
material testing via transmission technique.

2.1. Neutron Scattering

A triple axis neutron spectrometer was installed at the radial piercing beam port of TRIGA Mark II
research reactor of AERE, Savar in 1992. The user activities in the field of neutron scattering around
the TRIGA Mark II research reactor of Bangladesh have been reported briefly here. At present the
spectrometer is being used for powder diffraction in the double axis mode and for small angle
scattering measurements in Bonse and Hart's technique (double crystal method). In powder
diffraction method nuclear and magnetic structures of some ferrites like ZnaasNioasFezO,,,
2^ijNio.isFej04, BaFeuOw[l] , Coo.ojNias4Fe2.2O4, MhasCrasFeiO^ etc. have been studied. HighTc
super conducting materials YSriFegOg [ 2] and its comparison with YBCO have also been studied.
Diffraction method has been employed to study the radial distribution function of the amorphous
materials like quartz [3]. SANS technique has been developed on a triple axis neutron spectrometer at
TRIGA Mark II 3 MW research reactor. Double crystal (with very small mosaic spread ~ 1 min.)
diffraction known as Bonse and Hart's method has been employed in this technique. An experiment
using alumina (AI2O3) sample has been carried out to exploit this method. The radius of gyration has

been determined and the data has been fitted to the scattering function of a sphere. The method has
been found successful with expected results.

22. Neutron Diffraction

By virtue of its magnetic moment neutron can see the magnetic moments of atoms at individual
crystal lattice sites and has proved to be an important tool for probing magnetic materials. The
magnitude, orientation and distribution of atomic magnetic moments in various magnetic systems
could be revealed by neutron diffraction studies. Rietveld's profile refinement method [4] is used to
analyse the diffraction data to obtain the structure (both nuclear and magnetic) of Zn-Ni ferrites
(Fig.l). Diffraction study on amorphous materials has been initiated and a preparatory experiment on
a quartz sample has been carried out.

2.3. Small Angle Neutron Scattering (SANS)

SANS technique has been developed on a triple axis neutron spectrometer at the 3 MW TRIGA
research reactor (Fig. 2). Double crystal (with very small mosaic spread ~ 1 min.) diffraction known
as Bonse and Hart's method has been employed in this technique. Such a device is a useful tool for

small angle scattering in the Q range between 10~* and 10"* A~* and for real time experiments at
short time scales. Therefore, large objects and large distance interparticle correlations can be
investigated easily by this method. Test measurements using alumina (AI2O3) sample has been

carried out to exploit this method. The radius of gyration has been determined and the data has been
fitted to the scattering function of a sphere.

Principle Used in Present SANS

Broadly speaking, there are two categories of SANS spectrometer. The most commonly used is the
one used at ILL Grenoble, France [ 5 ]. This uses the velocity selector as a monochromator and long
flight paths before and after the sample to define the angular divergence of the beam. The other
method, known as Bonse and Hart's technique [6], uses double crystal diffraction.
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That is, this technique involves Bragg reflecting neutron beam from two nearly perfect crystals
which have been aligned in the parallel configuration. In this configuration, the intensity
distribution (rocking curve) of the doubly reflected beam as a function of the rotation angle of the
second crystal depends on the mosaic spreads of the two crystals. The changes in the rocking curve
with the insertion of the sample provides SANS distribution from the sample (Fig. 3).
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3. Neutron radiography

The tangential beam port of the TRIGA research reactor has been used for setting up neutron
radiography facility with a view to develop a strategy to approach all the beneficiaries so that research
and development work of the neutron radiography team be sustained by direct application. The
detailed description of the facility has been given elsewhere [7]. The relevant essential parameters for
the facility are given in Table 1. Direct radiography method with gadolinium converter foil and Kodak
SR film have been used Among the envisaged programs, studies of fine ceramics, plastics, locally
developed shielding materials, building materials, wood plastic composites have been reported earlier.
The detection of corrosion in aluminium has been reported here as an example. Neutron radiographic
technique has been adopted for detection of corrosion in aluminium by filling artificially made holes
on aluminium slab with Al(OH)j. The contrast between the optical densities of corrosion products and
aluminium slab was assessed from the densitometric measurements. Variation of optical density
difference with sample thickness has also been studied. The extracted results confirm that through 2
mm thick aluminium slab approximately 0.039 mm thick corrosion products can easily be detected.

Table 1: Parameters of the NR Facility

Position of the beam cross-
section
Center
9 cm from center top left
9 cm from center top right
9 cm from center bottom left
9 cm from center bottom right

Thermal neutron
flux 4>& (n. cm"2 sec"1)

1.13x10*
9.45X105

8.19X105

9.78X105

7.61X105

y-dose
(mR-sec'1)

0.5055
0.5480
0.5570
0.4368
0.5600

4>a/y ratio
(n.cm"2mR-1 )

2.23x10*
1.72x10*
1.47x10*
2.24x10*
1.36x10*

Cd
ratio
10.51
9.73
8.58
8.67
14.39

4. Neutron Activation Analysis

Routine analysis of toxic and other trace elements in environmental samples, e.g. air particulates,
sediments, soil, food , water and industrial wastes including analysis of U, Th and rare-earths in
geological samples are being carried out using the TRIGA Research Reactor [8, 9]. In the recent years
Arsenic contamination in drinking water from tubewells in north-west and south-west region of
Bangladesh has posed a great risk to public health. Most of the affected districts are primarily reported
to have arsenic concentration in drinking water more than the permissible level, set by WHO, of
0.01ppm/l. As such use of a reliable analytical technique like Instrumental Neutron Activation
Analysis (INAA) for bulk sample analysis, covering a wide sampling area, has become an essential
task. Here the analytical results of some tubewell water samples from two municipal areas, namely
Chapainawabganj and Faridpur, are reported. The concentration level of arsenic are found to be 25 to
380 ug/1. The detection limit is about 3 ug/1. Tubewell water samples and standard reference material
NIST water (1643d) together with primary standard of arsenic (100 ug/1) were irradiated at the
TRIGA Mark-n research reactor, AERE, Savar with a nominal flux ~ 10^ Rcm^sec"1 for one hour
using the lazy susan facility. The radioactivity of the reaction product (%As) was measured with a
high resolution HPGe detector in combination with a PC based S-100 MCA master board packages.
The gamma-ray spectra were analyzed using gamma software Peakgr-10 and GANAAS and
manually. The quality of the analysis has been crossed checked by analyzing the standard reference
material NIST water (1643d) with respect to the primary standard of arsenic (100 ug/1). The results
are shown in Table 2. It is concluded that arsenic concentration level is much higher in underground
water of some areas posing serious threat to public health.
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Table 2: Arsenic concentration in tubewell water of Nawabganj and Faridpur Municipal
areas.

Sample
code

001C
002C
003C
004C
005C
006C
007C
008C
009C
010C

one
012C
013C
014C

Arsenic

(wsfl)

229 ±9
28 ±3
BDL*
62±3
160±6
147 ±7
31 ±3
40±4
55±3
164±7
52±3
290±ll
BDL
158±6

Tubewell
depth
(feet)

90
90
70
80
90
90
90
100
105
70
75
70
80
-

Sample
code

015C
016C
017C
018C
019C
020C
001F
002F
003F
004F
005F
006F
007F
008F

Arsenic

(pe")

BDL
300±9
70 ± 4
BDL
BDL
378 ±11
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL

Tubewell
depth
(feet)

70
90
85
60
60
70
70
85
35
65
65
72
115
75

Sample
code

009F
010F
01 IF
012F
013F
014F
015F
016F
017F
018F
019F
020F

Arsenic

(ng/1)

139 ±8
112 + 6
BDL
78 ±9
BDL
BDL
BDL
BDL
53±6
BDL
37 + 4
BDL

Tubewell
depth
(feet)

47
210
60
185
68
65
35
105
95
36
75
25

* BDL = Below Detection Limit

5. Production of Iodine-131 and " Tc

At the Institute of Nuclear Science and Technology (INST) iodine -131 is produced by neutron
irradiation of Te-130. Iodine-131 is separated from the irradiated target by wet or dry method. The
dry distillation method used at INST is as follows:
Tellurium dioxide is irradiated in a finely crystalline form, and after two days of cooling it is heated at
600-700°C. Iodine -131 is released and transferred by air stream into a trap filled with weak alkaline
solutioa More than 99% of the iodine is absorbed as sodium iodide at pH 7 to 9. Thus the method
enables to obtain N a m l solution in one-step with a radioactive concentration as high as 400GBq/ml
(about 10 Ci/ml).
Radioisotope production group started Mo-99 production by (n,y) reaction since 1987. Natural

molybdenum oxide was used as target for irradiation. The daughter Tc-99m was separated from the
dissolved ( in alkaline solution) target by methyl ethyl ketone ( solvent extraction method). The Tc-
99m obtained in this method was obtained as instant technetium-99m as solution.

6. N-16 Decay tank by-pass connection

In July 1997, it was observed that water had been leaking out from the N-l 6 decay tank of the primary
cooling loop. On investigation the decay tank was found to develop corrosion pitting, mainly because
of rainwater that had seeped in and accumulated in the curvature of the decay tank saddle. Defective
design of the saddle, faulty routing of the decay tank vent pipe and improper design of the shielding
wall in-between the decay tank room and the primary pump room with no inspection door, were
identified to be the main contributors to the problem.
The decay tank was isolated from the rest of the cooling loop and then removed and subjected to
thorough non-destructive testing. Test results showed that the corrosion pitting had spread over areas
that extended up to the mid-level of the tank wall and also included the baffle plates. It was, therefore,
decided to replace the decay tank by a new one. The replacement of the decay tank involved
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the decay tank should be installed so that the drawbacks that had been experienced with the old tank
could be eliminated completely. As both of the tasks would require some time to accomplish, it was
therefore decided to complete the primary cooling loop by establishing a temporary connection in-
between the two segments of the primary piping that were separated when the decay tank had been
removed from its position. Stainless steel pipe having a diameter of about 23 cm was used to make the
jumper connection locally. It was installed in to the primary loop and after that necessary measures
were taken to make the reactor operational. After completion of all functional checks of the primary
cooling loop, the reactor was operated at 250 kW under natural convection cooling mode and
extensive radiation survey was conducted. During the test everything was found satisfactory. The
reactor is now ready for operation at a power level of 500 kW.

7. Core Analysis for Upgrading 3 MW TRIGA MARK II Research Reactor to Higher
Flux

The present work has been initiated to upgrade the TRIGA Research Reactor to higher flux to meet
the demand of increased production of radioisotopes and creating more irradiation facilities. This will
need major reshuffling and reconfiguration of the core with the fuel rods initially loaded
The overall strategy is: (i) Generation of problem dependent cross section library from basic
Evaluated Nuclear Data Files such as ENDF/B-VI, JENDL3.2 with NJOY94.10+ [10], (ii) Use
WIMS/D-5A [11] package to generate few group neutron macroscopic cross section (cell constants)
for all of the materials in the core and its immediate neighborhood, (iii) Use 3-D code CITATION
[12] to calculate neutronic performance data for global neutronic analysis e.g. multiplication factor,
neutron flux and power distribution, power peaking factors, temperature reactivity coefficients,
burnups, etc., (iv) Couple output of the neutronic code with PARET [13] to study thermal hydraulic
behavior to predict safety margins, (v) Check the validity of the deterministic code with the Monte
Carlo code MCNP4B2 [14], and finally (vi) Reshuffle the current core configuration to achieve the
desired objectives.

WIMSD cross section library based on ENDF/B-VI for TRIGA reactor calculations have
been generated. A new executable, identified as NJOY94+, has been created in the ALPHA computer
of INST incorporating modifications in the WIMSR module. Thirty two isotopes have been
processed. For the global analysis the code CITATION was chosen. In addition some post processing
utility procedures to operate on the outputs of WIMS and CITATION were implemented to extract
and reformat the desired data. Thus a four-group cross section library for TRIGA Research Reactor
calculations were generated. To investigate the validity of the generated library and to asses the
predictive capability of the neutronics codes, a critical experiment of the TRIGA research reactor was
benchmarked and some of the operating parameters were analysed. The investigated parameters are
Kjnf, Ktff, flux, and power distribution in three dimensions, power peaking factors, temperature
reactivity coefficients. Other pertinent parameters in the Safety Analysis Reports (SAR) were studied
with reference to the experimental values and those obtained from the calculation. The good
agreement among the calculational and experimental parameters established the validity of the
generated library and the calculational models, tools & techniques used in the global analysis.

Series of iterative calculations led to the final set of cross sections and models for fuel and non-fuel
cells that yielded the best possible K « = 1.07427 compared to the experimental value of
1.077459. The thermal and epi-thermal fluxes have been compared with the experimental thermal and
epi-thermal fluxes. The values of thermal and fast flux in the CT for 3 MW at irradiation location
have been caculated. Further investigation revealed that for TRIGA reactor calculations 7-groups
cell constants yield much better results. The results are summerised in Table 3. The peaking factor
being the most important safety parameter was studied very carefully and thoroughly. The hot spot,
i.e., the point at which maximum power density, is found at row 24, column 26, and plane 25 which
is physically at the fuel position C4.
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Table 3 : Comparison of the K«ff and flux values of Dry & Wet CT with the Experimental Result

Group

4-G

7-G

Dry
Calc.

1.074
937

I.o77
966

Wet
Calc.

(Err. %)

1.074279
(295)

1.077217
(0.02)

Expt.

1.077
459

Maximum Thermal Flux(xl0")

Dry
Calc.

(Err.%
)

5.9769
(-7)

6.3535
(-14)

Expt.

5.56

Wet
Calc.

(Err.%
)

6.5814
(36)
7.010
(32)

Expt

10.4

Maximum Epi-Th. Flux(xl0")

Dry
Calc.
(Err.%
)
2.05
(-19)
2.07
(-21)

Expt.

1.71

Wet
Calc.

(Err.%
)

2.16
(14)
2.20
(13)

Expt.

2.53

The power peaking factors were investigated in detail. These values were calculated with WIMS/D
and CITATION together. As in the SAR the power peaking factors have been defined and analysed
in terras of the following parameters:
1. hot rod power peaking factor - fnR. 2. axial power peaking factor - fz
These peaking factors are compared with those in the SAR in Table 4.

Table 4. Comparison of Peaking factors

Type of Peaking

P™a/P««

(AP/ P)axial
CPrtt PfW0radial

fT (Total Peaking Factor)

Calculated Value
WetCT
1.8746

(1.67 1-DCode)
1.239

2.5345
5.8867

DryCT
1.886

1.236
2.5345
5.909

SAR Value

1.70

1.25
2.65

5.6325

The TRIGA MARK II research reactor was modeled in full three-dimensional details to minimize the
number of approximations in the deterministic codes mostly used in the analysis. The MCNP model
was set up to duplicate the start-up conditions of the reactor with fresh fuel, fully withdrawn control
rods, no fission products and ambient temperature of 300°K. The MCNP results are also shown in
Table 5.

Table 5. Comparison of various core multiplication factors at different conditions.

Method

Experimental
MCNP4B2 (ENDF/B-VT)
MCNP4B2 (JENDL3.2)

CITATION

Core Multiplication
Factor, ktfr

1.077459
1.076200
1.078920
1.065089

c
Difference = [ 1 - — ] x 100

—
0.117

-0.136
1.148

The testing of the PARET model calculations has been accomplished through benchmarking the
available TRIGA operational data and the SAR values. For the steady state analysis the hot channel
and an average channel were considered to obtain the most important safety margins. The required
parameters for the hot and average channel were interfaced from the CITATION output. The axial
distribution of temperatures of fuel centre line, fuel surface, clad outer surface and coolant were
calculated. It may be mentioned that 21 axial nodes were considered for determining the axial profile
of the temperatures. It was observed that the peak value for the fuel centre line temperature in the hot
channel calculated by PARET is 804.35 °C which is higher than the SAR value of 725 ° C calculated
by the code TIGER. This difference in the results may be attributed to variations in the values of the
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power peaking factors and fuel temperature reactivity coefficients used in our calculations and in
SAR. The associated uncertainties in the thermal conductivity of fuel also might have contributed to
this difference. Considering all these factors, this difference of 79.35 ° C in the peak value can be
considered reasonable. It may be mentioned that our calculated peak fuel temperature is below the
limiting value of 950 ° C at which there is no risk of fuel deformation. It is observed from our
calculation that the bulk coolant temperature from inlet to outlet increases by 6.94 ° C and 4.08 ° C
respectively in the hot and average channel. The SAR value for the increase of bulk coolant
temperature in the average channel is 4.3 ° C which is in good agreement with predicted value of
PARET. Based on the above study a reconfiguration of the current core has been projected with two
additional irradiation channels. Almost identical thermal fluxes are obtained in these two new
irradiation channels proposed in the projected reconfigured core. The reconfigured core also shows
7.25% thermal flux increase in the Lazy Susan.
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