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Abstract: The neutron transmutation doping of silicon (NTD-Si) at research reactors has
been successfully implemented in many countries to produce high-quality
semiconductors. In the late 1980s, NTD-Si has been tested at the Dalat Nuclear Research
Reactor (DNRR) but the results have been limited. Therefore, the design and testing of an
irradiation rig for NTD-Si at the DNRR are necessary to have a better understanding in
order to apply the NTD-Si in a new research reactor of the Research Centre for Nuclear
Science and Technology (RCNEST), which has planned to be built in Viet Nam. This
paper presents the design and testing of a new irradiation rig using screen method for
testing NTD-Si at the DNRR. The important parameters in the rig such as neutron
spectrum and thermal neutron flux distribution were determined by both calculation using
MCNP5 computer code and experiment. The aluminum ingots, which have similar
neutronic characteristics with silicon ingots, were irradiated in the rig to verify the
appropriate design. The uniformity of thermal neutron flux in the rig is less than 5% in
height and 2% in radius, respectively. These values are satisfied the requirements of
NTD-Si experiment on the DNRR.

Keywords: NTD-Si, MCNP5, Dalat Nuclear Research Reactor (DNRR), screen method,
foil activation, irradiation rig.

1. INTRODUCTION

One of the most important requirements of NTD-Si is to maintain the uniformity of
radial and axial thermal neutron flux in irradiation channels. At present, the uniformity of
irradiation from = 5 ~ 6% would meet commercial request depend on ingot dimension [1]. In
a research reactor, normally, the axial and radial distributions of thermal neutron in irradiation
channels are not uniformed. In order to meet customer’s requirements, a change in
configuration of irradiation channels is needed to uniform thermal neutron flux distribution
and maximize usage of the channel. Three major methods could be applied to axially uniform
thermal neutron flux distribution are inversion, reciprocating motion and flux screen [1].
Depending on the design characteristics and core configuration of the reactors, the method
applied for neutron flux uniformity should be chosen. In the late 1980s, the inversion method
has been tested at the DNRR but the results have been limited. Therefore, the design and
testing of an irradiation rig using flux screen method for NTD-Si at the DNRR are necessary
to have a better understanding and experience in NTD-Si application. The new irradiation rig
using various screen materials (stainless steel, aluminum and light water) was designed,
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installed and tested in the core of DNRR. The results would provide good experiences in the
application of NTD-Si on the new research reactor, which has planned to be built in Vietnam.

2. CALCULATION MODEL AND EXPERIMENTAL METHOD

2.1. Dalat reactor and its parameters

The DNRR, 500-kW pool-typed, light water cooled and moderated, was reconstructed
and upgraded from the USA TRIGA MARK Il reactor. The reactor has been officially put
into operation for the purposes of radioisotope production, neutron activation analysis,
fundamental and applied research, and manpower training. The summary description of the
DNRR is shown in Table 1 and Figure 1 [2].

Table 1. Summary description of the DNRR [2]

Parameter

Description

Nominal power

500 kW

Neutron flux (thermal, max)

2x10%n/cm?.s

Fuel VVR-M2, mixed UO,-Al, 19,75% enrichment
Moderator and coolant Light water

Reflector Graphite, beryllium and light water

Core cooling Natural convection

Heat rejection

Two-loop cooling system

Control rods

2 safety, 4 shim (B,4C) and 1 regulating (stainless steel)

Neutron Trap
Graphite Reflector

Rotary Specimen Rack

@ Fuel assembly

@ Shim and Safety rods
(Boron Carbide)

Q Automatic regulating
rod (Stainless Steel)

O Beryllium rod

O Sample Irradiation
Channels

Figure 1. Present working configuration of DNRR.

In the working configuration of DNRR, the neutron trap, which has maximum thermal
neutron flux in reactor core is dedicated for NTD-Si testing. Neutron trap is a water cylinder
surrounded by Beryllium blocks located in center of the core. The neutron trap has 6.5 cm in
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diameter and about 2050 cm® in volume [2]. An aluminum tube installed in the neutron trap
to load irradiation samples which have maximum of 4.2 cm in diameter as shown in Figure 1.

2.2. Determination of neutron spectrum and neutron distribution at the neutron trap

Determination of neutron spectrum and flux distribution at the neutron trap was
obtained by using foil activation method. Bare gold foils and Cadmium-wrapped gold foils
were irradiated to obtain absolute neutron flux [3]. The following equation can be used to
obtain thermal neutron flux:

~ 2.Ae" T AT A7)
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Where, m, - mass of bare gold foil (g); my, - mass of Cadmium-wrapped gold foils

(9); T - Irradiation duration (s); = - cooling duration after irradiation (s); t, - measurement
in real time (s); t,. - effective time measurement (s); A - decay constant of nuclide
compound (s™); 7 - counting efficiency of detector; » - gamma abundance factor; m - mass
of foil (g); « - isotope enrichment; G,, - self-shielding factor; N, - Avogadro constant; A -
Atomic number of isotope; G — ratio of isotope in foil.

To determine the thermal neutron flux distribution at the neutron trap, Lu-176 foils
which have large thermal neutron absorption cross-section were used. Thermal neutron flux
distribution was scaled relatively. The relative thermal neutron distribution was obtained by
comparing of ratios of corresponding Lu-176 activities at various positions in the neutron
trap.

The method used for neutron spectrum measurement is based on activation of a set of
foils and determination of reaction rates. SANDBP program is used to obtain the neutron
energy spectra after irradiation of the foils. The SANDBP program is designed to obtain a
"best fit” neutron flux spectrum for a given input set of infinitely dilute foil activities [3], [4].

MCNP5 computer code was also used for calculation of neutron flux distribution and
neutron spectrum. This computer code is developed at the Los Alamos National Laboratory,
USA [5]. The MCNP5 has been being officially used for core management of DNRR with
ENDF/B7.0 library [6]. The calculation model for DNRR using MCNP5 computer code is
shown in Figure 2.

Figure 2. Calculation model of DNRR using MCNP5 computer code.



Neutron spectra divided into 3 energy groups calculated using MCNP5 computer code
and neutron spectra obtained from experiments at the neutron trap are shown in Table 2. The
reliability of simulation by MCNP5 computer code was confirmed through the good
agreement of experimental results and calculation. The discrepancies are about 2% in thermal
neutron flux and more than 4% in epithermal neutron flux between experiment and
calculation results.

Table 2. Comparison of neutron flux of the neutron trap between calculation and experiment.

. Experiment
Flux (n/cm?s Calculation
( ) (error +5-6%)
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Figure 3. Thermal neutron distributions in
radial direction at the neutron trap (zero position is
the neutron trap center)

The experiment and calculation results in Figures 3 show that the deviation of thermal
neutron flux distribution in the radial direction at the neutron trap ranges from 5-7%. The
experiment result is consistent with the calculation result for thermal neutron flux distribution
in the axial direction as shown in Figures 4. The maximum thermal neutron flux value is
located at 20 cm away from the core bottom. The shift of maximum flux to the bottom of the
neutron trap is mainly affected by control rod positions. With a large discrepancy of the
thermal neutron distribution in both radial and axial directions, the current neutron trap needs
to be redesigned to meet the requirements of NTD-Si test.

Figure 4. Thermal neutron distributions in
axial direction at the neutron trap

2.3. Design and testing of irradiation rig using flux screen.

The flux screen method has been selected for the purpose of NDT-Si testing in DNRR
because of its consistent with characteristics design of DNRR core configuration. The
principle of flux screen method to flatten the neutron flux distribution is shown in Figure 5. A
uniformity of the irradiation flux is achieved by using screens from different materials to
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absorb neutron or change the appropriate thickness of neutron absorbers. The screens are
made of strong neutron absorbers in high neutron flux region (stainless steel) and weak
absorbers in low flux region (aluminum).

Figure 5. Flux screen method [1].

Dimensions of the irradiation rig and screen materials used to flatten flux distribution
has been calculated and modified repeatedly by comparing calculation results using MCNP
computer code and experiment results. Figure 6 shows details of the design and materials of
irradiation rig.

13cm 1lam Scm 9cm Scm Scm

-‘sluanum

Sta Steel sgem Water Water

Figure 7. Silicon ingot (left hand side) and Figure 8. Aluminum ingots with Lu foils
aluminum ingot (right hand side)

The important parameters related to nuclear safety and radiation safety issues such as
reactivity and radiation dose rate have been calculated before installing the irradiation rig in
the neutron trap [7], [8]. Then, the experiment using aluminum ingots were performed. The
aluminum ingots have similar neutronic characteristics and dimension of testing silicon ingots
were inserted in the rig. Each ingot has a diameter of 4 cm and 2 cm in length. Lu-176 foils
were attached on aluminum ingots and irradiated for the determination of thermal neutron flux
distribution in the rig as shown in Figure 7 and Figure 8.

3. CALCULATION AND EXPERIMENT RESULTS ON THE IRRADIATION RIG



Figure 9 shows calculation results of neutron spectra when using water, aluminum or
silicon in the irradiation rig. The fast neutron flux is higher than that in case of replacing of
water volume in the rig by aluminum or silicon ingots.
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Figure 9. Calculation of neutron spectra with water, aluminum or silicon in the irradiation rig

Experimental results and calculations presented in Table 3 show that the deviation of
thermal flux in axial direction at the irradiation region is within 5%. The distribution of
thermal neutron flux in experiment is consistent with the calculation results. The thermal
neutron flux peaks at 10 cm away from the bottom of the irradiation rig in the experiment and
about 12 cm in the calculation. The flux distribution in the top half from the 30-34 cm of the
irradiation rig tends to increase but still below the desired value of 5% in both calculation and
experiment. These results show that the irradiation region of 10 cm to 36 cm in axial direction
of the irradiation rig is suitable for NTD-Si test.

Table 3. The relative distribution of thermal neutron flux in axial direction at the irradiation
rig using flux screen method

Experiment
Position (cm) (error £5-6%) Calculation
10 1.000 0.991
12 0.992 1.000
14 0.999 0.995
16 0.991 0.987
18 0.960 0.972
20 0.980 0.974
22 0.967 0.969
24 0.968 0.955
26 0.979 0.962
28 0.961 0.951
30 0.958 0.953
32 0.955 0.968
34 0.960 0.971
36 0.948 0.954

Table 4 and Table 5 present the deviation of thermal neutron flux in radial direction at
the irradiation rig in calculation and experiment. The deviation is about 2% in experiment and
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1% in the calculation for each position in the rig. The distribution of thermal neutron flux in
radial direction in experiment is consistent with calculation result. The maximum thermal
neutron flux value drops to 1.31x10™ n/cm?.s in the irradiation rig due to combination of the
absorption effects from the screen layers and the replacement of moderator by aluminum
ingots in the irradiation rig. These results confirm that the irradiation rig using flux screen is
capable of NTD-Si testing with the neutron flux uniformity in both radial and axial direction
are less than 5%.

Table 4. Calculation result of thermal neutron flux distribution in radial direction at the irradiation rig
using flux screen

Flux x10™ n/cm?.s

Position (cm)

Left side (-1.9 cm)

Center (0 cm)

Right side (+1.9 cm)

10 1.30 1.30 131
20 1.26 1.28 1.27
30 1.25 1.26 1.25

Table 5. Experiment result of thermal neutron flux distribution in radial direction at the irradiation rig
using flux screen

Relative unit

Position (cm)

Left side (-1.9 cm)

Center (0 cm)

Right side (+1.9 cm)

10 0.98 1.00 0.99
20 0.96 0.98 0.97
30 0.95 0.96 0.96

4. CONCLUSION

The irradiation rig using various screen materials has been designed and installed for
NTD-Si testing at DNRR. The test with aluminum ingots, which have similar characteristics
with silicon ingots, was carried out to confirm the appropriate design of the irradiation rig.
The calculated and experimental results show that the uniformity of thermal neutron flux in
the irradiation rig is less than 5% in height and 2% in radius, respectively. These values are
satisfied the requirements for testing NTD-Si on DNRR. The processes of designing,
installing and testing of the irradiation rig would provide good experiences in the application
of NTD-Si on the new research reactor which has planned to be built in Vietnam.
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THIET KE COC CHIEU XA SU DUNG PHUONG PHAP MAN CHAN
THU NGHIEM PHA TAP PON TINH THE SILIC TREN LO PHAN
UNG HAT NHAN DA LAT

Pham Quang Huy, Nguy&n Nhj Dién, Nguyén Kién Cudng
Tran Qudc Dudng, V& Poan Hai Pang, Trang Thé Pat

Tom tit: Ky thuat chiéu xa pha tap don tinh thé Silic bang neutron nhiét (NTD-Si) trén céac 10
phan &ng nghién ciru di duoc trién khai c6 hiéu qua tai nhidu nuwéc nham tao ra cac thiét bi ban
dan c6 chat luong cao. Tai Viét Nam, ki thuat NTD-Si da duoc thir nghiém trén 16 phan tng
hat nhan Pa Lat (LPU Pa Lat) vao cudi nhitng nam 1980 nhung cac két qua thu dwoc con rat
han ché. Do vay, viéc thiét ké va thir nghiém cdc chiéu xa phuc vu NTD-Si trén LPU Pa Lat la
can thiét nham c6 duoc nhiing hiéu biét ddy du hon dé c6 thé ap dung k§ thuat NTD-Si trén 10
phan &ng nghién ctu mai thuéc Trung tdm Nghién cau khoa hoc cdng nghé hat nhéan
(RCNEST) da duoc Ién ké hoach xay dung tai Viét Nam. B4o cdo nay trinh bay két qua thiét ké
va thir nghiém cdc chiéu str dung phuong phap man chin dé thir nghiém NTD-Si trén LPU Pa
Lat. Céc thdng sé quan trong nhu phd va phan bd thong lugng neutron nhiét tai cdc chiéu xa da
duge xac dinh bang thuc nghiém va tinh toan st dung chuong trinh MCNPS5. Viéc chiéu xa thir
nghiém trén cac thoi nhom 1a vat ligu thay thé c6 tinh chat vé neutron tuong dwong Silic ciing
duogc tién hanh nham khing dinh thiét k& phu hop cua céc chiéu. Po bat dong déu vé théng
luong neutron nhiét nho hon 5% theo chidu cao va 2% theo ban kinh trong céc chiéu. Cac két
qua thu duoc cho thay cbc chiéu méi duoc thiét ké dam bao cac yéu cau thar nghiém NTD-Si

trén LPU Da Lat

Tir khoa: Chiéu xg pha tap don tinh thé Silic bang neutron nhiét (NTD-Si), MCNP5, LPU Pa
Lat (DNRR), phurong phdp man chdn, phwong phdp kich hoat 14 do, céc chiéu xa.






