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Neutron and gamma flux environment of various irradiation ports in the University of Utah
training, research, isotope production, general atomics reactor were experimentally assessed
and fully modeled using the MCNP5 code. The experimental measurements were based on
the cadmium ratio in the irradiation ports of the reactor, flux profiling using nickel wire, and
gamma dose measurements using thermo luminescence dosimeter. Full 3-D MCNPS5 reactor
model was developed to obtain the neutron flux distributions of the entire reactor core and to
compare it with the measured flux focusing at the irradiation ports. Integration of all these
analysis provided the updated comprehensive neutron-gamma flux maps of the existing irra-
diation facilities of the University of Utah TRIGA reactor.
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INTRODUCTION

Neutron energy spectrum and neutron and
gamma flux must be well known in order to accurately
quantify the experiments performed at any research
reactor [1]. The objective of this research was to de-
velop an MCNP5 model and validate it by developing
numerous experiments at training, research, isotope
production, general atomics (TRIGA) reactor at the
university of utah (UUTR) in profiling neutron flux
and gamma dose of irradiation ports — the thermal
irradiator (TT) and the fast neutron irradiation facility
(FNIF). Although many experiments have been con-
ducted in past decades, in order to characterize the ir-
radiation environment of the UUTR, the quantifica-
tion of the energy spectrum and neutron flux in the
FNIF was never performed, while the T flux mapping
was not tested for over a decade.

The University of Utah TRIGA nuclear research
reactor operates at 100 kW (thermal). The reactor core
is a heterogeneous assembly of standard TRIGA fuel
elements, deuterium oxide reflector elements, and
three neutron absorbing control rods containing boron
carbide all supported in a hexagonal lattice by an alu-
minum grid structure. The cylindrical stainless steel
and aluminum-clad fuel elements contain solid, homo-
geneously dispersed uranium-zirconium hydride en-
riched in less than 20% in the fissile isotope of 2>°U
[1]. The predominant utilization of the UUTR is as a
copious neutron source for activation analysis, nuclear
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research, and training. The accuracy and assessment
of experimental uncertainties depends on the accuracy
of the neutron spectrum characterization [2].

Samples may be irradiated at several positions
within the UUTR, and there are two primary ex-
tra-core facilities for sample irradiations — the TT and
FNIF. The TI consists of a tank filled with D,O and
provides an isotropic thermal neutron environment
that is particularly well suited for neutron activation
analysis and basic nuclear medicine related experi-
ments. Whereas the FNIF consists of a lead tank where
neutron moderation is minimal [1].

One of the present-day methods to experimen-
tally quantify the thermal neutron flux is to compare
the quantity known as the cadmium ratio, which is cal-
culated via the measurement of the activity of gold
foils through the '’ Au(n, y) '8 Au reaction [3]. These
measurements were utilized to create a topical flux
map of the UUTR and analyze the various irradiation
ports. MCNPS5 was used to compute the cadmium ratio
of'the entire reactor core and compare against the mea-
surements for this validation study [4].

Nickel mapping is another experimental tech-
nique used to quantify thermal and fast neutron flux.
Comparison of ®*Ni via (n, y) reaction and *Ni via
(n, p) reaction, create a flux distribution map over a
specific reactor core area [5]. This was conducted
within the FNIF to obtain a vertical map, showing how
flux varied with depth of the FNIF. By using thermo
luminescence dosimeters (TLD) within the FNIF, the
gamma induced irradiation environment was mea-
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sured [6, 7]. Using these methods in conjunction with
each other, it was possible to create required under-
standing of the radiation environment at the UUTR’s
irradiation ports.

METHODS AND DESCRIPTION
Cadmium ratio

Experimental discrimination between thermal
and fast neutron spectra is possible using cadmium
foils. The cadmium ratio is defined as the ratio of the
activity of a bare detector, gold foil, to the activity of
the same but covered detector, i. e. a cadmium-covered
foil [8]. The bare irradiated gold foil is exposed to neu-
trons of all energies. The cadmium-covered gold foil is
activated mostly with fast neutrons. If 4, and 44 rep-
resent the activities for bare and cadmium covered
gold foils, respectively, then the difference between
them corresponds to the activity of the bare gold foil
activated by thermal neutrons, which are absent in the
gold foil covered with cadmium foil. This is because
nearly all neutrons below the cadmium cut-off energy,
which ranges from about 0.4-0.6 eV, are absorbed by a
cadmium foil, while nearly all neutrons above this en-
ergy passing through the cadmium [3]. The cadmium
ratio Ry is, therefore, determined as follows

Reg =—— (1

The experiment performed at the UUTR pro-
vided the data to assess the cadmium ratios in TT and
FNIF. Great attention was paid to appropriate geomet-
rical positioning of the gold foils in ensuring the two
foils were equally placed in respect to the reactor core
center. Since the vertical flux distribution in the TI is
Gaussian, one gold foil was placed just above the ver-
tical center and the other just below the vertical center
and irradiated at the same time thus ensuring identical
exposure to neutron flux. Both foils were irradiated for
5 minutes at a power of 30 + 1.2 kW; the foils were left
to decay for three days before their activity was mea-
sured.

In the FNIF, very small (surface area of 1 mm?),
thin (0.0024 mm thickness) square gold foils were ir-
radiated in exactly the same environment under the
same flux conditions. Foils were irradiated at the point
of maximum flux in the FNIF for 15 minutes at power
level of 10 £ 0.4 kW; the foils were then left to decay
for three days before their activity was measured.

Measurements and instrumentation
198 Au emits 411.8 keV gamma rays after being

irradiated. Using a high purity germanium (HPGe) de-
tector, a very narrow gamma energy window,

411.7-411.9 keV, was used to identify the activity of
the gold foils. By using a variance window, more accu-
rate results were achieved which accounted for a small
discrepancy in emitted gamma ray energy. Figure 1
shows two spectra acquired from the HPGe detector.
From these spectra it was obtained that the number of
detected gamma rays with energy 411.7-411.9 keV
were about (4.18 + 0.006)-103 for the bare gold and
(1.01 +£0.003)-10° for the cadmium-covered detector
in the TI. These values were then used in eq. (1) to ob-
tain an experimental cadmium ratio of4.14 £ 0.015 in
the TI. Similarly, using the HPGe detector the activity
of the bare gold in the FNIF was obtained to be
(4.22 + 0.006)-10° Bq and (2.10 + 0.005)-10° Bq for
the cadmium-covered gold detector, resulting in an ex-
perimental cadmium ratio of 2.01 £ 0.005.
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Figure 1. Gamma spectroscopy of bare gold foil (top) and
cadmium-covered foil (bottom) irradiated in the UUTR
TI

MCNPS5 simulation to determine
cadmium ratio in UUTR TI port

An exact MCNP5 model of the UUTR core — in-
cluding the fuel, and other materials present in the core
— was used to model the gold foil TT experiment ex-
actly as was physically conducted in order to accu-
rately compare with the measured values and validate
the model [2]. The ENDF-7 cross-section data library
was selected and the simulation was run in (n, p) mode
which accounts for neutrons and gamma rays. Table |
shows the result from this MCNPS5 simulation. Two
billion particles were simulated and the cadmium ratio
was determined based on eq. (1). The errors are rela-
tive standard deviations as obtained in the MCNPS5
code and are relatively high even with a very large
number of particles. Based on the analysis of the error
trends for different numbers of particles, the two bil-
lion particles provided close to a constant error value.
Further increase in number of particles will provide a
slight reduction in the MCNP5 reported errors. A re-
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Table 1. MCNPS cadmium ratio in TI
History | CPU time | Activity Error Cadmium
(million) | (minutes) [Bq] ratio
7.289-10° | 0 4749
b +0.
2000 | 4927 | ;]Ti)o ’ 4.025+2.763
(éovere d) +0.4958

duction of the computational error can be optimized by
increasing the number of particles and also by adopt-
ing a variance reduction method such as energy and
time cutoffs, as well as weight cutoff [9]. However,
because of the good agreement with the experimental
measurements, further optimization of the MCNPS er-
ror reduction vs long CPU time is not found necessary.

Computational methods, particularly full
three-dimensional models of the UUTR using Monte
Carlo methods are very powerful in providing infor-
mation on detailed shape of the neutron spectrum and
flux, but the results require careful validation to elimi-
nate modeling errors, biases due to approximations in
the methods and uncertainties in nuclear data [2].
Thus, the spectra are validated by comparing to mea-
sured values.

Figures 2-6 show spatial neutron flux distribu-
tion in the UUTR for different neutron energies based
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Figure 2. UUTR flux map for neutron energies 0-0.025 eV
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Figure 3. UUTR flux map for neutron energies 0.025-0.5 eV
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Figure 5. UUTR flux map for neutron energies 1.0 eV-20 MeV
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Figure 6. UUTR flux map for total neutron energy

on the MCNP5 model. By using a mesh tally in
MCNPS for the entire reactor core, a plot was created
in MATLAB for each energy region [10-12]. This
shows how drastically the neutron flux changes at dif-
ferent positions within the reactor core for different
neutron energies.
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Figure 7 shows a map of the MCNPS5 based cad-
mium ratio for the entire reactor. Mesh tally matrices
of the reactor core were utilized to take the ratio of fast
neutrons to neutrons of all energies [10-12]. It was
known that the cadmium cut-off energy varies
0.4-0.6 eV. Figure 7 was created assuming that the
cut-off energy is 0.5 eV. Based on this figure, the
cadmium ratio was approximately determined to be
4 + 0.3 in the TI, and 2 + 0.2 in the FNIF where the
color bar represents the cadmium ratio. These values
agree well with the experimental cadmium ratio for
both irradiation ports as described previously and are
thus validated.
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Figure 7. UUTR cadmium ratio flux map indicating cadmium
ratio of 4.0 in the TI and 2.0 in the FNIF

Nickel flux profiling

Another method used to obtain neutron flux pro-
file in UUTR irradiation ports, was based on irradiation
of nickel foils. Neutron irradiation of metallic nickel re-
sults in the production of two radioisotopes: *Ni via (n,
v) reaction and Ni via (n, p) reaction. In the experi-
ment, fifteen nickel foils were arranged 2.54 cm apart
to create a grid and were irradiated in the FNIF for
15 minutes at the UUTR power of 10+ 0.4 kW. The
dashed line in fig. 10 shows the area of maximum flux
where the grid was formed in the FNIF. An HPGe de-
tector was used to detect these radionuclides in the irra-
diated nickel foils. The radiative capture microscopic
cross section for ©Ni is small for the fast and epithermal
neutron energies. Thus, the detection of ®Ni represents
the thermal flux received by the nickel foil [7]. By using
an interference correction report generated by and
HPGe detector, the weight mean activity [Bqg™'] of
each radionuclide was compared for each foil. Thus,
fast flux and thermal flux maps can be produced. Fig-
ures 8 and 9 show thermal and fast spatial neutron flux
distribution in the FNIF expressed in neutrons per centi-
meter squared per second and represented as a percent-
age of the maximum flux. Compared to figs. 3-7, based
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Figure 8. UUTR FNIF thermal flux distribution based on nickel
wire experiment with 2.54 cm spacing
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Figure 9. UUTR FNIF fast flux distribution based on nickel wire
experiment with 2.54 cm spacing

on MCNPS5, figs. 8 and 9 show the flux details inside of
the FNIF and how it varied with the FNIF depth.

The neutron flux map was also measured experi-
mentally using 84 sulfur pellets (2 £ 0.0002 grams of
mass each) providing the contour lines as depicted in
fig. 10. These 84 pellets were located inside the FNIF
in a way to assure the grid mapping, in other words
seven of the pellets were placed across along the grid
row, and twelve along the grid columns 2.54 cm apart.
The sulfur pellets were irradiated for 15 minutes inside
of the FNIF at the reactor power of 1 £0.04 kW. This
experiment was repeated three times in order to mini-
mize the statistical error. When 328 reacts with neu-
trons of energy greater than 2 MeV, 3?P that is a pure
beta-emitter, is formed. This beta particle coming from
32P has a maximum energy of 1.709 MeV and is mea-
sured using a Geiger-Muller detector to determine
neutron flux contour lines [13-15]. This neutron flux
map does not provide any information about neutron
energy distribution or thermal neutron flux, but it pro-
vides information about fast neutron flux distribution.
As can be seen from fig. 10, the peak thermal and fast
flux occurred at the same location that is slightly above
the axial center of the FNIF in the reactor.

Dosimetry measurements
A complete understanding of the FNIF radiation

environment was achieved by measuring in addition,
the gamma dose as a function of equivalent neutron
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Figure 10. Experimentally determined flux map for the FNIF
(using sulfur pellets) showing peak flux location; dashed line
refers to the area used for dosimetry measurements

fluence. The primary source of gamma radiation in the
FNIF environment is from prompt fission and delayed
decay gamma rays coming out form the reactor core.
The gamma energy spectrum in the FNIF is modified
by background sources of gamma radiation near and
surrounding the irradiator i. e. pool water and alumi-
num. Compton-scattering gamma rays and photons
produced via neutron capture reactions constitute the
majority of the gamma dose within the irradiation port
[1]. Thus, the gamma energy spectrum in the irradia-
tion port was expected to be a continuum related to the
prompt gamma spectrum upon which are superim-
posed peaks associated with the capture and decay
gamma rays [1].

Thermo luminescence dosimeters (TLD) were
placed at the point of 80% maximum flux in the FNIF
and irradiated at power of 1 £ 0.04 kW for 15 minutes
and at 10 £ 1.2 kW for 15 minutes. A Harshaw TLD
System Model 3500 Manual TL Reader was used to
measure the gamma dose received by each dosimeter
from the FNIF. The dose values in FNIF are shown in
tab. 2. The TLD reader subjects the dosimeter to a pre-
cise heating cycle to stimulate TL emission and a
photomultiplier tube converts the TL photons into
electrical current to yield a total collected charge [1].

Table 2. TLD gamma dose values as measured in FNIF

Dose
Gamma Neutron .
d Error Reactor |equivalent per

ose fluence .

g [Sv] 3 power | unit fluence
[Sv] [em™] [Sv cmz]
455 | 4025 | 133107 1 kW 3.42:10"
637 | +0.11 | 1.78-10" 1 kW 3.58-107"2
563 | £0.14 | 1.78-10" 1 kW 3.16-10"
585 | +0.19 | 1.78-10" 1 kW 3.29-10"2
570 | +0.25 | 1.78-10" 1 kW 3.20-10"
726 | +0.58 | 1.95-10" 1 kW 3.72:107"7
6.09 | +0.12 | 1.74-10" 1 kW 3.50-10"2
6.38 | £0.27 | 1.74.10" 1 kW 3.67-107"2
1.74 | £0.90 | 5.09-10" 1 kW 3.42-107"2

Average dose equivalent per unit fluence at 3.44.10 12
1 kW
310 | 180 48110% | 10kW | 64410

The response is compared to the response of identical
dosimeters that have been calibrated in a NIST-trace-
able gamma source to determine the absorbed dose re-
ceived during the irradiation. The TLD reader does not
provide any error from the machine; standard error
was calculated for the single measurement using pre-
vious benchmark study conducted at UUTR which ob-
served that TLD error remained constant at around 5%
of the mean except when the gamma dose approached
the lower limit for the TLD (0.01 Sv) the error rose al-
most exponentially reaching 80% [6].

TLD irradiation was repeated several times for a
UUTR power of 1 kW to ensure accuracy. In all exper-
iments, the dosimeters were used only once. Table 2
also shows the correlation of gamma dose with vary-
ing neutron fluence. The average dose equivalent per
unit fluence was 3.44-107'2 Sy cm? per neutron for 1
kW UUTR power and 6.44-107'2 Sy cm? per neutron
for 10 kW power. As expected, the gamma dose re-
ceived by the TLD increases linearly with increasing
reactor power and can be extrapolated for larger neu-
tron fluence.

CONCLUSIONS

The neutron flux in reactor cores depends on
geometrical location and neutron energy; since it de-
termines the reaction rate, it is very important to have
accurate maps of thermal and fast neutron fluxes and
gamma dose distributions in assuring the highest pos-
sible accuracy of the experiments [16]. The cadmium
ratios in TT and FNIF of the UUTR were experimen-
tally measured and also estimated based on the de-
tailed MCNPS5 simulation. The experiment and
MCNPS simulation have yielded results of about 4.1
for the cadmium ratio in the TI and about 2.0 in the
FNIF. The error from MCNPS5 simulation was rela-
tively large even with a very large number of particles.
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This computational error can be further optimized by
increasing the number of particles further, and also by
adopting a variance reduction method such as energy
and time cutoffs, and weight cutoff. However, because
ofthe good agreement with the experimental measure-
ments, further optimization of the MCNPS5 error re-
duction vs long CPU time is not found necessary, and
thus remained for future studies.

In the FNIF there were twice as many epither-
mal/fast neutrons than thermal neutrons. A three-di-
mensional cadmium ratio map was created using
MCNPS5 and easily used (since it was experimentally
validated) to predict the cadmium ratios at other avail-
able locations in the reactor core.

The measured axial flux distributions were in
good agreement with the calculated value and gave a
better understanding of the irradiation environment
within the FNIF. The gamma dose measurements were
recorded for varying fluence and it was found that
gamma dose linearly increases with increasing neu-
tron fluence, which can be extrapolated for larger neu-
tron fluence. The average dose equivalent per unit
fluence was 3.44-10"'? Sv cm? per neutron for 1 kW
UUTR power and 6.44-107'> Svem? per neutron for
10 kW power.

Various methods were utilized to evaluate the ir-
radiation environments in the University of Utah
TRIGA including cadmium ratio experimental data,
MCNPS5 simulations, nickel flux profiling, and TLD
measurements. Using these methods in conjunction
with each other created a complete understanding of
the neutron & gamma irradiation environment present
in the reactor.
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bpykmun HOBJIL, Hourok RE, Tatjana JEBPEMOBHUh

EKCIIEPUMEHTAJ/IHA IIOTBPJA N MCNPS EBAIIYAIIMJA HEYTPOHCKOTI
N TAMA OIYKCA Y UPAJUJAIIMOHUM KACETAMA HCTPAXHUBAYKOI
PEAKTOPA HA YHUBEP3UTETY Y JYTU

Heytponcku u rama (iaykceBd y HpagujallMOHUM KaceTaMma y HMCTPaskKuBayKOM peakTopy
TPUT'A Ha YHuBep3uTery y JyTH eKCIEpUMEHTANIHO Cy U3MEPEHU U MOfiesloBaHu ynoTpebom MCNPS
nporpaMa. EXcriepuMeHT je 3aCHOBaH Ha MepemY KaIMUjyM KoeHIIujeHTa Y UpaiijalliOHIM KaceTama y
peakTopy, a HEyTpOHCKHM (PIyKC je HM3MepeH KopuirhemeM HHKJa, IOK je rama jo3a u3MepeHa
TEPMOJYMUHUCLIEHTHUM J1o3UMeTpoM. KoMmuieTan TpoguMEeH3MOHU MOJIe]l peakTopa pa3BHjeH je mpema
MCNPS nporpamy ca iusbeM fia ce fo0Hje pacnofesia HeyTPOHCKOT (hiIyKca y IeJIOM peakTopy yKibyuyjyhu
upagujanmone kacere. PauyHapckm ofpebeH ¢aykc ymopebeH je ca mepewuma. Ha ocHOBy
EeKCIIEpUMEHTAIIHAX U HYMEPUYKH ofjpeheHnX BpeHOCTM HEYTPOHCKOT M rama iykca foOujeHe cy
feTajbHe Mare (pykca y upaujalioOHIM KaceTaMa CTPakKMBaYKOr peakTopa Ha Y HUBEep3uTeTy y JyTu of
uHTepeca 3a Oyayhe ekcepuMeHTe.

Kmyune peuu: neyiiporcku payrxe, TPUTA peakitiop, MCNP5 k00, upadujayuona kaceiiia, 2ama 003a




