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Abstract

A detailed series of irradiation experiments were conducted in the McMaster Nuclear Reactor
(MNR), a2 MW, light-water moderated, pool-type research reactor, between March 1997 and
January 1999.

Standard radioactivation techniques were used to determine the experimenta reaction rates of
combinations of eight nuclear reactionsin seven different core configurations. The reactions used in this
study were: **Mn(n, ()%*Mn, Fe(n, )*Fe, *°Co(n, ()®*Co, Cu(n, ()*Cu, *In(n, O)**In,
¥ AU, OfRAU, ZAl(Nn,")**Na, and In(n,M)*In'.

The irradiations were performed in the Centrd Irradiation Facility (CIF), the in-core 1|
production sites and the graphite reflector, and included both unshielded and Cd-shielded cases. For
the iodine and graphite Sites, axid maps of °Co(n, () and #’Al(n,"") reaction rates were experimentally
determined for three core configurations.

Reaction rates were compared to cd culated vaues produced from smulation using the
WIMS-AECL/3DDT code package.*? In addition, a neutron flux spectrum unfolding code, SAND-
11,® was used to generate flux spectra from the experimenta results for comparison with the WIMS-
AECL/3DDT flux spectra

Good agreement between experimenta and calculated results were found in the mgority of the
Co/Al wire cases. The suitability of different foil materias and methodologies are identified.

1.0 Introduction

MNR isa2 MW, light-water moderated, pool-type research reactor composed of plate-type
fue. A detailed series of irradiation experiments were conducted between March 1997 and January
1999.

The coreis defined by a9 x 6 Ste grid plate with an active axid height of 60 cm. Each core
gteisroughly 8 cm by 8 cm. The coreisdivided into 6 columns A to F; and 9rows. 110 9. Figure 1
shows the layout of one of the 7 core configurations studied.

The irradiations were performed in the CIF (Site 5¢), the in-core 12| production sites, and the
graphite reflector. The CIF isahigh neutron flux ste (-5x10" n/ciré/s thermal flux) and the row 8 sites
contain graphite reflector assemblies that are hollowed, dlowing the placement of samplesin an area of
mostly thermal neutron flux (-1x10* n/crré/s thermal flux). Samples were generdly placed at the axid



midpoint of the Stes.
For core configuration 48I, in Site 8d, samples of unshielded Co/Al wire were spaced
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8 graphite graphite graphite graphite graphite graphite

9 water water water graphite water water

Figure 1: MNR Core 48E

aong asampletubeat 2.5, 18.2, 33.9, 48.7, and 59.5 cm from its bottom.

More detailed axia mappings were done for core configuration 48M sites 7c and 8f, and core
configuration 49A stes 7c and 7f. These sitesare of interest in 12| production.

Detalls of the arrangement of the experiment are given in Section 2.0.

Calculations of reaction rates were performed according to ASTM standards.*® Estimates of
the reaction rates due to thermd flux were made by repeating foil activations with cadmium shidding.
ASTM standards provide average cross sections and resonant integrals to estimate thermal, epi-thermal
and fast neutron flux from experimenta reaction rates. However, reaction rates, not flux estimates,
were used for most comparisons because methods which convert experimenta reaction rates into flux
data require assumptions about cross sections and the shape of the neutron flux spectrum. ASTM
calculations are described in Section 3.0.

The foil experiments were modelled using the WIMS-AECL/3DDT code package™? to
produce microscopic cross sections, reaction rates, and 8-group core flux spectra. Thefail
experiment geometries were incorporated into the transport theory cell models, which, in turn, provided
cross section input data for the whole-core diffusion theory modes. The fluxes were used to cdculate
theoretica reaction rates for thefoils. The smulation analysisis described in detail in Section 4.0.

A comparison of experimenta and modelled reaction rate resultsis discussed in
Section 5.0.

A neutron flux spectrum unfolding code, SAND-11,® was used to generate flux spectra from
the experimenta results for comparison with the modelled flux spectra. The SAND-II codeis
intended to determine neutron energy spectra by an andysis of activated foil data. The codeis
designed to provide a*“best fit” neutron flux spectrum for a given input set of foil reaction rates. By
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Figure 2: Experimental Estimation of MNR Neutron Hux

ASTM Methods Self-shielding
Corrections
l};/ch aster Nuclear Bare and Cadmium)| Germanium IASTM Cross Sections 3 Group Flux:
eactor [ ShieldedFoils 9 Gammaray 1 Experimental Ideal Foil Reaction Rates —ppnd Resonant P Fast, Epi-thermal,
Detector ntegrals and Thermal
Reasonable Initial Spectral Unfolding 621 Group Flux 3 Group Flux:
Flux Spectrum [——————————pp» Code: SAND-II [————————p{ Spectrum | Fast, Epi-thermal,
Estimate and Thermal
621 Group Cross 8 Group Flux
Section Library: L P Spectrum
ASTM-ORNL

[~

~

N~

)

| = Cd-shield

AT

T~
N

cdculating thefoils reaction ratesfrom a

||7
&

1E-10 1Eo9 1EOE 1E07 1E06 1E05 1504 1E03 1502 1E01 1E 00 1E 01 1.E+02

Energy (MeV)

Figure 3: Microscopic Cross Sections

A\ cap: 26.2 mm dia, 1.2 mm thick
Cddisk: 19 mm dia., 1 mm thick

The sample typically extends 6 mm

sample: typically 1.2 mm dia, 25.4 mm long above the sample holder

Sample holder: 6.4mm dia, 19 mm long
with base 17.4 mm dia., 6.4 mm long and
holes are 1.6 mm dia.

Base reduced to 15.9 mm dia.

Cd sheet 1 mm thick wrapped into a cylinder
with 19 mm dia and 25.4 mm long

2Pbdisks: 19 mm dia,, 3.2mm thick

Cd disk: 19 mm dia., 1 mm thick

[« Stort Al capsle: 26,4 mm da, a the i,
a at the base, 4.4 mm long,
andl?mmm ck

Figure4: Aluminum Capsaulesfor Foils

library of cross sections, and adjusting the flux spectrum in an iterative process, the code attempts to

match the experimentd results. The verson used requires that foils sengtive to thermd and epi-thermal
neutrons must have at least one bare and one covered reaction rate asinputs. Details of the SAND-II
code are given in Section 6.0 and the limitations of flux estimates are discussed in Section 7.0.

2.0 Experiment

Figure 2 shows two methods of estimating an energy dependent neutron flux spectrum of MNR
by experiment: ASTM caculations and a SAND-I1 spectrum unfolding method.

In the ASTM-based method,*® “foils’ (wires) were activated in the reactor core. Foils were
chosen for their senditivity to therma and epi-therma (resonance) neutron flux. These foils were: **Mn,
8Fe, °Co, ®Cu, In, and *’Au. They dl undergo an (n, () reaction. An estimate of the thermal flux
can be made by repesating foil activation with cadmium shielding.

Fast flux estimates can be made by 2’Al(n,"")**Na, and **In(n,n{)*°In" reactions. ASTM standards



provide average cross sections and resonance integrals to estimate thermd, epi-therma and fast
neutron flux from experimental reaction rates. However, in order to make the fewest assumptions
about cross sections for the experimental results, reaction rates were chosen as a basis of comparison
between experiment and smulation.

Standard foils have reactions which occur over a broad range of neutron energies, quantified by
energy dependent microscopic cross sections. Often materials with high thermal cross sections have
ggnificant resonances in the epi-thermd range. A thin (1 mm) cadmium shield was used to remove the
therma neutrons from some samples so that the effects of therma and epi-therma neutrons could be
separated. Figure 3 showsthat Cd has a cross section that is over 10 times that of the therma detector
foil, cobalt, below the thermal cut-off energy (typically 0.625 eV).©® The resonances of the fail
materials used as fast neutron detectors (e.g., duminum) are rddivey indgnificant.

Sample wireswere typicaly 25 mm long and 1 mm in diameter. Each wire was placed, in turn,
in an duminum stand to hold it vertical. The wire and stand were then placed in a standard short
auminum capsule (see Figure 4). A cadmium lining was cut to fit the ingde of the capsules. For those
capsules without Cd lining, two lead discs were cut to fit in the bottom to prevent the sedled capsule
from floating to the top of the sample tube when placed in the irradiation site. The sample tube was a
hollow 80 cm Al tube, about 3 cm in diameter (see Figure 5). The tube was loaded from the top of the
reactor and had collar which centred the tube in the middle of the Site. Solid Al spacers raised the point
at which the sample rested to the axial midpoint of the reactor core.

For detailed axia mappings of Core 48M sites 7¢ and 8f, and Core 49A sites 7¢c and 7f,

Co/Al wires were aligned dong the compass points of the interior of aRIFLS (Reactor Irradiation
Facility for Large Samples) tube. A RIFLStubeisahollow 6 cm diameter duminum tube, about 75
cm long, weighted at the bottom with about 17 cm of lead."” Shielded tubes are lined with about 1 mm



of Cd. The bottom of aRIFLS tube interior is roughly 35 cm from the bottom of the reactor grid plate.
For each of the two core configurations, Co/Al wire cages were constructed (see Figure 6). The four
50 cm edges were scored every inch (2.54 cm) to facilitate cutting after irradiation. The cages were
placed a the bottom of the RIFLS tube which was then capped. For both cores, two unlined RIFLS
tubes were inserted into the core in the pair of sites of interest for one hour. These were removed and
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was processed through a



preamplifier, an amplifier, and a4K multichannd anayzer. Peak definition, pesk counts, the subtraction
of background counts, dead time, and count error were calculated by Aptec PCMCA/WIN
software.® The peaks of interest were well defined and fell in the range of 336.2 keV to 1507.4 keV .

Samples were placed in Lucite holders which centred them dong the axis of the detector. To
minimize dead time, positions 30 mm, 123 mm, and 329 mm from the detector face were used,
depending on sample activity. Figure 7 shows the relationship between the sample position and the
detector.

The certified standard sources used for absolute cdibration of the detector were >°Eu, >*Eu,
133Ba, ®Co, and #Na. These provided 24 gamma energy peaks ranging in energy from 276.39 keV
to 1596.50 keV. Theefficiency (,) of the detector for each pesk was found from:

1L = C, _In(2)
A) Ig exp(- t) ’ 1:1/2
where the numerator (C,) was the actual count rate and the denominator was the count rate to be
expected if al the events were counted. The activity at the time of certification (A,) was modified by
the decay constant (8) considering the time elgpsed (t); and aso by the peak yield (1 ): the fraction of
gamma rays produced at the energy of interest for each disintegration. The decay congtant is usudly
liged in terms of the isotope’ s hdf-life (t.,).

It is not uncommon to least-square fit afourth or fifth order polynomid to the efficiencies
determined by the standard sources® A fourth order polynomid in energy (E) was used to fit the
effidency (,) in positions 6 and 9. Figure 8 shows the fitted efficiency curve for position 6. The curve
for postion 9 was Smilar in shape. For position 3 alinear fit of the detector efficiency was used.
Position 3 was usad for the cobdt and duminum foils of the axid

@

mapping experiments.  The ®°Co and ?Na sources provided efficiency measurements at 1173.24,
1274.53, and 1332.50 keV.

The foil sampleswere placed in the MNR core for times ranging from 6 minutes to 10 hours.
After removd, samples were dlowed to “cool” for 1 to 14 daysto facilitate counting. Depending on
sample activity, counting times varied between 20 s and 100 minutes.
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where C; isthe actud count which is divided by the detector efficiency and the peak yield to give the
totd digntegrations per second of the sample. Thewaiting timeist,, and the counting timeist.. The
number of parent nuclel in the sample (N,) are assumed not to change significantly during the irradiation
time (t;) and isgiven in terms of Avogadro's number (N,), the fraction of the sample containing the
eement of thefail (), the weight percent (as afraction) of the isotope compared to the parent e ement
(P), the mass of the sample (m), and the molecular weight of the parent dement (w). Strictly spesking
the method dlters the reaction rate and the irradiation time by a factor 8\/8 which accounts for the
remova by transmutation of some of the daughter nuclei. Although this could be easily estimated for
cobalt, copper, and gold fails, it added less than 0.1 % to any of the reaction rates.

The ASTM standard® recommends that reaction rates be corrected to the ideal case of
infinite dilution. Thiswas sgnificant for gold, indium, and, to some extent, cobdt foils. Estimates were
made to remove the effect in which the interior of the sample was shielded by the materia toward the
sample surface.  The sAlf-shidding factor (G) can be expressed as the ratio of the average flux
experienced throughout the foil (& ) to the actud flux at the foil surface (N):

G=fff, €)
Sdf-shidding factors are listed for thermad (G,,) and resonance energies (G,). Reaction rates are

proportiond to flux, so the measured reaction rates are proportiond to the sdf-shielding factor and the
cases of infinite dilution were calculated as.

R£ th - s,th/thh ! R>£,Cd = Rs,Cd /Gr% (4)
where R, and R, ¢4 are the components of the reaction rates due to thermal and epi-thermal neutrons
respectively, and R, 4, and R, ¢4 are ther idedl, infinite dilution counterparts. The Wescott g factor “isa
correction factor that accounts for the departures from theideal 1/v detector cross section in the



therma energy range’® and reduced the thermal reaction rate by less than 2 % for indium, 0.5 % for
gold, and did not affect cobat caculations.

Since the thermal component of the reaction rate was estimated by the difference between the
reaction rates obtained by bare (R; a1 and cadmium-shielded foils (R cq), the totd infinite dilution
reection rate for indium, gold, and cobat samples was found from:

R= (R,bare B R,Cd )/gG!h + R,Cd /Gres ®)

Tables are available® liging Gy, and G, for 1 % cobalt/auminum wire (0.99 and 0.96
respectively). A log-log extrgpolation of the G, table for gold wire gave 0.158, but there were no
datafor Gy, for gold so it was set to unity.

The sdf-shidding data table for indium only gave values for foils (dabs) not wires. A log-log
extrgpolation was done to extend the table to the thickness of the indium wires used. A correction
factor for converting dab to wire vaues was derived by comparing a power series solution of the
diffuson equation for cylindrica geometry to the solution for a dab geometry. Vaues for indium of
0.658 and 0.157 were used for G, and G, respectively.

4.0 Smulation

Reaction rates were aso produced from smulation using the WIMS-AECL/3DDT code
package.*? Here, an absolute reaction rate or flux vaue in a sub-domain of agiven cdl is of interest,
s0 a“fine structure” (or microscopic) andysis using the trangport theory code was coupled to a
macroscopic solution which was provided by adiffusion theory code. The two solutions complement
each other.

“Fine Structure” refers to the detailed geometry of a given section of the system under
investigation. Typicaly this geometric detail includes materid heterogeneities over small distances (e.g.,
adjacent absorber, void, and moderator regions) and must be andlyzed using a transport theory code,
as diffuson theory isinvdid in such circumstances.

The trangport theory solution provides the flux spectrum for the region of interest within the cell
in question (e.g., the centrd irradiation region within a graphite assembly) aswell as a cdll-averaged flux
gpectrum. These trangport theory solutions are often given an arbitrary normdization (e.g., 1 cell
absorption). In contradt, the diffusion theory solution provides asimilar cell-averaged flux spectrum,
which has been normdized to the nomind power leve.

Assuming that the transport theory cell modd is agood representation of the corresponding cell
in the core solution, the transport theory and diffusion theory cdll-averaged flux solutions should differ
only in their magnitudes. With this assumption, the ratio of the regiond to cell-averaged integrated flux
from the trangport theory solution should be identicd to the same ratio from the diffusion theory
solution, i.e.,

f region_i f region_i
transport _ diffusion 6
f cdl - averaged f cdl - averaged ( )
transport diffusion

These rdations alow the regiona flux spectra from the transport theory solution to be *re-normaized’
to be consgtent with the diffusion theory solution magnitude. This operation can be thought of as either:
(& re-normdizing the regiond flux spectra using the ratio of the trangport theory to diffusion theory cdl-



averaged fluxes, or (b) extracting the normaized regiond flux spectrafrom the core flux distribution

using the fine-structure flux ratios. These concepts are shown below with the diffusion theory solution

re-named “absolute’ and the transport theory solution re-named “micro” with regards to the
normaization:

f iowt = f 901" Re-Normalization Factor

N cdl - averaged |
| f |

—f region_i - ¢ _ absolute s (7)
' micro ’I‘f cdl - averaged
I ' micro
Or,
f oot =f & %% " Fine- Structure Ratio
N region _i ¥
_f cdl - averaged - |, fmicro L;I (8)
' absolute 1 f cdl - averaged
I ¥ micro

In prectice, it is usudly easer to form fine-structure flux ratios from the regiond and cdll-
averaged trangport theory fluxes. These ratios are then “gpplied” to the corresponding cell-averaged
quantities found from the diffusion solution. In this way, the data from the transport theory solution can
be handled separately from that from the diffuson theory solution until the find caculation step.

An example of the sort of calculation scheme used in thisanadlysisis shown in Figure 9.
The various stages are described below:
1. Theexperimentd irradiation set up was included in the appropriate trangport theory cell model
(note: the actud foil materias were not included in the model). The desired foil isotope reaction
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Figure 9: Cdculation Scheme for Smulation of Foil Experiments



rates were specified in the trangport theory modd input for the sub-domain of the cdll (i.e., where
the foil would be located in the irradiation set up). This gpproach assumed that the presence of the
foils do not significantly perturb the flux solution.

2. Thetrangport theory cell mode was executed, using the gppropriate microscopic cross section
library; i.e., an ENDF/B-V based WIMS-AECL library with cross sections in an 89-group energy
gructure. Included in the output were the infinite-dilution isotopic reaction rates (3), the regiond
and cell-averaged fluxes (6), and the appropriate few-group cell-averaged cross sections for usein
the companion diffuson code modd (8).

3. Theinfinite dilution isotopic reaction rates were extracted from the trangport theory model output
aong with the corresponding regiond flux spectra. The corresponding microscopic cross sections
were then calculated from the reaction rates and flux data for the isotopes of interest.

4. Some reaction cross sections relevant to the foil irradiation experimentsin MNR are not included in
the WIMS-AECL library (e.g., ZAl(n,"")**Na, %®Fe(n,g)>*Fe, and °In(n,n)***In"). These cross
sections were extracted from an ASTM-ORNL library used with the SAND-I1 flux unfolding code
and are given in 621 energy groups. The 621-group data were condensed, using a crude spectrum
goproximation (i.e., aMaxwel-Boltzman thermd digtribution, a 1/E epithermd digtribution and a
fisson spectrum fast distribution), to the WIMS-AECL library 89-group structure.

5. The isotope microscopic cross sections, from steps (3) and (4) were condensed, using the
applicable trangport-theory-solution regional flux spectra, to the same few-group structure as the
diffuson theory flux solution.

6. Theregiona and cell-averaged integrated flux spectra were extracted from the transport theory
model output. The consistency of the regiona and cell-averaged flux spectra, in terms of reaction
rates, was checked at this point.

7. Thetrangport theory solution regiond and cell-averaged integrated fluxes were used to determine
the region to cdl-averaged flux ratios for the region of interest (e.g., the region where the fail
irradiations took place).

8. The gppropriate few-group cell-averaged macroscopic cross sections for use in the companion
diffuson theory model were extracted from the transport theory model output.

9. The companion diffusion theory modd input file was created, referencing the cell-averaged cross
section data from the transport theory model outpuit.

10. The diffuson theory modd was executed. The output gives afew-group flux digtribution for the
core, based on homogenized cell zones. The flux distribution is normaized to the nomina core
power.

11. Thefew-group, cell-averaged flux distribution was extracted from the diffusion theory model
output.

12. Thetransport theory model region to cdll-averaged flux ratios and the diffuson theory solution cell-
averaged fluxes were used to determine the absolute (i.e., normalized to core power) region flux for
the region of interest.

13. The few-group isotope microscopic cross sections from (5) and the normalized few-group region
fluxes from (12) were used to caculae the infinite dilution (or idedl) foil reaction rates.

Table 1. Experimental and Smulated Reaction Rates for Cores 48E through 48I. I
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aluminum 48E 5c no 8.20E-15 2.9% 8.34E-15 1.6%

aluminum 48E 5¢c yes 7.57E-15 1.7% 8.26E-15 9.1%

cobalt 48E 5¢c no 1.59E-09 2.3% 1.55E-09 -2.1%
cobalt 48E 5¢c yes 1.05E-10 1.8% 9.78E-11 -7.2%
aluminum 48E 8d no 2.01E-15 2.5% 1.94E-15 -3.5%
cobalt 48E 8d no 4.79E-10 2.4% 4.81E-10 0.4%

cobalt 48E 8d no 4.86E-10 2.3% 4.81E-10 -1.1%
aluminum 48F 8d no 1.92E-15 3.9% 1.79E-15 -6.6%
aluminum 48F 8d yes 2.04E-15 4.5% 1.78E-15 -12.8%
cobalt 48F 8d no 4.84E-10 4.2% 4.48E-10 -7.5%
cobalt 48F 8d yes 2.95E-11 2.3% 2.94E-11 -0.5%
copper 48F 8d no 8.70E-11 28.2% 5.28E-11 -39.3%
copper 48F 8d yes 1.85E-12 31.0% 2.30E-12 24.6%
gold 48F 8d no 3.06E-09 10.1% 1.73E-09 -43.4%
gold 48F 8d yes 2.62E-09 10.1% 6.07E-10 -76.9%
indium 48F 8d no 2.59E-09 17.5% 3.03E-09 17.0%
indium 48F 8d yes 7.84E-10 17.6% 1.06E-09 35.7%
indium n,n’ 48F 8d no 5.49E-13 17.4% 6.14E-13 11.8%
indium n,n’ 48F 8d yes 5.86E-13 17.4% 6.07E-13 3.5%

iron 48F 8d no 1.62E-11 6.4% 1.54E-11 -4.8%
iron 48F 8d yes 5.47E-13 8.1% 6.74E-13 23.3%
manganese 48F 8d yes 4.73E-12 16.7% 5.75E-12 21.5%
auminum 48G 5c no 8.86E-15 2.6% 8.07E-15 -8.9%
aluminum 48G 5c no 7.94E-15 2.3% 8.07E-15 1.7%

aluminum 48G 5¢c yes 7.82E-15 2.3% 8.00E-15 2.2%

cobalt 48G 5¢c no 1.56E-09 2.0% 1.52E-09 -2.6%
cobalt 48G 5¢c no 1.59E-09 2.2% 1.52E-09 -4.3%
cobalt 48G 5c yes 1.04E-10 2.9% 9.56E-11 -8.0%
copper 48G 5c no 1.75E-10 3.4% 1.80E-10 2.8%

copper 48G 5¢c yes 6.44E-12 6.2% 7.48E-12 16.1%
gold 48G 5¢c no 3.30E-09 3.8% 5.85E-09 77.5%
gold 48G 5c yes 1.47E-09 3.8% 2.00E-09 36.2%
indium 48G 5c no 9.44E-09 8.3% 1.02E-08 8.6%

indium 48G 5¢c yes 2.60E-09 8.6% 3.51E-09 34.8%
indium n,n’ 48G 5¢c no 2.19E-12 7.2% 2.41E-12 9.8%

indium n,n’ 48G 5c yes 2.11E-12 7.2% 2.37E-12 12.7%
manganese 48G 5c no 3.78E-10 6.4% 5.27E-10 39.5%
manganese 48G 5¢c yes 1.40E-11 5.4% 1.88E-11 34.3%
copper 48G 8d no 5.10E-11 4.3% 5.26E-11 3.2%

manganese 48G 8d no 1.43E-10 4.0% 1.54E-10 8.0%

copper 48H 8d yes 1.82E-12 5.8% 2.77E-12 52.3%
gold 48H 8d no 1.23E-09 3.8% 2.08E-09 69.5%
gold 48H 8d yes 4.91E-10 3.8% 7.31E-10 49.0%
indium 48H 8d no 3.38E-09 7.3% 3.65E-09 7.7%

indium 48H 8d yes 1.24E-09 7.4% 1.28E-09 3.2%

indium n,n’ 48H 8d no 6.04E-13 6.2% 7.39E-13 22.5%
indium n,n’ 48H 8d yes 6.48E-13 6.2% 7.33E-13 13.1%
manganese 48H 8d yes 4.48E-12 4.0% 6.93E-12 54.7%
gold 48| 5¢c yes 1.68E-09 3.8% 2.04E-09 21.7%
iron 48| 5¢c no 6.54E-11 5.1% 5.37E-11 -17.9%
iron 48| 5c yes 2.19E-12 5.4% 2.24E-12 2.2%

indium 48| 8d no 2.80E-09 6.9% 3.25E-09 16.3%
indium n,n’ 48| 8d no 5.37E-13 5.5% 6.57E-13 22.4%
iron 48| 8d no 1.63E-11 5.1% 1.66E-11 1.7%

iron 48| 8d yes 6.52E-12 5.0% 7.23E-13 -88.9%



5.0 Comparison of Results

Table 1 ligts the experimenta and smulated reaction rates. Over hdf of the smulated reaction
rates have a difference of greater than 10 % when compared to the experimentd vaues. However,
only 14 of these 55 trids were different by more than 25 %. The experimentd reaction rate of the
cadmium shielded iron samplein Core 48] Site 8d isadmost an order of magnitude larger than asmilar
samplein asimilar core in the same Ste: Core 48F Site 8d. Also, unexpectedly, it has an activity
amog 3 times larger than asmilar sample in the centre of the reactor (Core 48] Site 5¢). This suggests
aprocedura error in the measurement of that sample, rather than large error in the smulation’s
cdculation. Thissample gives the largest difference when compared to the smulation (-88.9 %). Of
the 55 trids, 17 amulation cdculations fal within the experimenta error. The most consstent results
are given by auminum (afast neutron detector) and cobdt (atherma and epi-therma neutron

5.0E-10

4.5E-10

4.0E-10

3.5E-10

3.0E-10

2.5E-10

Reaction Rate (1/s)

2.0E-10

1.5E-10

1.0E-10

— -4 - .Cobalt - Unshielded

—&—Modelled Cobalt

5.0E-11

0.0E+00
0

10 20 30 40 50 60 70 80

Distance (cm)

90

Figure 10: Core 48| Axid Reaction Rates of Bare Cobalt

2.5E-15

2.0E-15

1.5E-15

(Ws)

1.0E-15

Reaction Rate

5.0E-16

0.0E+00

— = —-Aluminum - Unshielded

—&— Modelled Aluminum

0

Figure 11:

10 20 30 40 50 60 70 80

Core 48| Axia Reaction Rates of Bare Al

100

100

detector).

Figures10 and 11 are
axid maps of reaction rates for
auminum and cobdt dong Ste
8d of Core48l. Thesmulationis
in good agreement with the
experimentd results from five
cobat/auminum wires spaced
aong asampletube. Distances
were measured from the bottom
of the modd, with the bottom of
the reactor’ s grid plate located at
10 cm.

Figures 12 through 15
show the axid didtribution of
cobat and duminum reaction
ratesin Sites 7c and 8f of Core
48M for both bare and cadmium
lined RIFLS tubes. Thereisgood
Spatid agreement between the
smulation and experiment, but the
peak activity occurs consstently
about 2.25 cm higher up in the
model of Site 7c thanin the
experiment. The modelled cobat
reaction rates in the four cases
agree with the experiment. The
smulated reaction rates of
auminum agree with experiment in
three of the four cases, with most



data points faling within experimentd error.
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of Core 49A Sites 7c and 7f gave Smilar results. However, there was some indication that the
cobat/duminum “cages’ were not properly placed at the bottom of the RIFL S tubes.

6.0 Neutron Flux Estimatesin MNR

The SAND-II spectral unfolding code was used to generate flux spectra from the experimenta
reaction rates. As an input spectrum, a Maxwel-Boltzmann ditribution with an average neutron
temperature of 590 K was used for most of the thermal range and a 1/E dependence for the range 0.38
eV to 255 keV.19 For the fast neutrons, an empiricaly derived formulafor 25U fisson was used: the
Watt digtribution.™  The results are sensitive to shape of the input flux spectrum, so the boundaries of

the 1/E dependance were chosen

roe so that the SAND-I1 outputs most

LOE+20 i \ closdy matched the experimentad

\\ T reaction rates.
g o e — Figure 16 showsthe
PR ~_ differentia neutron flux spectrum
5 T "~ input and output for Core 48G Site
. 5c, based on 620 energy intervas.
f° = S~ Theflux isper MeV. Thesecan
g soea \\ be integrated over the same 8

L0Ev2 \ energy groups as the modd.

\ Figures 17 and 18 compare the

o ——————1  SAND-I| unfolded spectrawith
Eneray (MeV) those generated by the modd and
Figure 16: Differential Neutron Flux per MeV vs. Energy show good agreement.
for SAND-II Input and Core 48G Site 5¢ Output

7.0 Limitsto Flux Estimation by a Mode

There are limits to how well experimenta data can confirm the neutron flux spectra generated
by amodd.

In cases where reaction rates are the same, this does not mean that the mode is a good
representation of the true reactor flux spectrum. Since each nuclear reaction occurs over a spectrum of
neutron flux energies, different flux spectra could give rise to the same reaction rate for agiven foil. This
would be true, for example, if amode overestimated an average cross section in one energy group, and
underestimated it in another. Or even if the cross sections were accurate, amodd may overestimate a
resonance reaction and underestimate athermd reaction and gtill giveriseto areaction rate that isthe
same as the experimentaly determined value,

In most cases virtudly dl the reaction for each sample occursin just one of the eight energy
groups moddled. If the reaction rate is the same as awe | determined experimenta value, the flux for
the group would be well known, to within the error of the cross section. However, little would be
known about the flux in the remaining 7 groups for that sample.
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The actud reaction rate (R0 ) for afail in the reactor can be expressed as an integration of the
product of the actud differentid flux NO(E) and the actud energy dependent cross section FO(E). The
integration can be written as:

&= ¢ ®E)f ®E)dE ©)
With no lossin accuracy, the integral could be split up over i energy groupings.
The computed reaction rate isanumerica integration of the product of the average group cross
section (F;) and the integrated flux (N;) over the number of groups (N). Thisreection rateis

R=as/, (10)

If the k'™ term is removed from the sum in Equation 10, the flux in the k™ group could be written
in terms of the others.

5
R= f.+as/f, . gasf R (11)
gtk gk 2
It can be shown that the thereis alimit to the error in the flux of the k™ group which is
dependent on the how much reaction occurs in the other groups and how well the cross sections and
fluxesin the other groups are known:
-1

_(1+eRS_e ) . aeRSgo (1+e,Rsie,R$@) ou
€k = (1+ ersk) ?1*' 9kg R, g (1+ ersg)(1+ erfg)ag

where: g\ = therdative di fference between computed and actud fluxes for the k™ energy group

0rrs = the relaive difference between computed and actual reaction rates

Urre = the reldive experimenta error in the actud reaction rate

0rnk = the relative difference between neutron fluxes for the k™ energy group

Jrng = the reldive difference between fluxes for the g™ energy group such that g O k

0.« = the relative difference between average cross sections for the k' energy group

0rrq = the relative difference between average cross sections for the g™ energy group,

suchthat g O k

R, = the computed reection rate for the foil

Ry = the computed reaction rate due to flux in the k™ energy group

R, = the computed reaction rate due to flux in the g™ energy group, g O k

Equation 12 was applied to Core 48G Site 5¢ to provide alimit to the error in the flux estimate.
The duminum fail results can estimate the flux of Group 1 to within 9 %. The indium foil (fast reaction)
can estimate the flux in Group 2 to within 38 %. The cobdlt foil can estimate flux in Groups 4 and 8 to
within 23 % and 14 % respectively. In Site 8d of Core 48F, the experimenta results of the iron foil
gave adightly more accurate determination of the Group 8 flux than the cobdt foil (a maximum
deviation of 18 % compared to 19 %). These estimates require two assumptions: that the errorsin the

-1 (12



foils microscopic cross sections are lessthan 5 % for any energy group; and the caculated flux in any
other group is not more than 40 % off the actua vaue.

In Figures 17 and 18, the SAND-II unfolded spectrafal within or very close to these error
ranges, except for Group 7 in core 48F site 8d. The most well determined fluxes are in Groups 1, 4,
and 8, and there is agreement between MNR model and the SAND-II code in those three groups.

Equation 12 can dso be used to show that cadmium-shielded gold foils are the most likely to
provide useful information on Group 5 and that there is little accurate information provided by any fail
about the neutron flux in energy Group 3 (9.1 keV to 498 keV) and Groups 6 and 7 (0.18 eV t0 1.3
eV).

Conclusions

Good agreement between experimenta and calculated reaction rates were found in the mgority
of cases. The CoAl wire results dong the axes of two sites showed good spatial agreement between
the experiment and moded!.

In MNR, the mogt useful foils for confirming smulated neutron flux estimates were duminum
(3.68 t0 10.0 MeV), indium fast reaction (0.498 to 3.68 MeV), cadmium-covered cobat (10.68 eV to
9.12 keV), gold (1.30 to 10.68 €V), and cobalt or iron (0.0002 to 0.18 €V). The neutron flux in
energy ranges 9.1 keV to 498 keV and 0.18 eV to 1.3 eV are difficult to determine by any fail.

In the most well determined energy groups, there is good agreement between the neutron flux
gpectra of the MNR mode and the SAND-II spectra unfolding code.
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