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The conventional approach to flux determination
is to use high-purity dosimeters to characterize the neu-
tron field. An alternative approach referred to as the
material scrapings method is presented. Steel scrapings
are cut from an in-service component and this material
is used to measure the specific activity for various re-
actions. This approach enables the determination of
the neutron flux and fluence incident on any compo-
nent for which small chips of material can be safely ob-
tained. The scrapings methodology was benchmarked
by comparison with the results obtained using conven-
tional dosimetry data from the San Onofre Nuclear
Generation Station Unit 2.

Pseudo fast fluxes (E > 1.0 and 0.1 MeV) are cal-

culated by combining the surveillance capsule dosim-
etry measured activities with the corresponding effective
cross sections. The effective cross sections for the re-
actions of interest are calculated using the analytically
determined neutron spectrum at the surveillance cap-
sule position. After the evaluation and testing of the
surveillance capsule were completed, scrapings were
taken from a broken Charpy specimen. The pseudo
fluxes for the >*Fe(n, p)**Mn and *®Ni(n, p)*°Co reac-
tions were calculated using the same cross sections as
those used for the capsule dosimetry analysis. The
pseudo fluxes determined using the scrapings dosime-
try are within 5% of the corresponding surveillance
capsule pseudo fluxes.

INTRODUCTION

Radiation damage to core internals, support struc-
tures, the pressure vessel, and other critical plant com-
ponents must be evaluated to ensure safe operation
through end-of-license (EOL) and during the plant life
extension (PLEX) period. Most power plants have a
pressure vessel surveillance program to monitor embrit-
tlement through EOL. Niagara Mohawk! was the first
utility to reencapsulate and reinsert an advanced boil-
ing water reactor capsule for the purpose of generat-
ing PLEX data. The use of miniaturized specimen
technology?~® and weld reconstitution® will be of great
value to the utilities in generating vessel surveillance
data during the life extension period. However, the
scrapings technology can be used to generate PLEX
data during each plant outage. In addition, the scrap-
ings technology can provide data on the fluence and
the mechanical behavior state for components such as
reactor internals that would otherwise be difficult or
impossible to obtain without destructively removing
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them from service. In cases where material data
records have been lost, the scrapings approach would
yield chemistry as well as flux data.

The most likely materials to be analyzed are ferritic
and austenitic steels. Most of these classes of material
contain sufficient minor alloying and impurity atoms
to yield spectral dosimetry data. The scope of work for
the present study includes the analysis of an American
Society for Testing and Materials (ASTM) A533B steel
from the San Onofre Nuclear Generating Station Unit 2
(SONGS)-2 97-deg surveillance capsule. This approach
enables a comparison of the results obtained from
scrapings taken from a Charpy specimen with the sur-
veillance capsule dosimetry data. To the best of our
knowledge, this is the first study of its kind to substan-
tiate the scrapings approach on ferritic pressure vessel
steel. Although the scrapings used in the present work
were prepared in a controlled manner, we do not an-
ticipate any increase in the uncertainty when the scrap-
ings are removed from an in-service component. Of
course, care must be exercised to ensure that the purity
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of the material is maintained during cutting and han-
dling.

BACKGROUND

The scrapings approach has been used in the past
to measure the neutron flux at critical locations along
the surface of the reactor pressure vessel (RPV) wall
stainless steel liner. In 1981, Hegedues, '® working for
The Swiss Federal Institute for Reactor Research, used
the scrapings sampling approach for fast neutron
pseudo flux determination at the inner surface of an
RPYV. During shutdown, stainless steel scrapings, each
weighing ~100 mg, were taken using a special boring
machine, at several azimuthal locations near the core
midplane. Chemical separation and neutron activation
analyses were performed on the scrapings to determine
their iron and niobium content. The material specific
activities were used to determine the neutron flux at the
inner surface of the RPV wall. Hegedues analyzed the
neutron fluences obtained from the *>”’Nb and 3*Mn
measurements. He reported a 10% difference between
the ®*”Nb and 5*Mn pseudo fluences.

Belgian researchers also used the scrapings ap-
proach to determine the neutron flux and fluence at the
BR-3 reactor!! in an effort to enhance their surveil-
lance program. In this study, dosimetry measurements
were performed using chips cut from the thermal shield
at several azimuthal locations near the core midplane
and at several vessel wall locations near the nozzle cen-
terline of the BR-3 reactor. A critical weld was also in-
vestigated at eight vertical elevations above the top of
the thermal shield. Both physics dosimetry and chem-
ical analyses were performed on the scrapings samples.
The radial flux variation through the thermal shield
and the RPV was determined using specific activities
for the **Fe(n, p)**Mn and *Co(n,y)®Co reactions.
The pseudo fluxes agreed well with the transport cal-
culated fluxes insofar as the radial flux distribution
shape is concerned. The magnitudes of the transport
calculated fast fluxes were higher than the pseudo
fluxes. The average calculated to experimental (C/E)
ratio varied from 1.10 to 1.15.

CONVENTIONAL FLUX CALCULATIONS

Fast neutron flux and fluence values with energies
>0.1 MeV and >1.0 MeV at the SONGS-2 surveil-
lance capsule, at the peak vessel flux posmon for the
inner wall surface, one—quarter thickness (1 T), three-
quarter thickness (3 T), and outer wall surface were
determined as part of the surveillance capsule analysis.
For the purpose of comparing the results with the
scrapings approach, only the data at the capsule loca-
tion are presented here. ASTM procedures were fol-
lowed in the measurement of the dosimeter activities
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and calculation of the neutron flux and fluence. 1223
The calculative details are described below.

Neutron Dosimetry

The SONGS-2 97-deg surveillance capsule con-
tained 27 flux monitors. Nine monitors were located in
each of three tensile monitor compartments. Each
compartment contained two monitor housings. One
housing contained aluminum-cobalt (Al-Co), uranium,
titanium, iron, and sulfur flux monitors encapsulated
in stainless steel sheaths (except for sulfur, which was
encapsulated in quartz). The other housing contained
Al-Co, uranium, nickel, and copper monitors within
cadmium shielding to reduce the thermal neutrons.
These cadmium shielded monitors were also encapsu-
lated in stainless steel sheaths. A list of dosimeter re-
actions of interest is provided in Table I. This table
excludes the sulfur dosimeter, whose isotope of inter-
est has a half-life that is too short to provide useful
data for this study.

Neutron Transport Analysis

The energy and spatial distribution of the neutron
flux was calculated using the DOT 4.3 computer pro-
gram 4 DOT solves the Boltzmann transport equa-
tion in two-dimensional geometry using the method of
discrete ordinates. Balance equations are solved for the
density of particles moving along discrete directions in
each cell of a two-dimensional mesh. Anisotropic scat-
tering was treated using Legendre expansion. Third-
order scattering P; and Sz angular quadrature was
used, i.e., neutrons travel in 48 directions (24 positive
and 24 negative). Neutrons were divided into 47 groups
with energies ranging from 17.3 MeV to 1 x 107}
MeV. This 47-group structure is that of the Radiation

TABLE 1

Dosimetry Reactions Used to Analyze the SONGS-2
Pseudo Fluxes

High-

Purity Threshold
Dosimeter Energy
Materials Reaction (MeV) Half-Life
Uranium B8U(n, £)1¥7Cs 1.5 30.0 yr
Uranium 28U (n, f)*Ce 1.5 284 days
Uranium 28U (n, f)19Ru 1.5 40 days
Uranium 28U (n, f)5Zr 1.5 64.1 days
Nickel 58Ni(n,p)%8Co 2.1 71.2 days
Iron Fe(n, p)**Mn 2.5 312.6 days
Titanium 4Ti(n, p)*Sc 3.9 83.9 days
Copper S Cu(n, ®)®Co 6.1 5.27 yr
Al-Co ¥Co(n,v)*Co | Thermal 5.27 yr
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Shielding Information Center Data Library BUGLE-
80 (Ref. 25). The neutron absorption, scattering, and
fission cross sections are those supplied in this library.

Both an r-0 and an r-z calculation were performed.
Since >2000 meshes were modeled in the core alone,
a computer code was written to determine what mate-
rial lies in each core mesh. In the case of the -z DOT
run, the fuel assemblies are necessarily smeared into ra-
dial meshes. The material numbers are easily assigned
manually since the material number input for this case
is much easier to assign than in the r-6 case since each
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row is like that of the row immediately preceding it ex-
cept at the radial extremities (corners) of the core. In
these meshes, the number densities for the fuel and wa-
ter regions were combined by appropriate weighting.
Figure 1 shows the model used in the analysis.

The core shroud and core support barrel are Type
304 stainless steel. The vessel liner was modeled as
Type 304 stainless steel. The RPV wall is SA533B steel.
The reactor core was modeled as homogenized fuel
rods, B,C-Al,O3 absorber rods, and water. The water
in the core region has a density consistent with the
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Fig. 1. Neutron transport r-§ model.
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average coolant temperature in the core (583°F) at the
operating pressure of 2250 psia. The water in the
downcomer region outside the core barrel has a den-
sity consistent with the inlet coolant temperature
(553°F) and operating pressure of 2250 psia. The cool-
ant carried boron in solution at an average concentra-
tion of 462 g of boron per 10° g of water for cycles 1,
2, and 3. The boron concentration was averaged over
the three cycles by burnup weighting the average bo-
ron concentration of each cycle. The fuel loading for
cycle 3 was used to model the materials in the core
region.

The number of neutrons per cubic centimetre per
second originating in each mesh is proportional to the
power generated in that mesh. Power generation in the
meshes is calculated for both the - and r-z DOT runs
based on the number of pins whose centers lay in each
mesh and on the power in these pins. A computer code
was written to perform these calculations. The relative
pin powers were that of the PDQ depletion analysis
supplied by the utility. The pin powers and the axial
power for each assembly were first averaged over each
depletion step for all cycles using burnup weighting.
Then, each cycle-averaged pin and axial power was av-
eraged over all cycles by burnup weighting each cycle.
The PDQ data were also used to obtain burnup
weighting factors for determination of nuy, the aver-
age number of neutrons per fission. These same
weights were used to calculate the effective fission
spectrum.

Since the pin power model locates pin power cen-
ters and assigns pins to the appropriate meshes, an
analysis was performed to estimate the maximum un-
certainty introduced in this approach. For the meshing
used in this analysis, 48% of the pins could potentially
be impacted by the modeling approximation. If the pin
centers were located at the farthest mesh corners, then
the maximum impact on the fast flux due to source re-
distribution would be 1.8%. This is a result of the ex-
tremely fine mesh used in the -8 plane in the core
region. Therefore, this approximation is judged to
have negligible effects on the flux prediction accuracy.

To determine a three-dimensional flux, separabil-
ity was assumed and the results of the DOT r-8 and rz
runs were synthesized. The two synthesis approaches
are described below. If we let

¢(r,z,0) = C(r)¢(r,0)y(r,z) 0y
and require for # normalization that
™ ¢(r,z,0) db

27
0 f de
0
then

fz" Cne(rno)y(rz)db
0

=y(nz) , 2

or =y(n2) 3
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and
cry = —=27 @
[Toeoras
0
In the case of z normalization, it was required that
z ’ ’o d
M;:_l—z =¢(r30) ] (5)
0 f dz
()}
then
fz C(r)qs(r.oz)wr,z) @ _ o ©
o
and
Z
C(r) = —0—— . )
f ¥(rz)dz
0

A computer code, which reads the DOT output
files, was used to perform the numerical integration of
Eq. (7). This code also synthesized the fluxes at specific
positions. These positions include the capsule loca-
tions, wall surface, § T, and 3 T in the vessel at de-
sired locations (e.g., where the flux was the largest). In
the analyses contained in this paper, the z normaliza-
tion is used. We believe that the best geometric repre-
sentation can be obtained using this model.

Empirical Determination of Flux

In a dosimeter irradiation experiment, the param-
eter that is actually measured is the activity of the do-
simeter rather than the flux. To infer the flux from the
activity, it is necessary to also know the energy depen-
dence of the dosimeter cross section and the energy de-
pendence of the flux at the dosimeter location. In this
study, neutron transport analyses are performed that
could be used to estimate the neutron energy spectra at
the dosimeter locations. Thus, the “measured” or
“pseudo fluxes” described in this paper are actually a
combination of a measured activity and an analytically
determined effective cross section from which the flux
is determined.

The pseudo flux, accounting for decay between ex-
posure and counting as well as power level fluctuation,
is given by

$E>E) = ot @)
where
A = measured specific activity
E_ = cutoff energy
NUCLEAR TECHNOLOGY  VOL.93  MAR. 1991
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N = atom density of target nuclei
o(E > E_) = effective cross section

) o(E)¢(E)dE
o(E>E) = —
¢(E)dE

Ec

K
C =3, full —exp(—Nt])lexp(—At}),
n=1
where

K = number of time intervals of constant flux
J» = fractional power level during interval n
¢! = time length of the interval » irradiation

t} = time between the end of interval n and
counting.

To account for the effects of the cadmium cover,
one obtains a modified dosimetry cross section ¢*(E),
which is

o*(E) = o(E)exp[—Lcp(E)Xcp]
where

Lcp (E) = macroscopic cadmium removal cross
section

Xcp = thickness of the cadmium filter.

The modified dosimetry cross section is substituted for
the normal dosimetry cross section in Eq. (8), and the
calculations proceed as before.

To determine the effective cross section o (E > E.)
to be used in the above calculations, the cross section
as a function of energy must be known. The ENDF/
B-V 640-group dosimetry cross-section library was
used. A modified version of the National Bureau of
Standards (NBS) DETAN code was used in the anal-
ysis to collapse the 640-group cross sections to a 47-
group BUGLE-80 structure. The daily reactor operating
history data supplied by the utility were used to com-
pute the saturated activities of each dosimeter.

Spectral Unfolding

Since a measured activity is obtained for each type
of dosimeter, a separate pseudo flux can be calculated
at the monitor location for each dosimeter. Due to un-
certainties in the counting, cross sections, geometric
model, discrete ordinates approximation of the neutron
transport equation, core and vessel eccentricity, and
dosimeter impurities, the measured pseudo fluxes at a
monitor location are all different (although from ex-
perience they are generally close in magnitude). A
number of options exist for treatment of the different
pseudo fluxes. One approach used in the past is to lin-
early average the pseudo fluxes and estimate the uncer-
VOL. 93
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tainty by calculating the standard deviation about the
mean. This is not, however, the preferred approach
and can lead to an unintentional bias in the measured
pseudo flux, particularly if one or more reactions in-
cluded in the mean is inaccurate due to one or more of
the reasons discussed above.

The preferred approach is, therefore, to adjust the
flux spectrum and dosimetry data to bring the data
into agreement, thus identifying potential outliers. The
LSL-M2 code?® was used for this purpose. Not only
does LSL-M2 vary the flux spectrum, to obtain an op-
timized spectrum for all of the foils, but it also pro-
vides an estimate of the uncertainty in the fast flux
based on the cumulative uncertainties propagated in
the calculation. Thus, through the unfolding process,
the best estimate of the fast flux and an uncertainty
range for the fast flux is obtained at each monitored
position.

The LSL-M2 code adjusts the transport calculated
spectra using activation measurements. Inherent in the
methodology is the estimation of uncertainties for the
adjusted spectra based on corresponding uncertainties
for the input data and the standard statistical proce-
dure for the propagation of random errors. The spec-
tral adjustment algorithm is a least-squares logarithmic
statistical estimation procedure. Details regarding the
mathematical background are provided in the LSL-M2
manual and elsewhere in the literature.

The cross-section file used as input to LSL-M2 was
compiled from ENDF/B-V and the International Re-
actor Dosimetry Files. Cross-section covariances are
obtained from standard cross-section files. At the
present time, cross-section covariances are only avail-
able as variances and correlations between energy
groups in a fairly coarse group structure. The fluence
variances and covariances used are those of Maerker,
which are supplied with the LSL-M2 code. A standard
deviation of 5% was assumed for all nonfission reac-
tion rates, and a standard deviation of 8% for all fis-
sion dosimeter reaction rates.

The BUGLE-8047-group structure was collapsed
to 20 groups for the spectral adjustment calculations.
Fine group structure in spectral adjustment calcula-
tions is probably not warranted. The energy bound-
aries were chosen to coincide with the BUGLE-80
energy structure boundaries.

Neutron Flux CJ/E

The calculated-to-experimental (C/E) ratio is a
convenient and useful measure of the uncertainty as-
sociated with the transport calculation. The C/E ratio
can be determined as a function of position and, there-
fore, provide spatially dependent uncertainty estimates.
It is only possible to determine a measured best-
estimate or pseudo flux at the surveillance position (or
scrapings location) by dividing dosimeter reaction ac-
tivities by appropriate effective cross sections.
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Several measures of the C/E ratio can be defined.
The measures used in this analysis are

C/E = neutron transport calculated flux di-
vided by the pseudo flux calculated
from the transport spectrum

C“U/E = adjusted transport flux divided by the
pseudo flux calculated from the trans-
port spectrum

C/E“Y = neutron transport calculated flux
divided by the pseudo flux calculated
from the adjusted spectrum

C%/E®U = adjusted transport flux divided by the
pseudo flux calculated from the ad-
justed spectrum.

RESULTS

The three-dimensional synthesized fluxes for the
dosimetry capsules at three axial positions were cal-
culated using the z-normalized neutron transport pro-
cedure described earlier. It was found that the z
normalization method of three-dimensional flux syn-
thesis provided results yielding C/E ratios closer to
unity than did the # normalization method. This is
thought to be primarily due to the fact that the reac-
tor geometry can be better represented in the -6 model.
In particular, in the z normalization, the r-8 analysis is
performed at an axial elevation where the pin power is
an average. The r-6 model captures all the other fuel
bundle geometric detail. Therefore, to obtain the flux
at various elevations, the r-8 solution need only be mul-
tiplied by the axial variation factor.

Conversely, in the § normalization, the materials
must be homogenized into the r-z plane and the 6 vari-
ation is normalized to yield the three-dimensional flux.
For most cases of practical interest, the flux magnitude
cannot be obtained accurately due to the homogeniza-
tion in the r-z plane. Therefore, we prefer to use the z
normalization approach.

The 238U fission product reactions showed more
variation from the average than any other dosimeter
reaction. In general, this can be due to impurities (e.g.,
5y, 3Th, 2**Pu) in the 2°*U foil. The procurement
specification allowed up to 500 ppm of 2*°U in the
238U foils. These impurities would have the effect of
altering the effective fission cross sections for the re-
actions. The 238U powder was analyzed by thermal
emission mass spectrometry and found to contain
0.039 at.% 23U, The cross sections were modified to
account for the impurity presence and the corrected ac-
tivities were calculated. After correction, all the reac-
tions yielded pseudo fluxes within the expected
experimental uncertainty except for >>Zr reaction.
This reaction was not used in the spectral adjustment.

The peak azimuthal fast flux occurred at the octal
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equivalent azimuthal angle of 1.3 deg. The maximum
axial flux occurred in the axial mesh falling between
boundaries located between 30.0 and 33.0 in. below
the core midplane (the center of this mesh is 31.5 in.
below the core midplane). The azimuthal variation of
the three-dimensional synthesized fluxes for E > 1.0
MeV at the RPV surface, § T, and 2 T are shown in
Fig. 2. As anticipated, there is a general trend of the
azimuthal profile to flatten as the radius increases.
Plots of the radial flux profile near the bottom capsule
compartment are shown in Fig. 3. The neutron fission
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Fig. 2. Azimuthal flux variation at RPV surface, }‘ T, and
2 T for E > 1.0 MeV at the peak axial elevation.
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spectrum, core edge spectrum, and the capsule compart-
ment spectrum are compared in Fig. 4. These spectra
were normalized to contain one neutron above 1.0
MeV. As can be seen, the capsule spectrum is consid-
erably harder than the fission and the core spectra.

The spectral adjustment was performed at all three
axial positions in the capsule where dosimetry data
were obtained. The spectral adjustment results in a
standard deviation for the integral damage parameter
of fast flux of ~4%. The standard deviation of the un-
adjusted spectra for the integral damage parameters of
fast flux is ~12%. Hence, performing the spectral ad-
justment improved the transport integral damage pa-
rameter of fast flux by a factor of >3.

. The adjusted fluxes were calculated using all the re-
actions except »Zr at the three compartment eleva-
tions for £ > 1.0 MeV and E > 0.1 MeV. The C/E
ratio for the dosimetry reactions at the core midplane
are shown in Table II. The C/E ratio for the reactions
considered is 0.73. Therefore, the uncertainty in the
fast flux transport calculation is ~37% before adjust-
ment and is 25% after adjustment for the SONGS-2
97-deg capsule. The C/E, C°Y/E, C/E°¥, and
C/E%d are also shown in Table II. Analysis of these
data indicates that the transport calculation is under-
predicting the actual fast flux at the capsule. This is
most likely due to several factors that contribute to the
spectrum calculation such as core and vessel eccentric-
ity, and cross-section errors.

" The best estimate of the peak RPV surface, i T,
and 3 T fluxes is obtained by applying a correction
factor to the three-dimensional transport results to ac-
count for the fact that the transport result underpre-
dicts the fast flux in the vicinity of the RPV. This factor

10°
—a— FISSION 3
1 —— CORE .
1077 5 —ua— CAPSULE 97
3 102 4
g 8 L d
T
% 1073
i— -
1075 ‘
0 10 20

ENERGY (MeV)

Fig. 4. Comparison of neutron fission spectrum, core edge
spectrum, and capsule middle compartment spec-
trum for £ > 1.0 MeV.
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is 1.25 and is defined as the average spectral adjusted
pseudo flux divided by the average three-dimernsional
transport flux, both of which were determined at the
center of the capsule (E°¥/C).

SCRAPINGS FLUX CALCULATIONS

Methodology

Charpy specimens from the SONGS-2 97-deg cap-
sule were cleaned using concentrated HCI. This was
done to remove any contamination from the Charpy
specimen surface. Next, drilling chips were taken from
the surface of the Charpy specimens using a hardened
tool steel cutter. Care was exercised during cutting to
avoid contaminating the ferritic steel chips.

The specific activity measurements for the scrap-
ings were performed (as with the dosimetry wires)
using a high-resolution gamma-ray spectrometer sys-
tem. A Ge(Li) detector with a full-width at half-max-
imum resolution of 1.9 keV at 1332.5 keV, heavily
shielded by lead to reduce background counts, was
coupled to a 4096-channel pulse-height analyzer. Sim-
ilar procedures to those used in the surveillance capsule
dosimetry measurement were used.

Two counting measurements were performed on
the Charpy scrapings. In the first measurement, the
counting time was on the order of 5000 s, which was
sufficient so that the uncertainty in the integrated pho-
topeak area for the isotopes of interest was <5% for
a 90% confidence level. However, because of high
background due to the %°Co in the scrapings, it was
necessary to perform a second, longer count. In the
second measurement, the scrapings were counted for
48 h. This was done to enhance the accuracy of our
pseudo flux calculations and to see if other reactions
of interest could be measured. Figure 5 shows the short-
time counting data and Fig. 6 illustrates the long-time
count. Only the **Mn, 8Co, and ®Co peaks could be
resolved with reasonable accuracy.

TABLE 11

Fast Flux (E > 1.0 MeV) C/E Ratios for the SONGS-2
97-deg Surveillance Capsule

Monitor C/E Cd/E C/E% | CoUi/B%
Iron 0.72 0.88 0.78 0.95
Nickel 0.69 0.85- 0.76 0.93
Copper 0.76 0.93 0.79 0.97
Titanium 0.82 1.01 0.85 1.04
Cobalt 0.84 1.03 0.83 1.02
Cd/Co 0.75 0.92 0.76 0.93
28y 0.65 0.79 0.82 1.09
Average 0.73 0.92 0.80 0.99
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Fig. 5. Gamma-ray spectrum from multichannel analyzer
for the short count of the Charpy specimen scrapings.
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Fig. 6. Gamma-ray spectrum from multichannel analyzer
for the long count of the Charpy specimen scrapings.

Chemical analysis was then performed on the
Charpy specimen scrapings to determine the concentra-
tion of all the nuclei of interest (copper, nickel, iron,
cobalt, and titanium). This analysis was performed
using the method of inductively coupled plasma spec-
trometry (ICPS). This method is preferred since it is a
bulk analysis technique as compared with X-ray fluo-
rescence. Recent work performed by Battelle Memorial
Institute using ICPS on many irradiated pressure vessel
steel specimens yielded excellent reproducibility. Cross
checks were also run on data determined using atomic
absorption and it was found that the ICPS and the
atomic absorption data compared well. Therefore, the
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ICPS was used to perform this analysis because of its
accuracy and reproducibility. The results are shown in
Table III.

Results and Benchmark Comparison

Table IV shows the activity measurements and the
corresponding uncertainty for the long-term counts.
The measured activities of the Charpy specimen scrap-
ings were corrected to account for the time between
reactor shutdown and counting and the saturation ac-
tivities were determined. Only the *Fe(#n, p)**Mn and
38Ni(n, p)*8Co reactions were used in the pseudo flux
determination. The activity of the ®Fe(n,y)*°Fe reac-
tion contained a large uncertainty and therefore was
not analyzed. A decision was made not to analyze the
9Co(n,v)®Co reaction because the isotope %°Co can
be produced from various different reactions through
complex transmutation/decay chains.

The Charpy specimen scrapings pseudo fluxes were
determined using the activities given in Table IV and
the transport calculated effective cross sections. As
shown in Table V, the Charpy specimen pseudo fluxes
calculated using the *Fe(n, p)**Mn and **Ni(n, p)%Co
reactions were within 5% of the corresponding surveil-
lance capsule pseudo fluxes. This difference is most
likely due to uncertainties in the chemical analysis re-
sults. The same neutron spectrum was used to calcu-
late both pseudo fluxes. Based on the good agreement
observed, the ability to accurately obtain fast flux data
using dosimetry data obtained from ferritic steel scrap-
ings has been demonstrated. Future work should focus
on technology development to yield spectral dosimetry
data.

SUMMARY AND CONCLUSIONS

Pseudo fluxes were first calculated using pressur-
ized water reactor surveillance capsule dosimetry data.

TABLE III

Chemical Analysis Results for the Base Metal Specimens
from the SONGS-2 97-deg Surveillance Capsule

Base Metal Composition (wt%)
Elements Capsule Baseline
Copper 0.100 0.10
Nickel 0.593 - 0.60
Phosphorus 0.0115 0.005
Chromium 0.204 0.18
Molybdenum 0.548 0.58
Vanadium <0.025 0.003
Manganese 1.417 1.43
Cobalt 0.008 0.012
NUCLEAR TECHNOLOGY VOL. 93 MAR. 1991
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TABLE IV
Activities and Uncertainties for Charpy Specimen Scrapings
Threshold
. Energy Activity Uncertainty
Reaction (MeV) Half-Life (nC) (%)
8Ni(n,p)*4Co 2.1 71.2 days 2.39 x 1073 +0.91
34Fe(n,p)**Mn 2.5 312.6 days 1.04 +1.75
¥Co(n,v)®Co Thermal 527 yr 1.29 +1.55
8Fe(n,v)>Fe Thermal 42 days 1.62 x 1073 +57.07
TABLE V ACKNOWLEDGMENTS

Fast Flux (E > 1.0 MeV) Ratios of the Surveillance
Capsule Flux to the Flux Determined Using
Charpy Specimen Scrapings

Difference
Reaction o/ ¢ (%)
54Fe(n,p)**Mn 1.0475 4.75
58Ni(n, p)**Co 1.0515 5.15

aNeutron flux determined from the surveillance capsule ra-
diometric monitors.

dNeutron flux determined from the Charpy specimen scrap-
ings samples.

This was done by combining the measured activities
with effective cross sections that were determined using
analytically calculated neutron spectra at the capsule.
Then, scrapings were taken from the surface of a
Charpy specimen that came from the same surveillance
capsule. Specific activity measurements were per-
formed on the scraping samples. The pseudo fluxes for
the scrapings were determined using the same calcu-
lated spectrum as was used for the capsule dosimetry
analysis. The Charpy scrapings pseudo fluxes calcu-
lated using the 5*Fe(n, p)**Mn and >®Ni(n, p)**Co re-
actions were within 5% of the corresponding pseudo
fluxes calculated using conventional dosimetry.

This study demonstrates that scrapings obtained
from an irradiated steel specimen can provide accurate
estimates of the pseudo flux. While the scrapings re-
sults obtained in this study compare favorably with the
surveillance capsule results, more accurate flux data
can be obtained in the future if more spectral reactions,
which cover the entire neutron energy spectrum, could
be obtained. This would provide the necessary data to
perform spectral unfolding to reduce the uncertainty
in the calculated flux. This is desirable since spectral
unfolding can reduce the uncertainty in the integrated
fast flux by as much as a factor of 3.
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