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ABSTRACT

Dosimeters that were removed from the H. B. Robinson reactor following Cycle 9 were analyzed and compared
with calculated results in an earlier study. This work updates the calculation using recently available ENDF/B-VI
data in order to assess advantages to using the newer cross sections in reactor pressure vessel fluence calculations.
A comparison is also made to determine the impact of various cross-section libraries on computed dosimeter
activities.

Significant improvements are obtained with the ENDF/B-VI cross sections. Other factors, such as differences in
group structures of multigroup libraries, may also affect the calculated dosimeter activities.
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1 INTRODUCTION

Two earlier studies performed by the Oak Ridge National Laboratory (ORNL) for the U.S. Nuclear Regulatory
Commission (NRC) have provided estimates for the neutron exposure to the reactor pressure vessel (RPV) of the
H.B. Robinson (HBR) PWR. The first of these two studies compared results of transport calculations with
measured activities of surveillance dosimeters located at both in vessel and reactor cavity positions during Cycle 9.!
The second ORNL study consisted of transport calculations to determine the fluence rate for HBR Cycle 10, which
was the first cycle to utilize "partial length shield assemblies” (PLSAs) as a means of RPV flux reduction. In the
latter study, the transport calculations were compared with experimental measurements of various dosimeters
located only within the reactor cavity.” In both of these earlier studies, inconsistencies were observed between the
calculated and measured dosimeter activities in the cavity region.

The Cycle 9 transport calculations were performed by Maerker and used the ELXSIR® multigroup cross-section
library, which is based on ENDF/B-IV data. A detailed sensitivity-uncertainty analysis using the LEPRICON!
system was performed as part of the study, and these calculations suggested that most of the observed discrepancies
were due to the iron inelastic cross section in ENDF/B-IV, which causes high-energy threshold reactions to be
underestimated in the cavity.

The Cycle 10 analysis was performed during 1989, approximately four years after the original Cycle 9 study. The
Cycle 10 study used a modified version of the SAILOR cross-section library,' which contained newer iron data
based on a revised evaluation provided by C. Y. Fu of ORNL." This evaluation has been designated unofficially as
the "REV-V" iron data.® It was found that the REV-V iron cross sections used for the Cycle 10 transport
calculations significantly increased the transmission of the fast flux through the HBR vessel compared with the
ENDEF/B-1V or ENDF/B-V iron evaluations, such as those evaluations used in the earlier Cycle 9 calculations.
This REV-V iron cross section increases the calculated values for the higher threshold reactions, such as *‘Fe(n,p)
and **Ni(n,p), and improves the agreement with the cavity measurements of these dosimeters. However, some
inconsistencies still were unresolved, especially for the lower threshold ®’Np(n,f) dosimeter. It appears that the Fu
REV-V iron evaluation does not significantly increase the calculated value for this dosimeter reaction, which
unlike the iron and nickel dosimeters, is sensitive to the energy range between 0.5 and 2.0 MeV. Thus the
computed neptunium activity remains substantially low relative to the experimental measurement while the iron
and nickel value are computed much closer to the respective experimental results. This relationship suggests that
the REV-V iron data may introduce a bias between the high-threshold and low-threshold reactions calculated in
the cavity (which was not observed with the ENDF/B-IV or ENDF/B-V iron data). Because of increasing
importance of cavity dosimetry in assessing pressure vessel fluence, it is very important to establish a reliable set of
iron data that can be used as a standard for transport calculations. Neither the ENDEF/B-IV or ENDEF/B-V, which
are the bases of the widely used SAILOR and ELXSIR multigroup libraries, nor the REV-V data utilized in the
HBR Cycle 10 analysis, appears to be completely satisfactory in this regard.

In 1989, the most recent version of the ENDF/B was released by the National Nuclear Data Center (NNDC):
ENDF/B-VI. This data file includes new iron cross-section evaluations that evolved from the earlier REV-V
evaluation developed by Fu. Compared with earlier ENDF/B versions, the version VI iron evaluation gives a
forward bias to the inelastic scatter kernel, and the magnitude of the inelastic cross section is reduced somewhat.
Also, nuclear data are given for each of the iron isotopes, rather than for the composite "natural iron." These
values allow for a more accurate treatment of the self-shielding. These changes in the iron data will significantly
impact the neutron transmission through the RPV. Preliminary results obtained in an earlier study suggest that
ENDF/B-VI iron data will increase the computed dosimeter activities in the cavity of power reactors without
introducing a bias between the high and lower threshold reaction rates, such as observed with the REV-V
evaluation.® However, this conclusion is based only on projections obtained from one-dimensional (1-D)
calculations. No complete two-dimensional (2-D) calculation of a power reactor has been performed with
ENDF/B-VL

The objective of this study is to perform an updated calculation for H. B. Robinson Cycle 9 using selected
ENDF/B-VI cross-section data. Specifically, the iron isotopes *Fe, *Fe, *'Fe, and *Fe, and oxygen and hydrogen —
are all represented by ENDF/B-VI data. Data for all other materials are taken from the original SAILOR library,
which is based on ENDF/B-IV. The results of this analysis will be important in assessing the merit of utilizing
ENDF/B-VI for RPV fluence determination, and will help in deciding whether a new cross-section library based on
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ENDF/B-VI should replace the older libraries based on versions IV and V that are widely used in industry today.
These results are given in Section 3. This report also sumarizes results of a study aimed at understanding the
differences observed in calculations performed with two commonly used cross-section libraries. The SAILOR and
ELXSIR data libraries are used in many RPV fluence analysis studies, so it is important to understand any
discrepancies that may be attributed to the libraries themselves. The impact of differences in self-shielding
assumptions and collapsing spectra curve are considered, in addition to the inherent variations due to different
group structures. Spectral differences for both high threshold dosimeters like *Fe(n,p) and *Ni(n,p) and lower
threshold dosimeters like ®’Np(n,f) and ?*U(n,f) in a one-dimensional model of H. B. Robinson are considered.
These results are summarized in Section 4.

2 CALCULATION METHODOLOGY

The same method as used in the previous HBR transport calculations (and in many other studies) was also used in
the current work. Basically, this consists of synthesizing a three-dimensional (3-D) flux distribution from results
obtained in 1- and 2-D DOT discrete-ordinates calculations. Details of these synthesis calculations are given in the
references.”> The core source was based on the mid-cycle (MOC) distribution for Cycle 9. The spatial variation of
the source is obtained by combining a pinwise relative power distribution with the absolute assembly-wise powers
to determine the absolute pin-wise power at MOC. This distribution is mapped onto a RO coordinate system used
in the transport calculations. The conversion factor from power density to neutron source density is based on the
average burnup of the peripheral assemblies in order to reflect the proper contributions of Z°Pu and **U to the
fission source. Similarly, the fission spectrum is a weighted combination of these two isotopes at the appropriate
burnup condition. Extension of the mid-cycle calculations to end of cycle (EOC) was done by multiplying by
EOC-to-MOC ratios reported by Maerker' in his earlier Cycle 9 analysis.

The transport model used in this analysis is virtually identical to that used in Maerker’s earlier Cycle 9 analysis,
except near the 45° azimuth, where an additional "detector well” is included within the cavity region. Figure 2.1
shows the R® model of the one-eighth HBR core. Note the presence of the two large cavity "wells" within the
concrete center wall of the cavity at 0° and 45°. The wells affect the flux spectrum near these locations and cause
difficulty in utilizing 1-D or RZ calculations to estimate the flux spectrum in the cavity, because the wells cannot
be represented with axisymmetric geometries.

The cross-section library used in the calculations was a modified version of the 47-neutron group SAILOR library.
The original SAILOR library was collapsed from the ENDF/B-IV VITAMIN-C library,’ the same fine-group library
that was collapsed to create the 56-group ELXSIR library used in Maerker’s earlier analysis of the HBR Cycle 9
dosimetry. The modified SAILOR library contains additional cross sections for iron, oxygen, and hydrogen
(Fe-O-H) that were processed from ENDF/B-VI data by J. E. White of ORNL, using the same processing
methodology as for the original SAILOR. Calculations were performed with both the original SAILOR and the
ENDEF/B-VI Fe-O-H cross sections, for comparison with the earlier results obtained with ELXSIR.

Figure 2.2 shows the ratios of the iron inelastic cross section in REV-V and ENDF/B-VI, respectively, to the
ENDEF/B-V values (which are essentially the same as version IV in the energy range of interest here). The
ENDEF/B-VI data are about 10% lower than ENDF/B-V cross sections between 0.5 and 0.86 MeV, and are up to
14% lower in the energy range between 2.5 and 6.0 MeV. The REV-V inelastic data are also much lower than
ENDE/B-V between 3.5 and 6.0 MeV (even more so than version VI); however, there is no difference between the
REV-V and ENDF/B-V below 2.5 MeV. The cross sections in the higher energy interval affect the neutron
spectrum in the range to which the **Fe(n,p) and **Ni(n,p) threshold reactions are most sensitive, whereas the
BINp(n,f) is sensitive to the energy range from 0.5 to 2.0 MeV. The differences in the REV-V and ENDF/B-VI
inelastic cross section in this-lower energy interval will cause the two data files to affect the calculated Np reaction
rate differently.

Because of the close similarity between the present transport calculations and those in the early Cycle 9 analysis,
the difference observed in the results from the two studies will reflect primarily the impact of version VI versus IV
nuclear data. However, variations in the multigroup processing procedures and group structures of the SAILOR
and ELXSIR cross-section libraries will also cause some discrepancies. A separate study using 1-D calculations
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was performed to investigate the effect of various resonance self-shielding, cross-section weighting spectra, and
group-structure differences on the computed results. The one-dimensional model used in the transport
calculations was the same as used in the synthesis calculation.

ORNL DWG. NO. 89-19727

0.0

RADIUS (cm)

Figure 2.1 DOT R® model of H. B. Robinson Unit 2.
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3 RESULTS FOR HBR CYCLE 9

Tables 3.1 and 3.2, respectively, show the absolute flux spectra at the surveillance location (20°) in the downcomer
and at the cavity location (0°) obtained with the modified SAILOR library which contains ENDF/B-VI Fe-O-H
data. The absolute dosimeter reaction rates computed with these spectra are given in Table 3.3. The values in
Table 3.3 were obtained with the ENDF/B-VI file. In calculating the dosimeter activities, two different sets of
dosimetry cross sections were used. One is based on the cross sections taken from ENDF/B-VI. The other,
designated as the "original dosimetry file," corresponds to data taken from the LSLM-2 adjustment code, file C91.
The major difference is in the “Cu(n,a) reaction, which is known to be too large in the earlier dosimetry file.

Table 3.4 compares our results computed using the original SAILOR library with Maerker’s earlier values
calculated with ELXSIR cross sections. Recall that both of these libraries are based on the same ENDF/B-1V data
and should be expected to give similar results. In the downcomer region, the original SAILOR and the ELXSIR
results agree well using either set of dosimetry data, except for the $Cu(n,a) value which is overpredicted by about
22% with the original dosimeter cross section data. This discrepancy in the earlier $Cu dosimetry data is well
known and explains this difference. However, something strange happens in the cavity region: the original
SAILOR calculations with both dosimetry files give about a 20 to 25% lower value than Maerker’s ELXSIR results
for the ®'Np reaction. All other threshold reactions computed with the original SAILOR and the ELXSIR
libraries agree well. This variation suggests that the neutron spectra calculated with the two respective libraries for
the cavity are significantly different in the energy range below 2.0 MeV, even though both libraries are based on
ENDEF/B-1V. As discussed in the next section, there appears to be about a 20% discrepancy in the flux above

0.1 MeV calculated with ELXSIR and the original SAILOR, respectively, that is presumably caused by the coarser
group structure in SAILOR. ELXSIR agrees better with fine-group results, which are assumed to be the most
accurate calculations.

Tables 3.5 and 3.6 show that the ENDF/B-VI Fe-O-H increase the original SAILOR values of the calculated
dosimeter activities in the cavity by about 30 to 35%, except for the very high-threshold $Cu(n,a), which only
increases about 20%. This dosimeter behaves differently than the others because of its higher sensitivity in the
energy range above 10.0 MeV, where the ENDF/B-VI iron inelastic cross section does not decrease as much
compared with the earlier ENDF versions. The cross section around 14.0 MeV is actually higher in version VI
than version V (see Fig. 2.2). These changes for the various dosimeters are more uniform and consistent than
found earlier for the Cycle 10 analysis where the REV-V iron data were used. For example, it was found that the
REV-V data increased the *Fe dosimeter activity by 60% and the *'Np activity by only 28%, whereas the
ENDF/B-VI data increased the two dosimeter activities by 35% and 32%, respectively.

Finally, the revised C/E values obtained for HBR Cycle 9 are shown in Table 3.7. Experimental values were
obtained from reference 9. Computed activities in the cavity region are significantly underestimated with both the
ELXSIR and original SAILOR libraries. However, it can be seen that the ENDF/B-VI results show excellent
agreement with measured dosimeter results at both the downcomer and cavity locations. Most C/E’s are within 5%
of unity. A notable exception is the cavity *’Np value, which is still not consistent with the other values. Based
on the analysis described in the next section, it is felt that the SAILOR calculation of the Z'Np dosimeter is
probably about 10 to 15% too low due to group structures and/or multigroup processing approximations. Even
after applying this correction, the neptunium C/E value will remain about 30% lower than the other dosimeter
results. We feel that this residual discrepancy is probably caused by a measurement problem in the HBR Cycle 9
experiment for the neptunium dosimeter.

The new HBR results are consistent with earlier studies that projected that ENDF/B-VI iron cross sections would
significantly improve the calculations of cavity dosimetry.® If other power reactors behave similarly to HBR, then it
appears that ENDF/B-VI cross sections should replace the older library data currently in use.

The next section examines the impact of various cross-section libraries on RPV dosimeter calculations.

5 NUREG/CR-6071



Table 3.1 Absolute spectra at 20° surveillance location in HBR Cycle 9
(calculated with ENDF/B-VI Fe-O-H)

Upper Group Cumulative
Energy flux flux Group Cumulative dpa
Group MeV) (n-cm?st) (n-cm?s1) dpa dpa fraction®
1 1.733E+01 6.078E+06 6.078E+06 1.776E-14 1.776E-14 3.225E-04
2 1.419E+01 2.445E+07 3.053E+07 6.469E-14 8.245E-14 1.497E-03
3 1.221E+01 9.620E+07 1267E+08 2317E-13 3.142E-13 5.706E-03
4 1.000E+01 1.978E+08 3.245E+08 4.389E-13 7531E-13 1368E-02
5 8.607E+00 3.443E+08 6.688E+08 7.185E-13 1.472E-12 2.673E-02
6 7.408E+00 8.333E+08 1502E+09 1.619E-12 3.091E-12 5.613E-02
7 6.065E+00 1.232E+09 2.734E+09 2.198E-12 5289E-12 9.605E-02
8 4.966E+00 2373E+09 5.107TE+09 3.728E-12 9.016E-12 1.637E-01
9 3.679E+00 1.845E+09 6.952E+09 2528E-12 1.154E-11 2.097E01
10 3.012E+00 1.404E+09 8356E+09 1.784E-12 1.333E-11 2421E-01
11 2.725E+00 1.653E+09 1.001E+10 2.108E-12 1544E-11 2.803E-01
12 2.466E+00 8.123E+08 1.082E+10 9.520E-13 1.639E-11 2.976E-01
13 2365E+00 2338E+08 1.106E+10 2562E-13 1.664E-11 3.023E01
14 2346E+00 1.144E+09 1.220E+10 1.191E-12 1.784E:11 3239E-01
15 2231E+00 3.124E+09 1532E+10 3.230E-12 2.107E-11 3.826E-01
16 1.920E+00 3.719E+09 1.904E+10 3.025E-12 2.409E-11 4375E-01
17 1.653E+00 5.420E+09 2446E+10 4392E-12 2.848E-11 5.173E01
18 1353E+00 9.931E+09 3.439E+10 5565E-12 3.405E-11 6.183E-01
19 1.003E+00 6.900E+09 4.129E+10 2529E-12 3.658E-11 6.643E-01
20 - 8.208E-01 3349E+09 4.464E+10 1.879E-12 3.845E-11 6.984E-01
21 T427E01 9370E+09 5401E+10 3386E-12 4.184E-11 7599E-01
22 6.081E-01 7901E+09 6.191E+10 2325E-12 4417E-11 8.021E-01
23 4.979E-01 8370E+09 7.029E+10 3318E-12 4.748E-11 8.624E-01
24 3.688E-01 T584E+09 7.187TE+10 1.568E-12 4.905E-11 8.908E-01
25 2972E01 - 1.121E+10 8.908E+10 2.248E-12 5.130E-11 9.317E-01
26 1.832E-01 9518E+09 9.860E+10 1.342E-12 5264E-11 9.560E-01
27 1.111E01 7375E+09 1.060E+11 9.536E-13 5360E-11 9.734E-01
28 6.738E-02 6268E+09 1.122E+11 4.060E-13 5.400E-11 9.807E-01
29 4.087E-02 2.409E+09 1.147E+11 1.949E-13 5.420E-11 9.843E-01
30 3.183E-02 1.178E+09 1.158E+11 3349E-13 5.453E-11 9.904E-01
31 2606E-02 - 2151E+09 1.180E+11 4337E-14 5.458E-11 9.911E-01
32 2418E-02 " 1.272E+09 1.193E+11 5571E-15 5.458E-11 9.912E-01
33 2.188E-02 3.426E+09 1.227E+11 2.806E-14 5.461E-11 9.918E-01
34 1503E-02 6.526E+09 1292E+11 1.224E-13 5.473E-11 9.940E-01
35 7.102E-03 7.034E+09 1362E+11 6.257E-14 5479E-11 9.951E-01
36 3355E-03 6511E+09 1427E+11 2292E-14 5.482E-11 9.955E-01
37 1.585E-03 1L.094E+10 1.537E+11 1.840E-14 5.484E-11 9.959E-01
338 4540E-04 5.733E+09 1594E+11 5.652E-16 5.484E-11 9.959E-01
39 2.144E-04 6.400E+09 1.658E+11 9.177E-16 5.484E-11 9.959E-01
40 1.013E-04 8.475E+09 1.743E+11 1.891E-15 5.484E-11 9.959E-01
41 3.727TE05 -1.038E+10 1.847E+11 4.088E-15 5.484E-11 9.960E-01
42 1.068E-05 5.944E+09 1.906E+11 3.821E-15 5.485E-11 9.961E-01
43 5.043E-06 7414E+09 1.980E+11 7414E-15 5.485E-11 9.962E-01
44 1.855E-06 4.935E+09 2030E+11 7.585E-15 5.486E-11 9.963E-01
45 8.764E-07 4.435E+09 2074E+11 9.952E-15 5.487E-11 9.965E-01
46 4.140E-07 4520E+09 . 2119LE+11 1.771E-14 5.489E-11 9.968E-01
47 1.000E-07 1.857E+10 2305E+11 1.736E-13 5.506E-11 1.000E+00

*%

* Cumulative dpa normalized to 1.0
** Lower energy boundary for group 47 = 1.0 E-11
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Table 32 Absolute spectra at 0° cavity location in HBR Cycle 9

(calculated with ENDF/B-VI Fe-O-H)

Upper Group Cumulative
Energy flux flux Group Cumulative dpa
Group MeV) (n-cm?s™) (n-cm2s?) dpa dpa fraction®
1 1.733E+01 9219E+04 9219E+04 2.694E-16 2.694E-16 1.058E-04
2 1.419E+01 3.544E+05 4.466E+05 9377E-16 1.207E-15 4.741E-04
3 1.221E+01 1.237E+06 1.684E+06 2.980E-15 4.187E-15 1.644E-03
4 1.000E+01 2342E+06 4.026E+06 5.197E-15 9384E-15 3.685E-03
5 8.607E+00 3.542E+06 71567E+06 7391E-15 1.678E-14 6.588E-03
6 7.408E+00 7.086E+06 1.465E+07 1377E-14 3.054E-14 1.199E-02
7 6.065E+00 9.813E+06 244TE+07 1.751E-14 4 805E-14 1.887E-02
8 4.966E+00 1.887E+07 4333E+07 2.964E-14 7.769E-14 3.051E-02
9 3.679E+00 1.599E+07 5.933E+07 2.191E-14 9.960E-14 3.912E02
10 3.012E+00 1316E+07 T249E+07 1.673E-14 1.163E-13 4.568E-02
11 2.725E+00 1.666E+07 8915E+07 2124E-14 1.376E-13 5.403E-02
12 2.466E+00 8.788E+06 9.793E+07 1.030E-14 1.479E-13 5.807E02
13 2365E+00 2.975E+06 1.009E+08 3.260E-15 1511E-13 5.935E-02
14 2346E+00 1.498E+07 1.159E+08 1.559E-14 1.667E-13 6.547TE02
15 2231E+00 4.148E+07 1.574E+08 4.289E-14 2.096E-13 8.232E02
16 1.920E+00 6.640E+07 2.238E+08 5.400E-14 2.636E-13 1.035E-01
17 1.653E+00 1.125E+08 3363E+08 9.120E-14 3.548E-13 1393E-01
18 1.353E+00 3.094E+08 6.457TE+08 1.734E-13 5282E-13 2.074E-01
19 1.003E+00 3.226E+08 9.683E+08 1.182E-13 6.464E-13 2.539E-01
20 8 208E-01 1.426E+08 1.111E+09 7.997E-14 7.264E-13 2.853E-01
21 7.427E01 8.286E+08 1.940E+09 2995E-13 1.026E-12 4.029E-01
2 6.081E-01 7311E+08 2.671E+09 2.151E-13 1.241E-12 4.874E-01
23 4.979E-01 8233E+08 3.494E+09 3.264E-13 1.567E-12 6.155E-01
24 3.688E-01 1.245E+09 4.738E+09 2574E-13 1.825E-12 7.166E-01
25 2972E-01 1.462E+09 6.200E+09 2931E-13 2.118E-12 8317E-01
26 1.832E-01 1355E+09 7555E+09 1.910E-13 2309E-12 9.067E-01
27 1.111E-01 8587E+08 8.414E+09 1.110E-13 2.420E-12 9.503E-01
28 6.738E-02 5.844E+08 8.998E+09 3.785E-14 2458E-12 9.652E-01
29 4.087E-02 1.982E+08 9.197E+09 1.604E-14 2474E-12 9.715E-01
30 3.183E-02 1.209E+08 9317E+09 3.437E-14 2.508E-12 9.850E-01
31 2.606E-02 4346E+08 9.752E+09 8.761E-15 2517E-12 9.884E-01
32 2418E-02 2.587E+08 1.001E+10 1.133E-15 2.518E-12 9.889E-01
33 2.188E-02 4.159E+08 1.043E+10 3.406E-15 2521E-12 9.902E-01
34 1.503E-02 5.199E+08 1.095E+10 9.754E-15 2531E-12 9.941E-01
35 7.102E03 4.995E+08 1.145E+10 4.443E-15 2536E-12 9.958E-01
36 3355E-03 4.213E+08 1.187E+10 1.483E-15 2537E-12 9.964E-01
37 1.585E-03 6.134E+08 1.248E+10 1.032E-15 2538E-12 9.968E-01
38 4.540E-04 3.002E+08 1.278E+10 2.959E-17 2538E-12 9.968E-01
39 2.144E-04 2930E+08 1307E+10 4202E-17 2.538E-12 9.968E-01
40 1.013E-04 3590E+08 1343E+10 8.010E-17 2.538E-12 9.968E-01
41 3.727E-05 4.006E+08 1383E+10 1.578E-16 2539E-12 9.969E-01
42 1.068E-05 2.146E+08 1.405E+10 1379E-16 2539E-12 9.970E-01
43 5.043E-06 2439E+08 1.429E+10 2439E-16 2.539E-12 9.971E-01
44 1.855L-06 1.521E+08 1444E+10 2338E-16 2.539E-12 9.972E-01
45 8.764C-07 1.273+08 1.457TE+10 2.856E-16 2539E-12 9.973E-01
46 4.140E-07 1.27TE+08 1.470E+10 5.003E-16 2.540E-12 9.975E-01
47 1.000E-07 6.919E+08 1.539E+10 6.468E-15 2.546E-12 1.000E+00

2

* Cumulative dpa normalized 1o 1.0
*+ Lower cnergy boundary for group 47 = 1.0 E-11
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Table 33 Absolute dosimcler response rates for mid-cycle 9 of HBR
(calculated with ENDF/B-VI Fe-O-H and Version VI dosimeter cross sections)

Reactions Surveillance Cavity
Fe(n,p) 2.907E-15 2.690E-17
8Ni(n,p) 3.932E-15 4 008E-17
“Cu(n,a) 2.951E-17 2.997E-19
ZNp(n,f) 8.749E-14 3.380E-15
28U (n,f) 1.285E-14 1.793E-16
“Ti(n,p) 4.649E-16 4.274E-18
Flux > 1.0 MeV 3.450E+10 6.509E+08
Flux > 0.1 MeV 9.860E+10 7.555E+09
Table 3.4 Ratio of dosimeter reaction rates obtained with original
SAILOR Library to values obtained with ELXSIR
ENDE/B-VI Original
dosimetry file dosimetry file
Dosimeter Downcomer* Cavity** Downcomer* Cavity**
Fe(n,p) 1.06 1.06 1.06 1.06
*Ni(n,p) 1.09 1.10 1.06 112
“Cu(n,a) 1.08 1.10 122 128
BINp(n,D) 1.02 0.76 1.06 0.81
ZU(n,h) 1.06 0.99 1.05 0.99
“Ti(n,p) 1.04 1.06 111 1.12
*Surveillance Capsule at 20 ° .
**0° cavity location, R = 238.02 cm.
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Table 3.5 Ratio of dosimeter reaction ratcs obtained with SAILOR (ENDEF/B-VI Fe-O-H)
to values obtaincd with ELXSIR

ENDF/B-VI Original
dosimetry file dosimetry file

Dosimeter Downcomer* Cavity** Downcomer* Cavity**

SFe(n,p) 1.19 1.43 1.18 ’ 1.42 |
*Ni(n,p) 121 1.47 1.18 1.50 }
“Cu(n,a) 1.15 1.34 1.29 1.54

ZINp(n,f) 111 1.00 115 1.07

ZU(n,f) 1.16 131 1.16 1.31

“Ti(n,p) 1.14 1.37 1.22 1.46

*Surveillance Capsule at 20° .
**(0° cavity location, R = 238.02 cm.

Table 3.6 Impact of ENDF/B-VI Fe-O-H data on
calculated cavity reaction rates for HBR

SAILOR (ENDF-6 Fe-O-H)

Dosimeter Original SAILOR
Fe(n,p) 1.35
Ni(n,p) 1.34
SCu(n,@) 1.22
BNp(n,f) 1.32
*U(n,9) 132
“Ti(n,p) 1.30
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Table 3.7 C/E values for HBR Cycle 9

Downcomer Cavity
SAILOR SAILOR
ELXSIR Origipal* ENDF/B-VI*  ELXSIR Origjnal* ENDF/B-VI*
Dosimeter (Maerker) SAILOR Fe-O-H (Maerker) SAILOR Fe-O-H
$*Fe(n,p) 083 088 0.98 0.68 0.72 097
®Ni(n,p) 0.87 094 1.05 0.66 0.72 097
“Cu(n,@) 0.83 0.90 0.95 0.72 0.79 0.96
ZNp(n,f) 0.85 0.87 0.94 061 0.46 0.61
28(n,5) 0.80 0.85 093 0.65 0.65 0.86
“Ti (o,p) 0.81 084 0.92 0.66 0.69 0.90
*SAILOR results used ENDF/B-V1 dosimetry file.
/
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4 COMPARISON OF SAILOR, ELXSIR, AND VITAMIN-E CALCULATIONS
FOR A 1-D MODEL OF HBR

As indicated in the previous section, the availability of the new ENDF/B-VI iron cross-section data will have a
major impact on transport calculations of RPV fluence. Initial results from this study indicate that the differences
in the basic ENDF/B data in version VI compared with either version IV or V will improve agreement with the
measured HBR dosimetry. The earlier two versions of ENDF/B (IV and V) form the basis of several cross-section
libraries that have been used for years to analyze the fluence accumulated by power reactors. Some of the
commonly used libraries for RPV transport calculations are SAILOR, ELXSIR, and VITAMIN-E.”

The first two were collapsed from the ENDF/B-IV based VITAMIN-C library, while VITAMIN-E, a fine-group
library, is based on ENDF/B-V. As pointed out in Section 3, in the course of this study it was observed that
unexpected differences occur even among some of the results obtained with the ELXSIR and the SAILOR
cross-section libraries, even though the basic ENDF/B data from which these are processed are similar. These
observations suggest that factors other than merely the differences between ENDF/B-VI and the earlier ENDF/B
version may affect the multigroup cross-section data used by various organizations performing RPV fluence
analysis.

As part of the continuing effort to understand the causes for discrepancies between different transport calculations
of RPV dosimetry, a set of 1-D calculations was performed for H.B. Robinson using SAILOR (47 groups),
ELXSIR (56 groups), and VITAMIN-E (174 groups). None of the calculations use ENDF/B-VI data (i.e.,
SAILOR and ELXSIR are based on version IV and VITAMIN-E on version V). Hence, all three libraries are
based on similar evaluated data for the energy range of interest. The purpose of this analysis is to:

1. examine sensitivity of RPV transport calculations to iron cross-section self-shielding and weighting spectra;

2. compare both SAILOR and ELXSIR calculations with VITAMIN-E to see which agrees better with a fine
group calculation;

3. quantify the differences caused by the original SAILOR and ELXSIR libraries on the flux spectrum in the
cavity; and

4. explain why the SAILOR results in this study differ from Maerker’s earlier ELXSIR calculations.

All transport calculations use the identical model, normalization and source spectrum (a U Watt spectrum based
on ENDF/B-V) to ensure that the observed differences reflect only the effect of the cross-section library
differences.

First consider the impact of self-shielding on the VITAMIN-E calculations, as shown in Table 4.1. The first
column of results used no self-shielding of the library in computing the cavity flux; the second column is the ratio
indicating how much the computed values of flux above 1 MeV and above 0.1 MeV, respectively, will increase if
the cross sections are self-shielded correctly. The third column shows how much the integral flux values differ if
the RPV iron data were self-shielded like stainless steel (SS) rather than carbon steel (CS). It can be seen that
self-shielding the cross sections has a large impact on the computed cavity fluxes, even in the high-energy range
above 1 MeV — the value of ¢ (>1) increases 25% and ¢ (>0.1) increases 37%. Presumably it is the impact
of the self-shielding on the resonances present in the iron inelastic cross section between 800 eV and 2 MeV that
is causing the greatest effect on the integral fluxes. At energies slightly above 2 MeV, no resolved resonance
structure is shown in the iron inelastic data in ENDF/B-V. The integral fluxes are not so sensitive to resonances
in the iron elastic data. The effect of self-shiclding the RPV data for a SS mixture rather than the actual CS

mixture is only worth about 5% in the cavity for ¢ (>1) and about 10% for ¢ (>0.1).
In the ELXSIR library, two types of weighted iron cross sections are included. The one labeled "REM Shielded

Problem" is recommended for use in CS and the one called "Combined CTR and CRBR Processing” is for SS.
Table 4.2 shows the effect of using the two differently weighted cross sections for the RPV iron data in the
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transport calculations. The SS-weighted iron produces cavity ¢ (>1) and ¢ (>0.1) that are 4% and 8% lower,
respectively, than obtained with the CS-weighted data. These differences are close to those noted as a result of
differences in self-shielding for SS vs CS in VITAMIN-E. This observation suggests that most of the differences
between the CS-and SS-weighted-group cross sections are probably caused by differences in self-shielding rather
than differences in the spectrum used to collapse the fine-group data. If the incorrectly weighted iron data were
used in the ELXSIR calculations, a small discrepancy is introduced in the computed cavity flux.

Next, examine the impact of using SAILOR vs ELXSIR cross sections in computing the cavity flux and dosimeter
activities. These conclusions are significant because SAILOR is widely used in industry for RPV fluence
calculations, while ELXSIR has been used in several benchmark and sensitivity studies produced by ORNL
(Maerker); hence it is important to know how to correlate the results obtained by various organizations.

Table 4.3 shows results obtained for several integral fluxes in the cavity, using the standard SAILOR and ELXSIR
libraries (both of which were derived from ENDF/B-IV) and the VITAMIN-E fine group results. The
VITAMIN-E values are considered to be the most accurate because of the large number of muitigroups.

It can be seen that the integrated flux above 2.35 MeV is calculated only slightly lower with ELXSIR than
SAILOR; therefore, the threshold dosimeters **Fe(n,p), **Ni(n,p) and ®Cu(n,a) will be perhaps a little lower in the
ELXSIR. Overall, however, the SAILOR, ELXSIR, and VITAMIN-E all agree well in the er.zrgy range above

2 MeV. Note however, that the integrated flux above 1 MeV is about 8% higher in the ELXSIR calculation
compared with SAILOR, and the ELXSIR value agrees well with VITAMIN-E. The SAILOR value for ¢ (>1.0)
appears to be underestimated by about 9% compared with VITAMIN-E. Surprisingly, the flux above 0.1 MeV is
calculated about 20% higher with ELXSIR compared with SAILOR! When compared with VITAMIN-E,
SAILOR underestimates the value for ¢ (>0.1) by about 16%. The fact that SAILOR underestimates the flux
between 0.1 and 2.0 MeV when compared with ELXSIR and VITAMIN-E will cause the lower threshold
dosimeters, such as ”“’U(n,t), and especially 2-’7Np(n,t), to be calculated low. Table 4.4 compares the calculated
-values for the neptunium fission rate. It can be seen that the ELXSIR calculation is about 20% higher than
SAILOR and agrees within 6% of the VITAMIN-E value. The SAILOR value is about 12% lower than
VITAMIN-E. [Note: all three calculations used the same *'Np(n,f) cross sections.] The discrepancies between
SAILOR and ELXSIR below 2 MeV are probably caused by the different group structures in the two libraries,
because the impact of the different collapsing and self-shielding procedure is small. Table 4.5 shows the group
structures of VITAMIN-E. Table 4.6 shows the group structures of ELXSIR and SAILOR. The ELXSIR library
contains two more energy groups than SAILOR in the energy range between 0.11 and 1.0 MeV and the bounderies
are arranged somewhat differently.

Recall that the results given in Section 3 for the ®’Np(n,f) dosimeters in the HBR cavity, which were performed
with the original SAILOR library, do not seem to be consistent with Maerker’s earlier calculations done with
ELXSIR. For example, our ®'Np value in the cavity is about 24% lower than the value computed by Maerker. It .
now appears that the discrepancy is caused by differences in the group structure of the two libraries. Table 4.4
indicates the ELXSIR library produces a neptunium reaction rate about 20% higher than the corresponding
SAILOR value, due to a higher flux between 0.1 and 2 MeV. These results suggest that the 47-neutron group
structure in SAILOR may not be fine enough in the energy range 0.1 to 2.0 MeV. This is evidenced by the fact
that the SAILOR fluxes do not agree with the VITAMIN-E values in this energy range, while the ELXSIR does
agree with the fine-group calculation. The fine-group VITAMIN-E results could be used to obtain a correction
factor for the error introduced by the coarse-group structure in SAILOR. Based on the VITAMIN-E to SAILOR
ratio in Table 4.4, the SAILOR *'Np values cited in Table 3.7 for the cavity dosimeter should be increased by
about 14% (i.e., 1/0.88). This correction assumes that the ENDF/B-VI SAILOR values will scale by the same
factor as the original SAILOR results, and that the 2-D calculations can be scaled by a 1-D calculation. Therefore,
our best estimate for the C/E ratios of the ®’Np cavity dosimeters are 0.69 for the ENDF/B-VI SAILOR results
and 0.52 for the original SAILOR results. It can be seen that our best estimate for the calculated *’Np activity in
the cavity position is substantially lower than the reported measured value. Because the calculated values obtained
with the ENDF/B-VI Fe-O-H SAILOR library agree well with the measured results for the other dosimeters, an
experimental discrepancy is suspected for the neptunium activity.
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Table 4.1 Impact of sclf-shiclding on fince-group VITAMIN-E
calculations in 1-D HBR model

Shicldin
No shielding None SS-shielded RPV
(n-cm*s?) (ncm?s?) CS-shielded RPV
Cavity ¢(E>1.0MeV) 2.45E-4 1.25 0.95
Caifity ¢(E>0.1MeV) 4.09E-3 1.37 0.90

Table 4.2 Impact of different cross-section weighting on
ELXSIR calculations in 1-D HBR model

CS-weighted SS-weighted
RPV iron RPYV iron Ratio
| _ (n-cm?s™) (n-cm?s™) (SS/CS)
Cavity ¢(E>1.0 MeV) 3.01E-4 2.89E-4 0.96
Cavity G(E>0.1 MeV) 5.67E-3 5.28E-3 0.93
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Table 4.3 Comparison of SAILOR and ELXSIR calculations for
cavity integral fluxes in 1-D HBR model

Cumulative
flux energy ELXSIR SAILOR ELXSIR
threshold (MeV) SAILOR VITAMIN-E VITAMIN-E
5.00 0.97 1.01 0.98
3.00 0.97 1.04 1.00
2.35 0.99 1.00 1.00
1.90 1.01 0.95 0.96
1.65 1.03 0.95 0.98
135 1.06 0.92 0.98
1.00 1.08 091 0.98
0.80 1.11 0.91 1.01
0.50 1.20 0.89 1.07
0.10 1.20 0.84 1.01

Table 4.4 Comparison of SAILOR and ELXSIR calculations

for cavity ®’Np(n,f) in 1-D HBR model

ELXSIR SAILOR ELXSIR
SAILOR VITAMIN-E VITAMIN-E
1.20 0.88 1.06

NUREG/CR-6071
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Table 4.5 VITAMIN-E group structures

VITAMIN-E

Upper E Upper E Upper E Upper E
GP (V) GP (V) GP (27 GP (V)
1 1.9640E+07 51 1.8268E+06 101 1.2907E+05 151 1.0130E+02
2 1.7332E+07 52 1.7377E+06 102 1.2277E+05 152 7.8893E+01
3 1.6905E+07 53 1.6530E+06 103 1.1679E+05 153 6.1442E+01
4 1.6487TE+07 54 1.5724E+06 104 1.1109E+05 154 4.7851E+01
5 1.5683E+07 55 1.4957E+06 105 9.8037E+04 155 3.7266E+01
6 1.4918E+07 56 1.4227E+06 106 8.6517E+04 156 2.9023E+01
7 1.4550E+07 57 1.3534E+06 107 8.2503E+04 157 2.2603E+01
8 1.4191E+07 58 1.2874E+06 108 7.9499E+04 158 1.7604E+01
9 1.3840E+07 59 1.2246E+06 109 7.1998E+04 159 1.3710E+01
10 1.3499E+07 60 1.1648E+06 110 6.7379E+04 160 1.0677E+01
1 1.2523E+07 61 1.1080E+06 111 5.6562E+04 161 8.3153E+00
12 1.2214E+07 62 1.0026E+06 112 5.2475E+04 162 6.4760E+00
13 1.1618E+07 63 9.6164E+05 113 4.6309E+04 163 5.0435E+00
14 1.1052E+07 64 9.0718E+05 114 4.0868E+04 164 3.9279E+00
15 1.0513E+07 65 8.6294E+05 115 3.4307E+04 165 3.0590E+00
16 1.0000E+07 66 8.2085E+-05 116 3.1828E+(4 166 2.3824E+00
17 9.5123E+06 67 7.8082E+05 117 2.8501E+04 167 1.8554E+00
18 9.0484E+06 68 7.4274E+05 118 2.7000E+04 168 1.4450E+00
19 8.6071E+06 69 7.0651E+05 119 2.6058E+04 169 1.1253E+00
20 8.1873E+06 70 6.7206E+05 120 2.4788E+04 170 8.7643E~01
21 7.71880E+06 71 6.3928E+05 121 2.4176E+04 171 6.8256E—01
22 7.4082E+06 72 6.0810E+05 122 2.3579E+04 172 5.3158E—01
23 7.0469E+06 73 5.7844E+05 123 2.1875E+04 173 4.1399E—01
24 6.7032E+06 74 5.5023E+05 124 1.9305E+04 174 1.0000E—01
25 6.5924E+06 75 5.2340E+05 125 1.5034E+04
26 6.3763E+06 76 4.978TE+05 126 1.1709E+04
27 6.0653E+06 77 4.5049E+05 127 1.0333E+04
28 5.7695E+06 78 4.0762E+05 128 9.1188E+03
29 5.4881E+06 79 3.8774E+05 129 7.1017E+03
30 5.2205E+06 80 3.6883E+05 130 5.5308E+03
31 4.9659E+06 81 3.3373E+05 131 4.3074E+03
32 4.7237TE+06 82 3.0197E+05 132 3.7074E+03
33 4.4933E+06 83 2.9849E+05 133 3.3546E+03
34 4.065TE+06 84 2.9721E+05 134 3.0354E+03
35 3.6788E+06 85 2.9452E+05 135 2.7465E+03
36 3.3287E+06 86 2.8725E+05 136 2.6126E+03
37 3.1664E+06 87 2.7324E+05 137 2.4852E+03
38 3.0119E+06 88 2.4724E+05 138 2.2487E+03
39 2.8651E+06 89 2.3518E+05 139 2.0347E+03
40 2.7253E+06 90 2.2371E+05 140 1.5846E+03
41 2.5924E+06 91 2.1280E+05 141 1.2341E+03
42 2.4660E+06 92 2.0242E+05 142 9.6112E+02
43 2.3852E+06 93 1.9255E+05 143 7.4852E+02
44 2.3653E+06 94 1.8316E+-05 144 5.8295E+02
45 2.3457E+06 95 1.7422E+05 145 4.5400E+02
46 2.3069E+06 9% 1.6573E+05 146 3.5357TE+02
47 2.2313E+06 97 1.5764E+05 147 2.7536E+02
48 2.1225E+06 98 1.4996E+05 148 2.1445E+02
49 2.0190E+06 9 1.4264E+05 149 1.6702E+02
50 1.9205E+06 100 1.3569E+05 150 1.3007E+02
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Table 4.6 ELXSIR and SAILOR group structures

ELXSIR SAILOR
GP Upper E (eV) GpP Upper E (eV) GP Upper E (cV)
1 1.7333E+07 48 1.1709E+04 1 1.733+07
2 1.4191E+07 49 7.1017E+03 2 1.419+07
3 1.2214E+07 50 5.5308E+03 3 1.221+07
4 1.1052E+07 51 3.3546E+03 4 1.000+-07
5 1.0000E+07 52 2.6123E+03 5 8.607+06
6 8.6071E+06 53 1.5846E+03 6 7.408+06
7 8.1873E+06 54 1.1013E+02 7 6.065+06
8 7.4082E+06 55 1.0677E+01 8 4.966+06
9 7.0469E+06 56 4.1399E-01 9 3.679+06
10 6.0653E+06 10 3.012+06
11 4.9659E+06 1 2.725+06
12 4.0657E+06 12 2.466+06
13 3.6788E+06 13 2.365+06
14 3.0119E+06 14 2.346+06
15 2.7253E+06 15 2.231+06
16 2.5924E+06 16 1.920+06
17 2.4660E+06 17 1.653+06
18 2.3653E+06 18 1.353+06
19 2.3457E+06 19 1.003+06
20 2.2313E+06 20 8.208+05
21 2.1224E+06 21 7.427+05
22 . 1.9205E+06 22 6.081+05
23 1.8268E+06 23 4.979+05
24 1.6530E+06 24 3.688+05
25 1.4957E+06 25 2972405
26 1.3534E+06 26 1.832+05
27 1.2246E+06 27 1.111+4-05
28 1.0026E+06 28 6.738+04
29 9.0718E+05 29 4.087+04
30 8.2085E+05 30 3.183+04
31 7.4274E+05 31 2.606+04
32 6.0810E+05 32 2.418+04
33 4.9787TE+05 33 2.188+04
34 3.6883E+05 34 1.503+04
35 3.0197E+05 35 7.102+03
36 2.1280E+05 36 3.355+03
37 1.8316E+05 37 1.585+03
38 1.1109E+05 38 4.540+02
39 9.8037E+04 39 2.144+402
40 8.6517E+04 40 1.013+02
41 6.7379E+04 41 3.727+01
42 4.0068E+04 42 1.068+05
43 3.4307E+04 43 5.043+00
44 2.6058E+04 4 1.855+00
45 2.4176E+04 45 8.764+01
46 2.1875E+04 46 4.140+01
47 1.5034E+(4 47 1.000+01
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5 SUMMARY AND CONCLUSIONS

The calculations performed with selected ENDF/B-VI data in this study have resolved most of the discrepancies
between the measured and computed dosimeter activities that were reported earlier for Cycle 9 of H. B. Robinson.
The earlier analysis used the 56-group ELXSIR library, which is based on ENDF/B-1V data, and obtained
calculated results that were substantially lower than the measured activities in the cavity. The 47-group
ENDEF/B-VI calculations in this study give values that are about 25% higher than the corresponding dosimeter
activities obtained in the earlier work. The C/E values from the ENDF/B-VI calculations agree within 10% of the
measured dosimeter activities at both the downcomer and cavity measurement locations, except for the *’Np(n,f)
cavity dosimeter which is 39% too low. It was also discovered that the ®'Np results calculated with the original
47-group SAILOR cross section differ from those obtained with ELXSIR, which is also based on ENDF/B-IV.
This appears to be mostly a result of the difference in the group structure of the two libraries. The ELXSIR
values agree better with fine-group calculations. It appears that the Np cavity dosimeter activity computed with
the SAILOR library should be increased by about 14% in order to correct for its relatively coarse-group structure
between 0.5 and 2.0 MeV. If this correction is applied to the ENDF/B-VI calculation, then the C/E value for the
neptunium becomes 0.69, which is still about 31% low. The remaining discrepancy is believed to be caused by a
problem with the experimental measurement.

It is concluded that the ENDF/B-VI cross-section data substantially improve the accuracy of the neutron transport
calculations for H. B. Robinson Cycle 9. For this particular reactor, as is the case in several other reactors studied
carlier, the original SAILOR and ELXSIR data give an underestimate for the cavity dosimeter values, while
ENDF/B-VI gives very good agreement with the experimental results. Another important conclusion of this study
is that the SAILOR group structure appears to be too coarse below 2 MeV, and this can cause discrepancies in
low threshold responses computed with SAILOR compared to ELXSIR.

Although several additional reactors should be analyzed prior to making a definitive assessment of using
ENDEF/B-VI versus earlier evaluations, the preliminary indications suggest that RPV fluence predictions may be
enhanced by establishing a "standard library” based on ENDF/B-VI data for use by all organizations involved with
pressure vessel lifetime determination. Some thought must also be given to the appropriate group structure and
processing methodology for a new library in light of the apparent inconsistency with the SAILOR and ELXSIR
libraries.
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