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ABSTRACT

The High Flux Isotope Reactor (HFIR) has been in operation at Oak Ridge National Laboratory since
1966. To upgrade and enhance capabilities for neutron science research at the reactor, a larger HB-2
beam tube was installed in April of 2002. To assess, experimentally, the impact of this larger beam tube
on radiation damage rates [i.e., displacement-per-atom (dpa) rates] used in vessel life extension studies,
dosimetry experiments were performed from April to August 2004 during fuel cycles 400 and 401. This
report documents the analysis of the dosimetry experiments and the determination of best-estimate dpa
rates. These dpa rates are obtained by performing a least-squares adjustment of calculated neutron and
gamma-ray fluxes and the measured responses of radiometric monitors and beryllium helium
accumulation fluence monitors. The best-estimate dpa rates provided here will be used to update HFIR
pressure vessel life extension studies, which determine the pressure/temperature limits for reactor
operation and the HFIR pressure vessel’s remaining life. All irradiation parameters given in this report
correspond to a reactor power of 85 MW.
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1. INTRODUCTION

The High Flux Isotope Reactor (HFIR) was designed and built at Oak Ridge National Laboratory
(ORNL) in the late 1950s and early 1960s. A comprehensive pressure vessel (PV) surveillance program
was developed to check and monitor the radiation-induced damage to the pressure vessel material and the
resulting impact on the safety limits for operation of the vessel, as well as on the vessel life.' The
surveillance program uses Charpy V-notch (CVN) specimens of vessel material and radiometric monitors
(dosimeters) located at the PV inner wall and at the beam-line nozzles as shown in Fig. 1. Seven
surveillance locations, referred to as “keys,” are used. At each key, capsules containing Charpy specimens
are irradiated.

Surveillance capsules were removed from HFIR in 1969, 1974, 1983, and 1986. The 1983 and 1986
testing of the CVN specimens revealed greater-than-expected change in the Nil-Ductility Transition
Temperature (NDTT). As a result, the HFIR operating pressure was lowered, requiring a reduction in
reactor power from 100 MW to 85 MW.? In addition, periodic hydrostatic proof testing was introduced,
additional capsules of vessel material were installed, and the capsule removal schedule was modified. In
1993, research into the cause of the higher-than-expected radiation damage rates identified gamma
radiation as the reason for additional damage.’

In late 1990, an initiative to increase the diameter of horizontal beam line 2 (HB-2) and HB-4 was
launched, with the provision that the increase would not reduce PV lifetime excessively. A new PV
lifetime study”, using techniques proposed in 1993, indicated that by updating criteria and methods of
analysis 50 EFPY(100MW) could be achieved; however, another modification of the PV surveillance
program was necessary, and installation of dosimeters sensitive to both neutron and gamma rays was
required to determine the radiation damage rates.®

The larger HB-2 beam tube was installed during the end-of-cycle 384 outage (April of 2002). The beam
tube remained out-of-service until December 2003, at which time it was placed into operation (cycle 398).
The dosimetry experiments were performed in 2004 during fuel cycles 400 and 401, which occurred in
May and July, respectively.

This report presents the dosimetry analysis methodology and provides best-estimate irradiation
parameters obtained from the dosimetry experiments performed during cycles 400 and 401.
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2. DOSIMETRY EXPERIMENT

The dosimetry experiment performed during cycles 400 and 401 used a total of 137 activation dosimeters
and 13 beryllium helium accumulation fluence monitors (Be HAFMs). The dosimeters were placed in
either aluminum or gadolinium vials to allow or eliminate exposure to thermal neutrons, respectively.
Each gadolinium vial included 237Np0, Be HAFM, Ni and Co wire, and some vials included a diluted
cobalt wire in the form of 0.1 wt % Co/Al alloy. Each aluminum vial contained Cu, Ni, Fe, and Co wire,
and some vials contained a diluted Co wire in the form of 0.1 wt % Co/Al alloy.

Two types of capsules were used to hold the dosimeter vials: surveillance-type dosimeter (DOS) capsules
and tubular capsules, as shown in Fig. 2. A DOS capsule is identical to the standard CVN surveillance
capsule except that it is filled with a pair of stainless steel inserts that have three slots into which the
dosimeter vials are placed. For each DOS capsule, a gadolinium vial was placed in the central position,
and aluminum vials were placed in the two peripheral positions. Two types of DOS capsules were used.
Type “A” DOS capsules had horizontal slots for the vials, while type “B” capsules had vertical vial slots.
Type “A” capsules were used in keys where the capsules are placed perpendicular to the beam tube, while
type “B” capsules were positioned parallel to the beam tubes. This was done to minimize the flux
gradient across a given dosimeter vial. Tubular dosimeter capsules were long tubes with two positions for
dosimeter vials. In certain tubular capsules, only the bottom location was used for dosimeters. Complete
information about the dosimetry capsules and the dosimeters can be found in Ref. 7. Summary
information about the surveillance capsules and the locations at which they were irradiated in HFIR is
given in Tables 1 and 2.

The positions of the dosimetry capsules inside the HFIR PV during irradiation are shown in Figs. 3—8.
Figure 3 schematically shows the HFIR surveillance keys and displays the locations of the DOS capsules
in Key 7 and Key 3. Most of the capsules were irradiated in the carousel around HB-2 to assess the effect
of the larger beam tube. Figure 4 shows the positions of Key 2C and Key 2W as viewed from the HFIR
core. The locations of the DOS capsules are shown, and the locations of the holders for the tubular
capsules are indicated. Figure 5 shows schematically the positions of Charpy specimens in the two HB-2
keys relative to the location of the nozzle corner and weld. Figure 6 presents the horizontal cross section
of the HB-2 nozzle area, with locations of the Keys 2C and 2W and the holders for the tubular capsules.
Figure 7 shows the view from the side of the HB-2 nozzle area and the locations of Keys 2C, 2W, and the
holders for the tubular capsules. Finally, Fig. 8 shows schematically the locations of dosimeter capsules
in the tubular capsules with respect to the nozzle corner and weld at HB-2.

After the irradiation, the activation and fission dosimeters were measured with high-resolution gamma-
ray spectrometers at the Neutron Activation Analysis Facility of the Chemical Sciences Division. The
complete report is given in Ref. 8. The measured specific activities are listed in Appendix A in Tables
A.1 and A.2. The dosimeter activities are grouped by irradiation locations; all activities measured “at the
same location” are listed in one group. The helium concentrations in the Be HAFMs were measured at
Pacific Northwest National Laboratory; the complete report is given in Ref. 9, and the results are
summarized in Table A.3 in Appendix A.

The HFIR reactor power vs time histories for fuel cycles 400 and 401 are given in Tables A.4 and A.5 in
Appendix A. The power vs time history is needed to convert specific activities to cycle-time-averaged
reaction rates.



TOP END PLUG
%
TOP SPACER
ij [[Posimion 2] (POSITION 5)
_POSITION 3
%jﬁ ' TOP DOSIMETER SET
— (POSITION 4)

SURVEILLANCE CAPSULE WITH TYPE "A" HOLDER

MIDDLE SPACER
(POSITION 3)

D

STAINLESS STEEL TUBING

N

BOTTOM DOSIMETER SET
(POSITION 2)

%
.
|
.
%
%
%
%
%
%
%
%
%
%
|
.
-
%
-
%
%
%
%
%
%
|
|

POSITION 1]]
POSITION 2]
POSITION 3]]
A

BOTTOM SPACER
(POSITION 1)

N\

SN

SURVEILLANCE CAPSULE WITH TYPE "B" HOLDER TUBULAR CAPSULE (NOT TO SCALE)

BOTTOM END PLUG

Fig. 2. Capsules for HFIR dosimeter experiments. At left the surveillance-type capsules are shown; at the
top is the type “A” capsule, and at the bottom is the type “B” capsule. The numbering of the locations for dosimeter
vials is shown; orientation of a vial is important in radiation fields with strong gradients. At the right is the tubular
capsule. For the tubular capsules, which were installed around the HB-2 beam line, the position 2 (at the bottom)
corresponded to the “nozzle corner” location, and the position 4 corresponded to the “nozzle weld” location for
capsules inserted into positions 2D1 and 2D2. However, for the tubular capsule installed in position 2D3, the
Position 2 location corresponded to the “nozzle weld”



Table 1. Surveillance-type dosimeter (DOS) capsules.

For each DOS capsule, the following information is provided:
capsule location during irradiation (HFIR key number and position number),
the IDs and locations of the vials containing dosimeters;
the type of capsule; and the HFIR fuel cycle
during which the capsule was irradiated.

HFIR Key Vial ID at Capsule

NG Capsule ID _ — —_ 2 Fuel cycle

key  position Position 1 Position 2 Position 3 type
2W 8 DOS-1 AL-01 GD-01 AL-02 A 400
2W 32 DOS-2 AL-03 GD-02 AL-04 A 400
3 3 DOS-3 AL-05 GD-03 AL-06 A 400
3 8 DOS-4 AL-07 GD-04 AL-08 A 400
3 10 DOS-5 AL-09 GD-05 AL-10 A 400
7 1 DOS-6 AL-11 GD-06 AL-12 A 400
2C 1 DOS-8 AL-15 GD-08 AL-16 B 400
2C 4 DOS-9 AL-17 GD-09 AL-18 B 400

The type (A or B) capsule determines the orientation of the vials in the capsule (see surveillance capsule
sketch in Fig. 2).

Table 2. Tubular-type dosimeter capsules.
For each tubular capsule, the following information is provided:
capsule location during irradiation;
the IDs and locations of the vials containing dosimeters; and the
HFIR fuel cycle during which the capsule was irradiated.

Wire- . .

Capsule ID Key dosimeter '-Ofgt;"” Vial ID at Fuel
port Position 2°  Position 4° cycle

2D1C 400

HRB2-1G 2 2D1 DIW GD-14 GD-15 400
2D2C 400

HRB2-2G 2 2D2 JDOW GD-16 GD-17 400
HRB2-3G 2 2D3 2D3W GD-18 NA 400
2D1C 401

HRB2-1A 2 2D1 DIW AL-27 AL-28 401
2D2C 401

HRB2-2A 2 2D2 JDOW AL-29 AL-30 401
HRB2-3A 2 2D3 2D3W AL-31 NA 401

®Location IDs are shown in Fig. 8 and are used throughout this report to identify the locations where
the irradiation parameters are given.
PPositions are shown in the sketch of tubular capsule in Fig. 2.
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capsules. The view is from the core to the PV. Locations of dosimeter capsules used in the dosimetry experiment
are shown in red. (The diagram for Key 4 is not current.)
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3. THE ANALYSIS

To obtain the best estimates of the radiation damage parameters from the interpretation and analysis of the
physics dosimetry, the spectrum adjustment method, consistent with the American Society of Testing and
Materials (ASTM) standard E 944, “Application of Neutron Spectrum Adjustment Methods in Reactor
Surveillance,” was used.'® An extension of the methodology to accommodate both neutrons and gamma
rays was developed in the earlier HFIR analysis.''"'?

The unique aspect of the HFIR radiation field is that at locations away from the beam tubes, the gamma-
ray field intensity is high enough to contribute significantly to the response of dosimeters such as
neptunium fission monitors or Be HAFMs, as well as to the radiation damage to the PV material.
Therefore, rather than using just neutron flux in determining the irradiation parameters, one needs to
consider the gamma-ray flux as well. The methodology for using a coupled neutron-gamma spectrum
adjustment procedure, which is suitable for analyzing dosimetry experiments in such mixed fields, was
developed in an earlier analysis of the HFIR PV surveillance dosimetry, reported in detail in Ref. 11 and
is further described in Ref. 12.

The multigroup neutron and gamma fluxes at the locations of dosimeter capsules were obtained from
transport calculations.*'*'* The calculated neutron and gamma fluxes are listed in Appendix B. The
LSL-M2" computer code package was used to perform neutron and gamma spectrum adjustment
calculations and other required data conversions and/or manipulations. The measured specific activities
were converted to reaction rates with the ACT program from the LSL-M2 package. Separate runs were
performed for cycles 400 and 401, and the reactor core power vs time history was taken into account for
each of the two cycles. The neutron reaction cross sections were taken from the Cross-95 cross-section
library'® and were converted into the group structure used in the transport calculations with the FLXPRO
code from the LSL-M2 package. The CALACT code was used to fold the calculated fluxes with the
reaction cross sections to obtain the calculated reaction rates. The FLXPRO code was also used to
process cross-section covariances and flux covariance information into the group structure used for
unfolding. The cross sections for photo-fission reactions were taken from Ref. 17 and for the photo-
neutron reactions on *Be from Refs. 18 and 19.

The complete uncertainty analysis of the neutron transport calculations is much more time-consuming and
expensive than the transport calculations themselves, and it was not performed for this analysis.
Therefore, the HFIR-specific spectrum covariance information was not available, and the approximate
neutron and gamma spectrum covariance matrix was prepared as in the previous analysis (Refs. 11 and
12), based in part on data from Ref. 20. For a set of dosimeters considered in a single adjustment run,
which included dosimeters irradiated within a single capsule, the standard deviations of the calculated
fluxes were selected so that the 42 per degree of freedom for the adjustment calculation was
approximately 1.00, which indicates that the differences between the measured and calculated reaction
rates are consistent with the assigned standard deviations. A y2 per degree of freedom smaller than one
means that the estimated uncertainties are likely conservative; therefore, in such cases when the flux
uncertainties were ~20%, no attempt was made to further decrease the uncertainty of the calculated flux
entering the adjustment calculation. This is based on the generally accepted estimate that the
uncertainties of the calculated PV fluxes are typically in the range 10-20% (e.g., see Ref. 21). The
standard deviations listed in Tables 4 to 17 for the calculated irradiation parameters are therefore merely
reflecting the uncertainties assumed for the calculated fluxes and do not necessarily represent the actual
uncertainties of the calculations.

11



Uncertainties used for all the “measured” reactions rates considered are given in Table 3. The values
listed represent estimates based on the guidance provided in the relevant ASTM standards (Ref. 22),
previous experience, and critical examination of measurements available for this analysis; however, they
were not obtained by rigorous propagation of the uncertainties through the measurement process.

Table 3. Uncertainties of the measured reaction rates
(as used in the adjustment calculations)

Uncertainty®

Reaction (%) Comments
NI58 (N,P) CO58 5
FE54 (N,P) MN54 5
CU63 (N,A) CO60 5
NP237(N,F) 8 Np oxide encapsulated in vanadium.
BE (N,X) HE4 5 Be monitors encapsulated in stainless steel.
CO59 (N,G) CO60 7
“Diluted” cobalt dosimeter in the form of Co/Al
CO59 (N,G) CO60 (AL) > alloy with 0.100 wt % Co,
. 59 . . .
C059 (N,G) CO60 (GD) 3 Pure (undiluted) *"Co dosimeter irradiated under

0.035-in. thick gadolinium cover.
Diluted cobalt dosimeter in the form of Co/Al alloy
CO59 (N,G) CO60 (GD,AL) 5 with 0.100 wt % cobalt under 0.035-in. thick
gadolinium cover.
FE58 (N,G) FES9 10

®The 1-sigma uncertainty is given.
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4. RESULTS AND DISCUSSION

The best-estimate irradiation parameters were obtained by performing least-squares adjustment of the
calculated neutron and gamma fluxes and the measured responses of radiometric monitors and Be
HAFMs. In this report, the terms “best-estimate” and “adjusted” are used synonymously with regard to
irradiation parameters. All adjusted irradiation parameters represent the cycle-averaged quantities.

For each dosimeter set location, the calculated and the best-estimate irradiation parameters are provided.
The irradiation parameters selected are the flux of neutrons with energies above 1 MeV, above 0.5 MeV,
above 0.1 MeV, and below 0.41 eV, the neutron-induced displacement per atom (dpa) rate in iron
calculated with ASTM dpa cross sections [dpa/s (Fe-ASTM)] and with iron dpa cross sections generated
from ENDF-B-VI cross-section library [dpa/s (FE-ENDF-VI)], the gamma-ray flux (Gamma Flux), the
gamma-ray induced displacement rate per atom in iron (Gamma dpa/s), and the combined neutron and
gamma induced atom displacement rate (Neutron + Gamma dpa/s), which is the sum of dpa/s (Fe-ASTM)
and gamma-ray induced dpa/s.

The gamma-ray flux, gamma dpa rate, and combined neutron and gamma dpa rates are provided only at
locations where the Be HAFMs and the neptunium fission monitors were irradiated. These two monitors
are the only ones sensitive to the gamma-ray flux as well as the neutron flux.

A summary of the most important adjusted irradiation parameters is given in Table 4. The calculated and
adjusted irradiation parameters for all locations where the dosimeter sets were irradiated are listed in
Tables 5-17. Tables 5—17 also list the ratios of adjusted-to-calculated irradiation parameters. These ratios
quantify the changes in the irradiation parameters due to adjustment. The ratio of the measured-to-
calculated (M/C) reaction rate for the Ni-58(n,p) reaction is also given for all the locations and is typically
expected to be in reasonable agreement with the adjusted-to-calculated ratio for the neutron flux

(E > 1 MeV). All adjusted irradiation parameters provided in this report are for a reactor power of

85 MW.

The activities of Ce-141 and Ru-103 often provided Np-237 fission rates inconsistent with Cs-137 and
Zr-95 measurements. While the reason for this is not completely understood, it may be related to the
relatively long waiting period between the end of irradiation and the start of the measurements. The half-
lives of Ce-141 and Ru-103 are 32.50 d and 39.26 d, respectively, and are much shorter than the half-life
of Zr-95 (64.02 d) and the half-life of Cs-137 (30.1 years). Therefore, the decay of Ce-141 and Ru-103
during the waiting period was much more severe and may have affected the reliability of the
measurements of Ce-141 and Ru-103. For this reason, the Ce-141 and Ru-103 measurements were not
used in the adjustment calculations, with the exception of DOS-1, DOS-2, and DOS-6 capsules, where
Ru-103 was in better agreement with Cs-137 and Zr-95 and was used in the adjustment.

In the analysis of three capsules, DOS-4, DOS-8, and DOS-9, all the measured activities of the Np-237
fission products were neglected. The reason was that for Cs-137 and Zr-95 the calculated-to-measured
reaction rate ratios were significantly different from those of Ni and Be, and, if included in the
adjustment, would lower the adjusted fast neutron flux (E > 1 MeV) and total (neutron + gamma) dpa rate
by 4 to 8%. Because of the observed inconsistencies in the measured activities of the Np-237 fission
products discussed above and other concerns about the measurements of the neptunium dosimeters, the
neptunium dosimeter results were considered less reliable than those of other dosimeters. It was therefore
considered preferable not to use neptunium measurements in the adjustment calculations for the capsules
listed above, which results in higher adjusted irradiation parameters. Full assessment of the impact of the
dosimeters not used in the adjustment is provided in Appendix C.
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At some locations nondiluted and diluted cobalt dosimeters were irradiated together. The ratio of these
two activities provides an estimate of the neutron self-shielding correction for the nondiluted dosimeter.
Because the diluted cobalt dosimeters do not require such corrections, their activities were considered
more reliable. Typically, if the diluted and nondiluted cobalt activities were available for the same
location, only the activity of the diluted dosimeter was used in the adjustment calculations.

The reaction rates for the Cu-63(n, o) reaction were found to be significantly underestimated by the
calculations at the DOS-4, DOS-8, DOS-9, HRB2-2G and 2A, and HRB2-1G and 1A locations. The
exclusion of the Cu-63(n,a)Co-60 reaction from the adjustment calculations at these locations improved
the consistency of adjustment (observed through reduced y2 per degree of freedom) and resulted in higher
values for adjusted irradiation parameters. In particular, the elimination of copper dosimeters from the
adjustment resulted in up to ~5% higher adjusted fast neutron flux (E > 1 MeV) and up to ~3% higher
adjusted total (neutron + gamma) dpa rate. Details about the effect of eliminating the copper dosimeters
from the adjustment are discussed in Appendix C.

While the reason for underestimation of the Co-60 activity in the copper dosimeters was not found,
several potential culprits can be suggested. On the measurement side, the possibility exists that Co-59
impurities in the copper could have been converted to Co-60 through thermal neutron absorption because
the copper wires were not covered with gadolinium. The best agreement with calculations occurred at
locations where the thermal flux was lowest (DOS-6, at Key 7), and the worst agreement was at locations
where thermal flux was highest (DOS-8 and DOS-9, at Key 2C). On the computational side, there is a
possibility that the maximum energy of the neutrons considered (14.92 MeV) was too low to accurately
predict the Cu-63 (n, o) reaction rate; the six highest energy groups produce more that 98% of Cu-63 (n,
o)) reaction rate. Another possibility would be that the fission spectrum used in the calculations has too
low an intensity at the high-energy tail. Yet another possibility would be that streaming of high-energy
neutrons through the beam tubes was not accurately predicted by the calculation, given that the problem
was most prevalent close to the beam tube. Further investigation of these options was beyond the scope
of this work.

The need to eliminate measurements of several copper dosimeters is unusual, in particular because four
out of the five locations where copper dosimeters were not used in the adjustment are very close to the
beam tubes, and two of them are close to the corner of the nozzle of the beam tube. While excluding these
copper dosimeters produced higher irradiation parameters, it would be advisable to try to understand this
pattern better in any future dosimetry experiments.

As discussed above, several of the measured reaction rates were not used in the adjustment calculations;
a complete list of these reactions is given in Table 18. A detailed assessment of the impact of the excluded
reactions is provided in Appendix C.

The locations 2D1C and 2D2C are of particular interest because they correspond to the corner of the
nozzle of beam tube 2, which was enlarged. Here, only a short discussion is given; a more detailed
analysis is provided in Appendix C. These two locations are in the most intense neutron and gamma-ray
field of all the locations where the measurements were performed, except for the Key 2 C locations,
which were closer to the beam tube and the reactor core. The transport calculations were performed with a
cylindrical R-Z model and consequently predicted identical fluxes at both locations (2D1C, 2D2C), as can
be observed from the calculated values in Tables 16 and 17, respectively. However, the adjusted fast
neutron flux and the total dpa rate are ~34% and ~29% higher, respectively, at the location 2D2C than at
the location 2D1C. While this appears to be a big difference, the measured specific activities clearly
indicate that the neutron and gamma-ray fields are more intense at 2D2C than they are at 2D1C.

A similar pattern of increase from the “12 o’clock” to “3 o’clock” position is also observed for the nozzle
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weld locations, 2D1W, 2D2W, and 2D3W, which are all at the same radial distance from the center of the
beam tube. Therefore, the measurements quite clearly reveal differences in the neutron field at seemingly
symmetric locations around beam line 2. It needs to be pointed out that even slight deviation between the
actual locations of the dosimeters during the irradiation and the locations considered in the analysis could
cause the differences due to very steep neutron flux gradient. Additional three-dimensional discrete
ordinates transport calculations showed less than 5% variation in neutron induced dpa rate from the

12 o’clock to the 3 o’clock location.” For the thermal-neutron induced dpa rate the calculations showed
~40% increase from the 12 o’clock to the 3 o’clock location; however, the thermal neutrons contributed
only ~10% to the total dpa rate. The three-dimensional calculations were also performed with the Monte
Carlo based computer code, for the neutron energy range above 27 keV. The Monte Carlo results were in
good agreement with discrete ordinates calculations and again showed very little difference in neutron
dpa rate at 12 o’clock to 3 o’clock position.”® The three-dimensional calculations therefore did not predict
the variations observed in the measurements, which may suggest that the measurements were not
performed exactly at the intended locations. Finally, it is also necessary to point out considerable
inconsistencies in the measured reaction rates especially at location 2D1C, where there is a sizable
disagreement in the calculated-to-measured ratios for the beryllium and neptunium dosimeters, and even
between the two nickel dosimeters used at this location. In light of all these observations, it would be
desirable to repeat the dosimetry experiments at the locations near the beam line nozzle.

Appendix D documents adjusted irradiation parameters as given in the preliminary report, dated
November 18, 2005.

The dosimeter experiments were performed during a full fuel cycle and, consequently, the measured
reaction rates and the adjusted irradiation parameters are representative of the cycle-averaged quantities.
The neutron fluxes from transport calculations were the averages of the beginning-of-cycle and the end-
of-cycle fluxes for Keys 2 and 7 and for the “end-of-cycle” conditions for Key 3. The differences in
neutron spectrum between the beginning and the end-of-cycle have only small effect on the adjusted
irradiation parameters; this is discussed in more detail in Appendix E.

Appendix F summarizes information about the computer codes used for the analysis of the dosimeters and
the information on the computer runs performed.
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Table 4. Summary of the adjusted irradiation parameters

Neutron flux (Neutron + Gamma)
Location Capsule ID and location (E>1 MeV) Neutron dpafs Gamma dpa/s dpa/s
in HFIR? within the capsule Value N Std.” Value n Std.” Value + Std.” Value + Std.”
(cm?s™) (%) (s (%) ) ) s N C)
K2W, P8 DOS-1, Pos. 2 2.74E+09 * 7 4.10E-12 * 6 2.31E-12 + 8 6.40E-12 * 5
K2W, P32 DOS-2, Pos. 2 2.94E+09 * 7 436E-12 * 6 1.84E-12 + 8 6.20E-12 + 5
K3, P3 DOS-3, Pos. 2 1.17E+09 * 15 2.15E-12 * 13 1.38E-12  * 9 3.54E-12 * 9
K3, P8 DOS-4, Pos. 2 2.64E+09 + 8 438E-12 * 7 1.05E-12 + 12 543E-12 * 6
K3, P10 DOS-5, Pos. 2 1.80E+09 * 10 3.16B-12 * 9 9.40E-13 + 9 4.10E-12 =+ 7
K7, Pl DOS-6, Pos. 2 7.06E+07 * 6 1.14E-13  * 6 9.93E-13 + 6 1.11E-12 + 5
K2C, P1 DOS-8 1.01E+11  * 6 1.736-10 * 5 9.73E-12 = 2 1.83E-10 * 5
K2C, P4 DOS-9 9.97E+10 * 9 1.69E-10 * 7 1.04E-11 = 25 1.80E-10 * 6
2D1IW HRB2-1G and 1A, Pos. 4  8.97E+08 =+ 6 1.71E-12 * 6 9.71E-13 * 7 2.68E-12 * 4
2D2W HRB2-2G and 2A, Pos. 4 9.97E+08 + 6 1.87E-12 * 6 9.98E-13 * 7 2.86E-12 * 4
2D3W HRB2-3G and 3A, Pos.2  1.10E+09 + 6 1.99E-12 * 6 1.18E-12 =+ 7 3.17B-12 * 4
2D2C HRB2-2G and 2A, Pos. 2 2.99E+10 * 6 6.24E-11 * 4 3.23E-12 = 21 6.56E-11 + 4
2DIC HRB2-1G and 1A, Pos.2  2.23E+10 * 12 448E-11 * 7 6.13E-12 = 31 5.09E-11 + 7

K = key, P = position in key, W = nozzle weld, C = nozzle corner, 2D = tubular dosimeter at HB-2.
PPercent standard deviation.
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Table 5. Calculated and adjusted irradiation parameters at K2W, P8 (capsule DOS-1)

Calculated

Adjusted

Irradiation parameter value std. value std. Ady/ Ni58(nép)

O (%) O (%) calc. M/C

Neutron flux (E > 1 MeV) 2.07E+09 19 2.04E+09 7 0.99 1.01
Neutron flux (E > 0.5 MeV) 3.07E+09 19 3.03E+09 7 0.99
Position 1 Neutron flux (E > 0.1 MeV) 4.39E+09 19 4.30E+09 8 0.98
Neutron flux (E < 0.414 eV) 1.44E+10 40 1.15E+10 6 0.80
Neutron dpa/s (Fe, ASTM) 3.13E-12 18 3.05E-12 6 0.98
Neutron dpa/s (Fe, ENDF-VI) 3.09E-12 18 3.02E-12 6 0.98

Neutron flux (E > 1 MeV) 2.36E+09 19 2.74E+09 7 1.16 1.20
Neutron flux (E > 0.5 MeV) 3.52E+09 19 4.08E+09 8 1.16
Neutron flux (E > 0.1 MeV) 5.07E+09 19 5.83E+09 8 1.15
Position 2 Neutron flux (E < 0.414 eV) 1.69E+10 40 1.71E+10 22 1.01
Neutron dpa/s (Fe, ASTM) 3.57E-12 18 4.10E-12 6 1.15
Neutron dpa/s (Fe, ENDF-VI) 3.53E-12 18 4.05E-12 6 1.15
Gamma dpa/s 2.00E-12 27 2.31E-12 8 1.15
Gamma flux 8.17E+12 28 9.85E+12 16 1.21
Neutron + gamma dpa/s 5.57E-12 6.40E-12 5 1.15

Neutron flux (E > 1 MeV) 2.93E+09 19 3.83E+09 7 1.31 1.33
Neutron flux (E > 0.5 MeV) 4.44E+09 19 5.80E+09 7 1.31
Position 3 Neutron flux (E > 0.1 MeV) 6.46E+09 19 8.40E+09 8 1.30
Neutron flux (E < 0.414 eV) 2.26E+10 40 3.36E+10 6 1.49
Neutron dpa/s (Fe, ASTM) 4.46E-12 18 5.85E-12 6 1.31
Neutron dpa/s (Fe, ENDF-VI) 4.41E-12 18 5.79E-12 6 1.31

3Units are cm™s”' for neutron and gamma-ray fluxes and s for dpa/s.
®Percent standard deviation. The %2 per degree of freedom for the adjustment run was 7.683E-01.

®Nickel measured/calculated reaction rate ratios for the three vials are shown for reference.
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Table 6. Calculated and adjusted irradiation parameters at K2W, P32 (capsule DOS-2)

Calculated

Adjusted

Irradiation parameter value Std.” value Std.” Adj/ Ni58(nc,p)

() (%) ()? (%) calc. M/C

Neutron flux (E > 1 MeV) 2.07E+09 19 2.21E+09 7 1.07 1.08
Neutron flux (E > 0.5 MeV) 3.07E+09 19 3.26E+09 7 1.06
Position 1 Neutron flux (E > 0.1 MeV) 4.39E+09 19 4.63E+09 8 1.05
Neutron flux (E <0.414 eV) 1.44E+10 40 9.75E+09 5 0.68
Neutron dpa/s (Fe, ASTM) 3.13E-12 18 3.27E-12 6 1.05
Neutron dpa/s (Fe, ENDF-VI) 3.09E-12 18 3.23E-12 6 1.05

Neutron flux (E > 1 MeV) 2.36E+09 19 2.94E+09 7 1.25 1.29
Neutron flux (E > 0.5 MeV) 3.52E+09 19 4.37E+09 8 1.24
Neutron flux (E > 0.1 MeV) 5.07E+09 19 6.23E+09 8 1.23
Position 2  Neutron flux (E < 0.414eV) 1.69E+10 40 1.46E+10 22 0.86
Neutron dpa/s (Fe, ASTM) 3.57E-12 18 4.36E-12 6 1.22
Neutron dpa/s (Fe, ENDF-VI) 3.53E-12 18 4.31E-12 6 1.22
Gamma dpa/s 2.00E-12 27 1.84E-12 8 0.92
Gamma flux 8.17E+12 28 7.86E+12 16 0.96
Neutron + gamma dpa/s 5.57E-12 6.20E-12 5 1.11

Neutron flux (E > 1 MeV) 2.93E+09 19 4.00E+09 7 1.37 1.41
Neutron flux (E > 0.5 MeV) 4.44E+09 19 6.04E+09 7 1.36
Position 3 Neutron flux (E > 0.1 MeV) 6.46E+09 19 8.73E+09 8 1.35
Neutron flux (E <0.414 eV) 2.26E+10 40 2.54E+10 5 1.12
Neutron dpa/s (Fe, ASTM) 4.46E-12 18 6.01E-12 6 1.35
Neutron dpa/s (Fe, ENDF-VI) 4.41E-12 18 5.95E-12 6 1.35

®Units are cm s for neutron and gamma-ray fluxes and s for dpa/s.

®Percent standard deviation. The %2 per degree of freedom for the adjustment run was 6.035E-01.

“Nickel measured/calculated reaction rate ratios for the three vials are shown for reference.
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Table 7. Calculated and adjusted irradiation parameters at K3, P3 (capsule DOS-3)

Calculated

Adjusted

b b ; ;
Irradiation Parameter Va(ll).lf S((t;i') Vi(il)L;e S(fz ) ?:IJC / N'f/? /(gc,p)
Neutron flux (E > 1 MeV) 9.74E+08 58 7.29E+08 15 0.75 0.81
Neutron flux (E > 0.5 MeV) 1.68E+09 58 1.27E+09 18 0.76
Position 1~ Neutron flux (E > 0.1 MeV) 2.77E+09 57 2.10E+09 21 0.76
Neutron flux (E < 0.414 eV) 1.66E+10 60 1.34E+10 7 0.81
Neutron dpa/s (Fe, ASTM) 1.66E-12 52 1.27E-12 14 0.76
Neutron dpa/s (Fe, ENDF-VI) 1.65E-12 52 1.26E-12 14 0.76
Neutron flux (E > 1 MeV) 1.32E+09 58 1.17E+09 15 0.89 0.95
Neutron flux (E > 0.5 MeV) 2.27E+09 58 2.05E+09 17 0.90
Neutron flux (E > 0.1 MeV) 3.75E+09 57 3.40E+09 20 0.91
Position 2 Neutron flux (E < 0.414 eV) 3.07E+10 60 3.39E+10 38 1.10
Neutron dpa/s (Fe, ASTM) 2.31E-12 50 2.15E-12 13 0.93
Neutron dpa/s (Fe, ENDF-VI) 2.29E-12 51 2.13E-12 13 0.93
Gamma dpa/s 9.83E-13 54 1.38E-12 9 1.41
Gamma flux 3.25E+12 56 4.69E+12 28 1.44
Neutron + gamma dpa/s 3.29E-12 3.54E-12 9 1.07
Neutron flux (E > 1 MeV) 2.04E+09 59 1.82E+09 15 0.89 0.97
Neutron flux (E > 0.5 MeV) 3.54E+09 58 3.22E+09 18 0.91
Position 3 Neutron flux (E > 0.1 MeV) 5.88E+09 57 5.45E+09 20 0.93
Neutron flux (E < 0.414 eV) 7.10E+10 60 1.05E+11 6 1.47
Neutron dpa/s (Fe, ASTM) 3.78E-12 49 3.86E-12 13 1.02
Neutron dpa/s (Fe, ENDF-VI) 3.74E-12 49 3.79E-12 13 1.02

3Units are cm™s”' for neutron and gamma-ray fluxes and s for dpa/s.

®Percent standard deviation. The x2 per degree of freedom for the adjustment run was 8.677E-01.

®Nickel measured/calculated reaction rate ratios for the three vials are shown for reference.

19



Table 8. Calculated and adjusted irradiation parameters at K3, P8 (capsule DOS-4)

Calculated

Adjusted

Irradiation parameter value Std.” value std.” Adj/ Ni58(nc,p)

() (%) () (%) calc. M/C

Neutron flux (E > 1 MeV) 1.84E+09 19 1.76E+09 7 0.96 0.97
Neutron flux (E > 0.5 MeV) 2.98E+09 19 2.85E+09 8 0.95
Position 1~ Neutron flux (E > 0.1 MeV) 4.74E+09 19 4.48E+09 8 0.94
Neutron flux (E < 0.414 eV) 3.15E+10 40 1.94E+10 6 0.62
Neutron dpa/s (Fe, ASTM) 3.13E-12 18 2.86E-12 6 0.92
Neutron dpa/s (Fe, ENDF-VI) 3.10E-12 18 2.84E-12 6 0.92

Neutron flux (E > 1 MeV) 2.32E+09 19 2.64E+09 8 1.14 1.16
Neutron flux (E > 0.5 MeV) 3.91E+09 19 4.45E+09 8 1.14
Neutron flux (E > 0.1 MeV) 6.39E+09 19 7.19E+09 9 1.13
Position 2 Neutron flux (E < 0.414 V) 4.26E+10 40 3.62E+10 22 0.85
Neutron dpa/s (Fe, ASTM) 3.99E-12 18 4.38E-12 7 1.10
Neutron dpa/s (Fe, ENDF-VI) 3.95E-12 18 4.35E-12 7 1.10
Gamma dpa/s 9.97E-13 27 1.05E-12 12 1.06
Gamma flux 3.16E+12 28 3.33E+12 18 1.05
Neutron + gamma dpa/s 4.98E-12 5.43E-12 6 1.09

Neutron flux (E > 1 MeV) 3.20E+09 19 4.00E+09 7 1.25 1.27
Neutron flux (E > 0.5 MeV) 5.39E+09 19 6.72E+09 8 1.25
Position 3 Neutron flux (E > 0.1 MeV) 8.81E+09 19 1.09E+10 8 1.24
Neutron flux (E <0.414 eV) 9.43E+10 40 1.13E+11 6 1.20
Neutron dpa/s (Fe, ASTM) 5.80E-12 18 7.15E-12 6 1.23
Neutron dpa/s (Fe, ENDF-VI) 5.73E-12 18 7.06E-12 6 1.23

3Units are cm™s”' for neutron and gamma-ray fluxes and s for dpa/s.

®Percent standard deviation. The x2 per degree of freedom for the adjustment run was 5.724E-01.

®Nickel measured/calculated reaction rate ratios for the three vials are shown for reference.
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Table 9. Calculated and adjusted irradiation parameters at K3, P10 (capsule DOS-5)

Calculated Adjusted

Irradiation parameter value std.” value Std.” Adj/ Ni58(nc,p)

() (%) () (%) calc. M/C

Neutron flux (E > 1 MeV) 1.16E+09 34 1.13E+09 10 0.98 1.06
Neutron flux (E > 0.5 MeV) 1.98E+09 34 1.93E+09 11 0.97
Position 1 Neutron flux (E > 0.1 MeV) 3.25E+09 33 3.16E+09 13 0.97
Neutron flux (E < 0.414 eV) 1.67E+10 40 2.09E+10 5 1.25
Neutron dpa/s (Fe, ASTM) 1.97E-12 30 1.98E-12 9 1.00
Neutron dpa/s (Fe, ENDF-VI) 1.96E-12 31 1.96E-12 9 1.00

Neutron flux (E > 1 MeV) 1.72E+09 34 1.80E+09 10 1.05 1.14
Neutron flux (E > 0.5 MeV) 2.98E+09 34 3.11E+09 11 1.04
Neutron flux (E > 0.1 MeV) 4.95E+09 33 5.11E+09 12 1.03
Position 2 Neutron flux (E < 0.414 eV) 3.23E+10 40 3.72E+10 24 1.15
Neutron dpa/s (Fe, ASTM) 3.00E-12 30 3.16E-12 9 1.05
Neutron dpa/s (Fe, ENDF-VI) 2.98E-12 30 3.14E-12 9 1.05
Gamma dpa/s 9.87E-13 31 9.40E-13 9 0.95
Gamma flux 3.47E+12 33 3.56E+12 19 1.02
Neutron + gamma dpa/s 3.99E-12 4.10E-12 7 1.03

Neutron flux (E > 1 MeV) 2.36E+09 34 2.97E+09 10 1.26 1.33
Neutron flux (E > 0.5 MeV) 4.08E+09 34 5.13E+09 11 1.26
Position 3 Neutron flux (E > 0.1 MeV) 6.79E+09 33 8.52E+09 13 1.26
Neutron flux (E <0.414 eV) 6.73E+10 40 1.07E+11 4 1.59
Neutron dpa/s (Fe, ASTM) 4.29E-12 29 5.63E-12 8 1.31
Neutron dpa/s (Fe, ENDF-VI) 4.24E-12 29 5.55E-12 9 1.31

3Units are cm™s”' for neutron and gamma-ray fluxes and s for dpa/s.
®Percent standard deviation. The x2 per degree of freedom for the adjustment run was 5.561E-01.
“Nickel measured/calculated reaction rate ratios for the three vials are shown for reference.
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Table 10. Calculated and adjusted irradiation parameters at K7, P1 (capsule DOS-6)

Irradiation parameter Ca\l/(;lflljaeted std.” A?/éllfzzed Std.” Adj/ Ni58(nc,p)

() (%) () (%) calc. M/C

Neutron flux (E > 1 MeV) 5.48E+07 19 6.90E+07 5 1.26 1.27
FLUENCE > 0.5 MEV 6.49E+07 19 8.14E+07 6 1.25
Position 1 ~ FLUENCE > 0.1 MEV 7.82E+07 19 9.77E+07 6 1.25
FLUENCE > 0414 2.43E+08 40 1.30E+08 4 0.53
Neutron dpa/s (FE, ASTM) 8.93E-14 18 1.11E-13 4 1.25
Neutron dpa/s (FE, ENDF-VI) 8.71E-14 18 1.09E-13 4 1.25

Neutron flux (E > 1 MeV) 5.48E+07 19 7.06E+07 6 1.29 1.30
Neutron flux (E > 0.5 MeV) 6.49E+07 19 8.33E+07 7 1.28
Neutron flux (E > 0.1 MeV) 7.82E+07 19 1.00E+08 7 1.28
Position 2 Neutron flux (E <0.414 eV) 2.43E+08 40 1.43E+08 21 0.59
Neutron dpa/s (Fe, ASTM) 8.93E-14 18 1.14E-13 6 1.28
Neutron dpa/s (Fe, ENDF-VI) 8.71E-14 18 1.11E-13 6 1.28
Gamma dpa/s 9.81E-13 27 9.93E-13 6 1.01
Gamma flux 7.07E+12 29 7.58E+12 16 1.07
Neutron + gamma dpa/s 1.07E-12 1.11E-12 5 1.03

Neutron flux (E > 1 MeV) 5.48E+07 19 6.80E+07 5 1.24 1.27
Neutron flux (E > 0.5 MeV) 6.49E+07 19 8.03E+07 6 1.24
Position 3 Neutron flux (E > 0.1 MeV) 7.82E+07 19 9.62E+07 6 1.23
Neutron flux (E <0.414 eV) 2.43E+08 40 1.14E+08 4 0.47
Neutron dpa/s (Fe, ASTM) 8.93E-14 18 1.10E-13 4 1.23
Neutron dpa/s (Fe, ENDF-VI) 8.71E-14 18 1.07E-13 4 1.23

3Units are cm™s”' for neutron and gamma-ray fluxes and s for dpa/s.
®Percent standard deviation. The x2 per degree of freedom for the adjustment run was 9.608E-01

®Nickel measured/calculated reaction rate ratios for the three vials are shown for reference.
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Table 11. Calculated and adjusted irradiation parameters at K2C, P1 (capsule DOS-8)

Calculated Adjusted

Irradiation parameter? value Std.” value Std.” Adj/ Ni58(n&p)

() (%) (P (%) calc. M/C

Neutron flux (E > 1MeV) 6.72E+10 20 1.01E+11 6 1.51 1.51

Neutron flux (E > 0.5 MeV) 1.11E+11 19 1.66E+11 7 1.50 1.55

Neutron flux (E > 0.1 MeV) 1.83E+11 19 2. 71E+11 8 1.48 1.51

Neutron flux (E < 0.414 eV) 2.75E+12 20 2.60E+12 5 0.95

Neutron dpa/s (Fe, ASTM) 1.25E-10 16 1.73E-10 5 1.38

Neutron dpa/s (Fe, ENDF-VI) 1.23E-10 16 1.71E-10 5 1.39

Gamma dpa/s 7.81E-12 27 9.73E-12 22 1.25

Gamma flux 1.53E+13 28 1.90E+13 24 1.24

Neutron + gamma dpa/s 1.33E-10 1.83E-10 5 1.37

*The measurements at the three vial positions were treated together in the adjustment because there was
essentially no difference in the measured values, indicating a uniform neutron field throughout the capsule.

®Units are cm™s™ for neutron and gamma-ray fluxes and s for dpa/s.

“Percent standard deviation. The 2 per degree of freedom for the adjustment run was 4.928E-01.

Nickel measured/calculated reaction rate ratios for the three vials are shown for reference.

Table 12. Calculated and adjusted irradiation parameters at K2C, P4 (capsule DOS-9)

Irradiation parameter® Ca\I/;L:lIJa;ted Std-* A(\jlgflsjfaed st Adj/ Ni58(n(,jp)

0O (%) 0O (%) calc. M/C

Neutron flux (E > 1 MeV) 6.72E+10 29 9.97E+10 9 1.48 1.44

Neutron flux (E > 0.5 MeV) 1.11E+11 29 1.63E+11 10 1.47 1.56

Neutron flux (E > 0.1 MeV) 1.83E+11 29 2.62E+11 11 1.43 1.53

Neutron flux (E <0.414 eV) 2.75E+12 30 2.89E+12 3 1.05

Neutron dpa/s (Fe, ASTM) 1.25E-10 24 1.69E-10 7 1.35

Neutron dpa/s (Fe, ENDF-VI) 1.23E-10 24 1.67E-10 7 1.35

Gamma dpa/s 7.81E-12 36 1.04E-11 25 1.34

Gamma flux 1.53E+13 37 1.99E+13 30 1.30

Neutron + gamma dpa/s 1.33E-10 1.80E-10 6 1.35

®The measurements at the three vial positions were treated together in the adjustment because there was
essentially no difference in the measured values, indicating a uniform neutron field throughout the capsule.

®Units are cm™s™' for neutron and gamma-ray fluxes and s for dpa/s.

“Percent standard deviation. The 2 per degree of freedom for the adjustment run was 9.625E-01.

%Nickel measured/calculated reaction rate ratios for the three vials are shown for reference.
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Table 13. Calculated and adjusted irradiation parameters at 2D1W (capsules HRB2-1G and HRB2-1A,

position 4; dosimeter sets GD-15 and AL-28; HRB2-1W)

Irradiation parameter® Cal\tl::llséed Std.* Ac\j/J:IZt: ‘ Std.” Ad/ Ni58(n&p)

() (%) () (%) calc. M/C

Neutron flux (E > 1 MeV) 9.42E+08 19 8.97E+08 6 0.95 0.95

Neutron flux (E > 0.5 MeV) 1.72E+09 19 1.64E+09 7 0.96 0.93

Neutron flux (E > 0.1 MeV) 3.01E+09 19 2.91E+09 8 0.97

Neutron flux (E <0.414 eV) 1.09E+10 40 1.61E+10 6 1.48

Neutron dpa/s (Fe, ASTM) 1.71E-12 18 1.71E-12 6 1.00

Neutron dpa/s (Fe, ENDF-VI) 1.71E-12 18 1.70E-12 6 0.99

Gamma dpa/s 1.01E-12 27 9.71E-13 7 0.96

Gamma flux 4.64E+12 28 4.11E+12 16 0.89

Neutron + gamma dpa/s 2.72E-12 2.68E-12 4 0.98

®The measurements from cycles 400 and 401 were treated together in the adjustment.

®Units are cm™s™ for neutron and gamma-ray fluxes and s for dpa/s.

“Percent standard deviation. The 2 per degree of freedom for the adjustment run was 7.225E-01.
Nickel measured/calculated reaction rate ratios for cycles 400 and 401 are shown for reference.

Table 14. Calculated and adjusted irradiation parameters at 2D2W (capsules HRB2-2G
and HRB2-2A, position 4; dosimeter sets GD-17 and AL-30; HRB2-2W)

Calculated

Adjusted

c c H P
Irradiation parameter? V?I)Lge S((t)/c(i) ) V?I)Lge S((t)/c(j) ) ?ESJC / NIIE\S/IS/((r;ép)

Neutron flux (E > 1 MeV) 9.42E+08 19 9.97E+08 6 1.06 1.06
Neutron flux (E > 0.5 MeV) 1.72E+09 19 1.82E+09 7 1.06 1.07
Neutron flux (E > 0.1 MeV) 3.01E+09 19 3.19E+09 8 1.06

Neutron flux (E < 0.414 eV) 1.09E+10 40 1.68E+10 6 1.54

dpa/s (Fe, ASTM) 1.71E-12 18 1.87E-12 6 1.09

dpa/s (Fe, ENDF-VI) 1.71E-12 18 1.86E-12 6 1.09

Gamma dpa/s 1.01E-12 27 9.98E-13 7 0.99

Gamma flux 4.64E+12 28 4.61E+12 16 0.99

Neutron + gamma dpa/s 2.72E-12 2.86E-12 4 1.05

®The measurements from cycles 400 and 401 were treated together in the adjustment.

®Units are cm™s™ for neutron and gamma-ray fluxes and s for dpa/s.
“Percent standard deviation. The 2 per degree of freedom for the adjustment run was 3.774E-01.

Nickel measured/calculated reaction rate ratios for cycles 400 and 401 are shown for reference.
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Table 15. Calculated and adjusted irradiation parameters at 2D3W (capsules HRB2-3G and HRB2-3A,

position 2; dosimeter sets GD-18 and AL-31; HRB2-3W)

Irradiation parameter® Cal\fglljged Std.* A?/{';llljafaed Std.” Ad/ Ni58(n&p)

(P (%) () (%) calc. M/C

Neutron flux (E > 1 MeV) 9.42E+08 19 1.10E+09 6 1.16 1.22

Neutron flux (E > 0.5 MeV) 1.72E+09 19 1.99E+09 7 1.16 1.18

Neutron flux (E > 0.1 MeV) 3.01E+09 19 3.47E+09 8 1.15

Neutron flux (E <0.414 eV) 1.09E+10 40 1.39E+10 6 1.27

Neutron dpa/s (Fe, ASTM) 1.71E-12 18 1.99E-12 6 1.16

Neutron dpa/s (Fe, ENDF-VI) 1.71E-12 18 1.99E-12 6 1.16

Gamma dpa/s 1.01E-12 27 1.18E-12 7 1.17

Gamma flux 4.64E+12 28 5.33E+12 16 1.15

Neutron + gamma dpa/s 2.72E-12 3.17E-12 4 1.16

®The measurements from cycles 400 and 401 were treated together in the adjustment.

®Units are cm™s™ for neutron and gamma-ray fluxes and s for dpa/s.

“Percent standard deviation. The 2 per degree of freedom for the adjustment run was 4.559E-01.

Nickel measured/calculated reaction rate ratios for cycles 400 and 401 are shown for reference.

Table 16. Calculated and adjusted irradiation parameters at 2D2C (capsules HRB2-2G and

HRB2-2A, position 2; dosimeter sets GD-16 and AL-29; HRB2-2C)

Calculated

Adjusted

Irradiation parameter® value Std.” value Std.” Adj/ Ni58(n&p)

(0 (%) () (%) calc. M/C

Neutron flux (E > 1 MeV) 2.79E+10 19 2.99E+10 6 1.07 1.11

Neutron flux (E > 0.5 MeV) 4.40E+10 19 4.70E+10 6 1.07 1.08

Neutron flux (E > 0.1 MeV) 6.95E+10 19 7.40E+10 7 1.07

Neutron flux (E <0.414 eV) 2.25E+12 20 2.08E+12 6 0.92

Neutron dpa/s (Fe, ASTM) 6.10E-11 15 6.24E-11 4 1.02

Neutron dpa/s (Fe, ENDF-VI) 5.92E-11 15 6.07E-11 4 1.02

Gamma dpa/s 2.76E-12 27 3.23E-12 21 1.17

Gamma flux 9.39E+12 28 1.09E+13 24 1.16

Neutron + gamma dpa/s 6.38E-11 6.56E-11 4 1.03

®The measurements from cycles 400 and 401 were treated together in the adjustment.

®Units are cm™s™ for neutron and gamma-ray fluxes and s for dpa/s.

“Percent standard deviation. The %2 per degree of freedom for the adjustment run was 4.071E-01.

Nickel measured/calculated reaction rate ratios for cycles 400 and 401 are shown for reference.
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Table 17. Calculated and adjusted irradiation parameters at 2D1C (capsules HRB2-1G and
HRB2-1A, position 2; dosimeter sets GD-14 and AL-27; HRB2-1C)

Irradiation parameter® Ca\l/(;l:llja;ted Std-* A(\j/{allfateed Std.* Adj/ Ni58(n(,1p)

() (%) (P (%) calc. M/C

Neutron flux (E > 1MeV) 2.79E+10 63 2.23E+10 12 0.80 0.96

Neutron flux (E > 0.5 MeV) 4.40E+10 63 3.41E+10 13 0.78 0.89

Neutron flux (E > 0.1MeV) 6.95E+10 62 5.18E+10 15 0.75

Neutron flux (E < 0.414¢V) 2.25E+12 65 1.43E+12 6 0.64

Neutron dpa/s (Fe, ASTM) 6.10E-11 48 4.48E-11 7 0.73

Neutron dpa/s (Fe, ENDF-VI) 5.92E-11 49 4.35E-11 7 0.73

Gamma dpa/s 2.76E-12 58 6.13E-12 31 2.22

Gamma flux 9.39E+12 61 2.10E+13 44 2.23

Neutron + gamma dpa/s 6.38E-11 5.09E-11 7 0.80

®The measurements from cycles 400 and 401 were treated together in the adjustment.

®Units are cm™s™ for neutron and gamma-ray fluxes and s for dpa/s.

“Percent standard deviation. The 2 per degree of freedom for the adjustment run was 1.033E+00.
Nickel measured/calculated reaction rate ratios for cycles 400 and 401 are shown for reference.
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Table 18. Measured activities not used in adjustment

Location in HFIR Capsule ID Measured activities not used in final adjustment runs
K2W, P8 DOS-1, Pos. 2 NP237(N,F) CE141 GD
K2W, P32 DOS-2, Pos. 1,2 and 3 NP237(N,F) CE141 GD and 3 nondiluted Co
K3, P3* DOS-3, Pos. 2 NP237(N,F) RU103 GD
K3, P§? DOS-4, Pos. 1,2 and 3 2 Cu dosimeter, 3 (all) Np
K3, P10% DOS-3, Pos. 2 NP237(N,F) RU103 GD
K7, P12 DOS-6 none
K2C, P1 DOS-8 2 Cu, 4 (all) Np, 1 Co undiluted
K2C, P4 DOS-9 2 Cu, 4 (all) Np
2D1W? HRB2-1G and 1A, Pos. 4 NP237(N,F) RU103 GD
2D2W? HRB2-2G and 2A, Pos. 4 NP237(N,F) RU103 GD
2D3W? HRB2-3G and 3A, Pos. 2 NP237(N,F) RU103 GD
2D2C HRB2-2G and 2A, Pos. 2 1 (all) Cu, 2 Np (CE141, RU103), 1 nondiluted Co
2DI1C HRB2-1G and 1A, Pos. 2 1 (all) Cu, 2 Np (CE141, RU103), 2 nondiluted Co

®Indicates locations where the Ce-141 activity was not measured. Note that the Ce-141 activity was not used in the adjustment at all, and
the Ru-103 was used only at DOS-1, DOS-2, and DOS-6.
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5. CONCLUSION

This report provides best-estimate irradiation parameters at several locations close to the inner wall of the
HFIR pressure vessel and around the beam tubes. The best-estimate irradiation parameters were obtained
by performing least-squares adjustment of the calculated neutron and gamma fluxes and the measured
responses of radiometric monitors and Be HAFMs. The adjustment method used is consistent with ASTM
standard E 944. The analysis revealed considerable inconsistencies in the measured reactions rates at
some locations, and because of this several measurements were not used in the adjustment. The effects of
the omitted measurements on the adjusted irradiation parameters were carefully investigated. However, it
is nevertheless felt that it would be beneficial to repeat the dosimetry experiments at the locations near the
beam line nozzle. Another improvement desirable in the future analyses is determination of the flux
covariance matrices via uncertainty analysis of the transport calculations.
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APPENDIX A
MEASURED SPECIFIC ACTIVITIES AND HELIUM CONCENTRATIONS






Table A.1. Measured specific activities of the dosimeters irradiated during HFIR fuel cycle 400

Specific

Dosmetgr Reaction Cover activity Vial ID D05|me_ter
capsule material
(Ba/mg)
DOS1-1
NI58 (N,P) CO58 4.66E+02 AL-01 Nickel
FE54 (N,P) MN54 7.62E+00 AL-01 Iron
FE58 (N,G) FE59 9.67E+01
CU63 (N,A) CO60 1.63E-01 AL-01 Copper
CO59 (N,G) CO60 237E+04  AL-01 Cobalt
DOS1-2
NI58 (N,P) CO58 GD 6.05E+02 GD-01 Nickel
NP237(N,F) ZR95 GD 5.27E+02 GD-01 Np-237
NP237(N,F) RU103 GD 6.60E+02
NP237(N,F) CS137 GD 3.05E+00
NP237(N,F) CE141 GD 9.67E+02
CO59 (N,G) CO60 GD 1.30E+03 GD-01 Cobalt
DOS1-3
NI58 (N,P) CO58 8.20E+02 AL-02 Nickel
FE54 (N,P) MN54 1.39E+01  AL-02 Iron
FE58 (N,G) FE59 2.92E+02
CU63 (N,A) CO60 2.57E-01  AL-02 Copper
CO59 (N,G) CO60 7.02E+04  AL-02 Cobalt
DOS2-1
NIS8 (N,P) CO58 4.94E+02 AL-03 Nickel
FE54 (N,P) MN54 8.34E+00 AL-03 Iron
FE58 (N,G) FE59 8.62E+01
CU63 (N,A) CO60 1.81E-01 AL-03 Copper
C059 (N,G) CO60 2.73E+01  AL-03 Co/Al°
C059 (N,G) CO60 2.08E+04  AL-03 Cobalt
DOS2-2
NI58 (N,P) CO58 GD 6.52E+02 GD-02 Nickel
NP237(N,F) ZR95 GD 4.56E+02 GD-02 Np-237
NP237(N,F) RU103 GD 5.75E+02
NP237(N,F) CS137 GD 3.11E+00
NP237(N,F) CE141 GD 9.27E+02
CO59 (N,G) CO60 GD 3.01E+00 GD-02 Co/Al
CO59 (N,G) CO60 GD 1.39E+03 GD-02 Cobalt
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Table A.1. (continued)

Specific

Dosimeter Reaction Cover activity Vial ID Dosmgter
capsule material
(Ba/mg)
DOS2-3
NI58 (N,P) CO58 8.69E+02 AL-04 Nickel
FE54 (N,P) MN54 1.46E+01 AL-04 Iron
FE58 (N,G) FE59 2.33E+02
CU63 (N,A) CO60 2.67E-01 AL-04 Copper
CO59 (N,G) CO60 7.09E+01 AL-04 Co/Al
CO359 (N,G) CO60 541E+04  AL-04 Cobalt
DOS3-1
NI58 (N,P) CO58 1.19E+02 AL-05 Nickel
FE54 (N,P) MN54 1.82E+00 AL-05 Iron
FE58 (N,G) FE59 1.12E+02
CU63 (N,A) CO60 3.20E-02 AL-05 Copper
CO59 (N,G) CO60 2.80E+04  AL-05 Cobalt
DOS3-2
NI58 (N,P) CO58 GD 1.77E+02 GD-03 Nickel
NP237(N,F) ZR95 GD 3.01E+02 GD-03 Np-237
NP237(N,F) RU103 GD 3.74E+02
NP237(N,F) CS137 GD 2.15E+00
CO59 (N,G) CO60 GD 2.23E+03  GD-03 Cobalt
DOS3-3
NI58 (N,P) CO58 2.74E+02  AL-06 Nickel
FE54 (N,P) MN54 421E+00  AL-06 Iron
FE58 (N,G) FE59 8.72E+02
CU63 (N,A) CO60 8.24E-02 AL-06 Copper
CO59 (N,G) CO60 2.13E+05  AL-06 Cobalt
DOS4-1
NI58 (N,P) CO58 3.50E+02  AL-07 Nickel
FE54 (N,P) MN54 6.03E+00 AL-07 Iron
FE58 (N,G) FE59 1.64E+02
CU63 (N,A) CO60 1.51E-01 AL-07 Copper
CO59 (N,G) CO60 3.98E+04  AL-07 Cobalt
DOS4-2
NI58 (N,P) CO58 GD 4.51E+02 GD-04 Nickel
NP237(N,F) ZR95 GD 3.33E+02  GD-04 Np-237
NP237(N,F) RU103 GD 4.37E+02
NP237(N,F) CS137 GD 2.14E+00
C0O359 (N,G) CO60 GD 3.21E+03  GD-04 Cobalt
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Table A.1. (continued)

Specific

Dosimeter Reaction Cover activity Vial ID Dosmgter
capsule material
(Ba/mg)
DOS4-3
NI58 (N,P) CO58 6.71E+02  AL-08 Nickel
FE54 (N,P) MN54 1.08E+01 AL-08 Iron
FE58 (N,G) FE59 9.65E+02
CU63 (N,A) CO60 2.50E-01 AL-08 Copper
CO59 (N,G) CO60 2.35E+05  AL-08 Cobalt
DOS5-1
NI58 (N,P) CO58 2.08E+02  AL-09 Nickel
FE54 (N,P) MN54 3.38E+00 AL-09 Iron
FE58 (N,G) FE59 1.76E+02
CU63 (N,A) CO60 6.87E-02 AL-09 Copper
CO59 (N,G) CO60 5.88E+01 AL-09 Co/Al
CO59 (N,G) CO60 420E+04  AL-09 Cobalt
DOS5-2
NI58 (N,P) CO58 GD 3.05E+02  GD-05 Nickel
NP237(N,F) ZR95 GD 2.85E+02 GD-05 Np-237
NP237(N,F) RU103 GD 3.67E+02
NP237(N,F) CS137 GD 2.03E+00
CO59 (N,G) CO60 GD 5.69E+00  GD-05 Co/Al
CO59 (N,G) CO60 GD 2.68E+03  GD-05 Cobalt
DOS5-3
NI58 (N,P) CO58 473E+02  AL-10 Nickel
FE54 (N,P) MN54 7.63E+00 AL-10 [ron
FE58 (N,G) FE59 9.30E+02
CU63 (N,A) CO60 1.51E-01 AL-10 Copper
CO59 (N,G) CO60 2.84E+02  AL-10 Co/Al
CO59 (N,G) CO60 2.23E+05  AL-10 Cobalt
DOS6-1
NI58 (N,P) CO58 3.13E+01 AL-11 Nickel
FE54 (N,P) MN54 5.56E-01 AL-11 Iron
FE58 (N,G) FE59 1.02E+00
CU63 (N,A) CO60 2.20E-02 AL-11 Copper
CO59 (N,G) CO60 3.61E-01 AL-11 Co/Al
CO59 (N,G) CO60 2.74E+02  AL-11 Cobalt
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Table A.1. (continued)

Dosimeter : Spe_m_f ~ . Dosimeter
Reaction Cover activity Vial ID .
capsule material
(Ba/mg)
DOS6-2
NI58 (N,P) CO58 GD 3.16E+01 GD-06 Nickel
NP237(N,F) ZR95 GD 1.30E+02 GD-06 Np-237
NP237(N,F) RU103 GD 1.48E+02
NP237(N,F) CS137 GD 7.88E-01
C0O59 (N,G) CO60 GD 2.97E-02 GD-06 Co/Al
C0O59 (N,G) CO60 GD 1.30E+01 GD-06 Cobalt
DOS6-3
NI58 (N,P) CO58 3.11E+01 AL-12 Nickel
FE54 (N,P) MN54 5.42E-01 AL-12 Iron
FE58 (N,G) FE59 8.88E-01
CU63 (N,A) CO60 2.22E-02 AL-12 Copper
C0O59 (N,G) CO60 3.14E-01 Al-12 Co/Al
C0O59 (N,G) CO60 2.42E+02 AL-12 Cobalt
DOS8
NI58 (N,P) CO58 1.44E+04 AL-15 Nickel
FE54 (N,P) MN54 2.39E+02 AL-15 Iron
FE58 (N,G) FE59 2.39E+04
CU63 (N,A) CO60 4.03E+00  AL-15 Copper
C0O59 (N,G) CO60 5.10E+06  AL-15 Cobalt
NI58 (N,P) CO58 GD 1.45E+04  GD-08 Nickel
NP237(N,F) ZR95 GD 7.51E+03  GD-08 Np-237
NP237(N,F) RU103 GD 1.06E+04
NP237(N,F) CS137 GD 5.80E+01
NP237(N,F) CE141 GD 9.07E+03
CO59 (N,G) CO60 GD 1.04E+05 GD-08 Cobalt
NI5S8 (N,P) CO58 1.44E+04 AL-16 Nickel
FE54 (N,P) MN54 2.44E+02 AL-16 Iron
FE58 (N,G) FE59 2.45E+04
CU63 (N,A) CO60 4.24E+00 AL-16 Copper
C059 (N,G) CO60 5.14E+06 AL-16 Cobalt
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Table A.1. (continued)

Dosimeter . Spe_m_f Ic . Dosimeter
Reaction Cover activity Vial ID .
capsule material
(Ba/mg)
DOS9
NI58 (N,P) CO58 1.38E+04 AL-17 Nickel
FE54 (N,P) MN54 2.30E+02 AL-17 Iron
FE58 (N,G) FE59 2.50E+04
CU63 (N,A) CO60 4.03E+00  AL-17 Copper
CO59 (N,G) CO60 7.49E+03 AL-17 Co/Al
C0O59 (N,G) CO60 5.34E+06 AL-17 Cobalt
NI58 (N,P) CO58 GD 1.46E+04 GD-09 Nickel
NP237(N,F) ZR95 GD 7.66E+03 GD-09 Np-237
NP237(N,F) RU103 GD 1.08E+04
NP237(N,F) CS137 GD 5.90E+01
NP237(N,F) CE141 GD 8.89E+03
CO59 (N,G) CO60 GD 2.24E+02  GD-09 Co/Al
CO0O59 (N,G) CO60 GD 1.06E+05 GD-09 Cobalt
NI58 (N,P) CO58 1.46E+04 AL-18 Nickel
FE54 (N,P) MN54 241E+02  AL-18 Iron
FE58 (N,G) FE59 2.65E+04
CU63 (N,A) CO60 4.02E+00 AL-18 Copper
CO59 (N,G) CO60 8.03E+03 AL-18 Co/Al
CO59 (N,G) CO60 5.61E+06  AL-18 Cobalt
HRB2-1GW
NI58 (N,P) CO58 GD 1.63E+02  GD-15 Nickel
NP237(N,F) ZR95 GD 2.12E+02  GD-15 Np-237
NP237(N,F) RU103 GD 2.58E+02
NP237(N,F) CS137 GD 1.77E+00
CO59 (N,G) CO60 GD 1.31E+03 GD-15 Cobalt
HRB2-1GC
NI58 (N,P) CO58 GD 4.57E+03 GD-14 Nickel
NP237(N,F) ZR95 GD 227E+03  GD-14 Np-237
NP237(N,F) RU103 GD 4.56E+03
NP237(N,F) CS137 GD 1.58E+01
C0O59 (N,G) CO60 GD 6.14E+01 GD-14 Co/Al
CO59 (N,G) CO60 GD 2.58E+04 GD-14 Cobalt
HRB2-2GW
NI58 (N,P) CO58 GD 1.82E+02  GD-17 Nickel
NP237(N,F) ZR95 GD 2.27E+02 GD-17 Np-237
NP237(N,F) RU103 GD 2.93E+02
NP237(N,F) CS137 GD 1.57E+00
C0O59 (N,G) CO60 GD 1.27E+03 GD-17 Cobalt
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Table A.1. (continued)

Dosimeter _ Spe_ci_fic _ Dosime_ter
Reaction Cover activity Vial ID material
capsule
(Ba/mg)
HRB2-2GC
NI58 (N,P) CO58 GD 5.29E+03 GD-16 Nickel
NP237(N,F) ZR95 GD 2.64E+03 GD-16 Np-237
NP237(N,F) RU103 GD 2.63E+03 (Previous meas.)
NP237(N,F) CS137 GD 2.10E+01
NP237(N,F) CE141 GD 2.55E+03
CO359 (N,G) CO60 GD 3.56E+04  GD-16 Cobalt
HRB2-3GW
NI58 (N,P) CO58 GD 2.09E+02 GD-18 Nickel
NP237(N,F) ZR95 GD 2.58E+02 GD-18 Np-237
NP237(N,F) RU103 GD 3.22E+02
NP237(N,F) CS137 GD 1.82E+00
C0O59 (N,G) CO60 GD 1.08E+03 GD-18 Cobalt

*The dosimeter capsule IDs are followed by the number of the vial position in the capsule,
where necessary. For example: DOS1-1 indicates position 1 in DOS capsule 1. Positions are
indicated only for the capsules where it is necessary to analyze the positions inside the single
capsule separately due to the neutron and gamma-ray flux gradients across the capsule. For the
tubular capsules (e.g., HRB2-1GW)), the letter appended to the end of the capsule ID indicates the
axial location corresponding to the corner (C) or weld (W) of the beamline nozzle.

®Co/Al indicates aluminum-cobalt alloy with 0.100 wt % Co.
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Table A.2. Measured specific activities of the dosimeters
irradiated during HFIR fuel cycle 401

. Specific .
Dg;;)?uelt:r Reaction activity Vial ID Dngzltr:ﬁflr
(Ba/mg)
HRB2-1AC
NI58 (N,P ) CO58 4.32E+03 AL-27 Nickel
FE54 (N,P ) MN54 7.19E+01 AL-27 Iron
FE58 (N,G ) FE59  1.27E+04
CU63 (N,A ) CO60  1.36E+00 AL-27 Copper
CO59 (N,G) CO60  3.73E+03 AL-27 Co/Al
CO359 (N,G) CO60  3.46E+06 AL-27 Cobalt
HRB2-1AW
NI58 (N,P ) CO58 1.62E+02 AL-28 Nickel
FE54 (N,P ) MN54 2.82E+00 AL-28 Iron
FE58 (N,G)FE59  1.36E+02
CU63 (N,A ) CO60  5.64E-02 AL-28 Copper
CO59 (N,G) CO60  3.41E+04 AL-28 Cobalt
HRB2-2AC
NI58 (N,P ) CO58 5.27E+03 AL-29 Nickel
FE54 (N,P ) MN54 8.53E+01 AL-29 Iron
FE58 (N,G ) FE59 1.81E+04
CU63 (NLA ) CO60  1.70E+00 AL-29 Copper
CO59 (N,G) CO60  4.03E+06 AL-29 Cobalt
HRB2-2AW
NI58 (N,P ) CO58 1.87E+02  AL-30 Nickel
FE54 (N,P ) MN54 3.14E+00 AL-30 Iron
FE58 (N,G ) FE59  1.39E+02
CU63 (N,A) CO60  6.12E-02 AL-30 Copper
CO359 (N,G) CO60  3.57E+04 AL-30 Cobalt
HRB2-3AW
NI58 (N,P ) CO58 2.07E+02 AL-31 Nickel
FE54 (N,P)MN54  336E+00  AL-31 Iron
FE58 (N,G ) FE59  1.22E+02
CU63 (N,A) CO60  6.75E-02 AL-31 Copper
CO59 (N,G) CO60  2.89E+04 AL-31 Cobalt
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Table A.3. Measured helium concentrations in Be HAFMs

Measured Measured
Mass? 4 helium concentration
Sample He b
(mg) (10" atoms) (appb)
Measured Average®
d 2.16 11.13 7.71 n
DOS-1-GD-01 1.19 6.081 765 7.68 0.04
2.57 11.01 6.41
DOS-2-GD-02 1.68 7360 6.56 649 =+ 0.11
1.67 4.036 3.62
DOS-3-GD-03 1.40 3911 343 353 + 0.13
1.75 4351 3.72
-4-GD- +
DOS-4-GD-04 206 5063 368 3.70 0.03
2.63 5.489 3.12
-5-GD- +
DOS-5-GD-05 1.88 3856 307 3.10 0.04
2.16 3.559 2.47
-6-GD- +
DOS-6-GD-06 1.55 2639 255 2.51 0.06
1.68 76.97 68.57
-8-GD- +
DOS-8-GD-08 1.89 85.90 68.02 68.3 0.4
1.83 86.23 70.52
-9-GD- +
DOS-9-GD-09 201 95 60 7118 70.9 0.5
1.31 25.20 28.79
-1G-GD- +
HRB2-1G-GD-14 137 26.36 28.80 28.8 <0.1
1.71 2.872 2.51
-1G-GD- +
HRB2-1G-GD-15 1.79 3039 254 2.53 0.02
1.42 25.81 27.20
2G-GD- +
HRB2-2G-GD-16 159 28 74 2705 27.1 0.1
1.70 3.138 2.76
2G-GD- +
HRB2-2G-GD-17 1.53 2,902 284 2.80 0.06
1.69 3.715 3.29 n
HRB2-3G-GD-18 1.13 2486 329 3.29 <0.01

®Mass of specimen for analysis. Mass uncertainty is =£0.02 mg.

"Helium concentration in atomic parts per billion (10 atom fraction) with respect to the total
number of atoms in the specimen. Uncertainty is estimated to be £1%.

“Mean and standard deviation (1) of replicate analyses.

The ID in the form capsule-vial is used here; for example, DOS-1-GD-01 denotes vial GD-01
in the capsule DOS-1.
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Table A.4. Reactor power vs time for cycle 400
(100% indicates 85 MW)

Power history

Date Time Action
4/27/04 03:57 100%
4/27/04 04:42 Shutdown
4/27/04 09:26 100%
4/27/04 10:20 Shutdown
4/27/04 12:31 100%
5/21/04 17:35 Shutdown

.. . 0
Irradiation time at 100% reactor 582.71 h

power

Table A.5. Reactor power vs time for cycle 401
(100% indicates 85 MW)

Power History

Date Time Action
7/15/04 21:52 100%
7/15/04 23:07 Shutdown
7/15/04 23:38 30%
7/16/04 00:00 Shutdown
7/16/04 00:26 100%
8/9/04 07:37 Shutdown

. 0
Irradiation time at 100% ~583.16 h

reactor power
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APPENDIX B

MULTIGROUP NEUTRON AND GAMMA-RAY FLUXES
OBTAINED FROM TRANSPORT CALCULATIONS






The transport calculations were performed with 61 neutron and 23 gamma-ray energy groups.
Tables B.1 and B.2 provide the energy boundaries for the neutron and gamma-ray energy groups,
respectively. Details about the calculations are provided in Refs. 6, 13, and 14.

Tables B.3 to B.10 provide neutron and gamma-ray fluxes, normalized to a reactor power of

85 MW, at the locations of the dosimeters. For each location, first the 61 neutron group fluxes are
given, starting with the highest energy group, and then the 23 gamma-ray group fluxes are listed,
again starting with the highest energy group. Fluxes are given for each dosimetry capsule. If the
capsule contained multiple dosimetry vials and the calculations indicated considerable variation
in the field from vial to vial, the fluxes are given for each vial location in the capsule (e.g., see
Table B.3, for capsule DOS-1). The numbering of the vial locations inside the capsules is
consistent with Fig. 2.

Where the dosimetry capsules were located in symmetric (equivalent) positions, and consequently
the calculations provided equal fluxes, only one set of calculated fluxes is given for all the
capsules (e.g., see Table B.3, which provides calculated fluxes for the DOS-1 and DOS-2
capsules).

The calculated fluxes reported here are cycle-averaged for all Key 2 and Key 7 locations and are

for the end-of-cycle for Key 3. All fluxes are normalized to the core power of 85 MW.

Table B.1. Energy boundaries for 61 neutron groups
used in transport calculations (eV)

1.4920E+07
4.4930E+06
2.0190E+06
6.0810E+05
2.9720E+05
1.2280E+05
2.7000E+04
5.5310E+03
1.2340E+03
4.7850E+01
4.1400E-01

1.2210E+07
3.6790E+06
1.6530E+06
5.2340E+05
2.9450E+05
8.6520E+04
2.6060E+04
3.7070E+03
7.4850E+02
2.2600E+01
1.00E-05

1.0000E+07
3.0120E+06
1.3530E+06
4.9790E+05
2.7320E+05
5.6560E+04
2.4790E+04
3.0350E+03
4.5400E+02
1.0680E+01

8.1870E+06
2.4660E+06
1.1080E+06
3.8770E+05
2.2370E+05
5.2480E+04
2.3580E+04
2.6130E+03
2.7540E+02
5.0430E+00

6.7030E+06
2.3460E+06
9.0720E+05
3.0200E+05
1.8320E+05
3.4310E+04
1.5030E+04
2.2490E+03
1.6700E+02
2.3820E+00

5.4880E+06
2.2310E+06
7.4270E+05
2.9850E+05
1.5000E+05
2.8500E+04
9.1190E+03
2.0350E+03
1.0130E+02
1.1250E+00

Table B.2. Energy boundaries for 23 gamma-ray groups
used in transport calculations (eV)

1.40E+07 1.00E+07 8.00E+06 7.50E+06 7.00E+06 6.00E+06
5.00E+06 4.00E+06 3.00E+06 2.50E+06 2.00E+06 1.50E+06
1.00E+06 7.00E+05 6.00E+05 5.10E+05 4.00E+05 3.00E+05
1.50E+05 1.00E+05 7.00E+04 4.50E+04 2.00E+04 1.00E+04
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Table B.3. Calculated neutron and gamma fluxes normalized to the reactor power of 85 MW for
locations K2W, P8 (DOS-1) and K2W, P32 (DOS-2).
Units are (cm™ s™).

DOS1-1 and DOS2-1

3.89E+06 1.16E+07 2.51E+07 5.10E+07 8.87E+07 1.25E+08 1.29E+08 1.55E+08 2.09E+08 6.75E+07
6.61E+07 1.21E+08 2.79E+08 2.92E+08 3.06E+08 2.59E+08 3.00E+08 3.14E+08 2.09E+08 6.11E+07
2.28E+08 2.72E+08 1.46E+07 5.19E+06 1.01E+07 6.23E+07 1.81E+08 1.45E+08 1.49E+08 1.35E+08
2.01E+08 2.27E+08 3.41E+07 1.91E+08 4.57E+07 1.23E+07 2.80E+07 4.95E+07 2.90E+07 1.73E+08
2.04E+08 1.80E+08 1.53E+08 8.03E+07 5.38E+07 4.67E+07 4.23E+07 2.00E+08 1.85E+08 1.91E+08
1.79E+08 1.96E+08 1.98E+08 3.02E+08 3.08E+08 3.13E+08 3.16E+08 3.24E+08 3.45E+08 5.00E+08
1.44E+10

1.65E+07 4.92E+09 4.72E+10 6.23E+09 5.90E+10 4.44E+10 8.62E+10 1.37E+11 9.44E+10 2.70E+11
2.11E+112.98E+11 2.76E+11 1.23E+11 2.21E+11 2.43E+11 3.19E+11 1.07E+12 4.28E+11 1.42E+11
3.31E+10 6.37E+08 4.78E+05

DOS1-2 and DOS2-2

4.09E+06 1.24E+07 2.70E+07 5.55E+07 9.78E+07 1.39E+08 1.45E+08 1.75E+08 2.36E+08 7.69E+07
7.57E+07 1.39E+08 3.21E+08 3.37E+08 3.54E+08 3.01E+08 3.48E+08 3.65E+08 2.44E+08 7.11E+07
2.66E+08 3.18E+08 1.71E+07 6.07E+06 1.17E+07 7.26E+07 2.12E+08 1.69E+08 1.73E+08 1.58 E+08
2.35E+08 2.67E+08 3.98E+07 2.24E+08 5.38E+07 1.45E+07 3.29E+07 5.83E+07 3.41E+07 2.03E+08
2.39E+08 2.10E+08 1.79E+08 9.44E+07 6.32E+07 5.47E+07 4.97E+07 2.35E+08 2.18E+08 2.25E+08
2.10E+08 2.31E+08 2.34E+08 3.57E+08 3.63E+08 3.69E+08 3.73E+08 3.82E+08 4.06E+08 5.89E+08
1.69E+10

2.69E+07 8.93E+09 9.18E+10 1.20E+10 1.16E+11 8.76E+10 1.70E+11 2.70E+11 1.88E+11 5.36E+11
4.21E+11 5.95E+11 5.49E+11 2.44E+11 4.38E+11 4.83E+11 6.32E+11 2.12E+12 8.50E+11 2.85E+11
6.74E+10 1.28E+09 8.27E+05

DOS1-3 and DOS2-3

4.66E+06 1.44E+07 3.22E+07 6.67E+07 1.17E+08 1.66E+08 1.74E+08 2.12E+08 2.8 7E+08 9.36E+07
9.25E+07 1.73E+08 4.06E+08 4.29E+08 4.53E+08 3.88E+08 4.51E+08 4.75E+08 3.16E+08 9.25E+07
3.46E+08 4.14E+08 2.22E+07 7.92E+06 1.53E+07 9.47E+07 2.76E+08 2.21E+08 2.27E+08 2.07E+08
3.08E+08 3.50E+08 5.24E+07 2.94E+08 7.02E+07 1.88E+07 4.31E+07 7.69E+07 4.51E+07 2.67E+08
3.16E+08 2.77E+08 2.37E+08 1.24E+08 8.34E+07 7.22E+07 6.56E+07 3.11E+08 2.88E+08 2.98E+08
2.78E+08 3.07E+08 3.10E+08 4.74E+08 4.84E+08 4.92E+08 4.99E+08 5.12E+08 5.46E+08 7.94E+08
2.26E+10

2.70E+07 1.08E+10 9.74E+10 1.29E+10 1.20E+11 9.02E+10 1.75E+11 2.76E+11 1.90E+11 5.44E+11
4.22E+11 5.96E+11 5.55E+11 2.48E+11 4.48E+11 491E+11 6.43E+11 2.15E+12 8.63E+11 2.85E+11
6.50E+10 1.26E+09 1.07E+06
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Table B.4. Calculated neutron and gamma fluxes normalized to the
reactor power of 85 MW for location K3, P3 (DOS-3).
Units are (cm™ s™).

DOS3-1

8.59E+05 2.36E+06 5.71E+06 9.40E+06 2.35E+07 3.94E+07 3.84E+07 5.58E+07 8. 27E+07 2.95E+07
3.04E+07 5.68E+07 1.48E+08 1.70E+08 1.88E+08 1.74E+08 2.07E+08 2.28 E+08 1.51E+08 4.60E+07
1.78E+08 2.17E+08 1.13E+07 4.00E+06 7.76E+06 5.09E+07 1.47E+08 1.24E+08 1.25E+08 1.18E+08
1.78E+08 2.05E+08 3.17E+07 1.78 E+08 4.46E+07 1.18E+07 2.80E+07 4.56E+07 2.49E+07 1.68E+08
1.94E+08 1.77E+08 1.51E+08 7.88E+07 5.38E+07 4.79E+07 4.32E+07 2.03E+08 1.97E+08 2.07E+08
1.95E+08 2.19E+08 2.24E+08 3.55E+08 3.76E+08 3.97E+08 4.19E+08 4.44E+08 4.94E+08 7.45E+08
1.66E+10

1.92E+07 9.31E+09 5.19E+10 8.32E+09 5.73E+10 5.35E+10 4.88E+10 1.38E+11 7.64E+10 1.62E+11
1.88E+11 2.28E+11 2.30E+11 1.02E+11 1.93E+11 2.08E+11 2.70E+11 9.37E+11 3.72E+11 1.12E+11
2.36E+10 4.44E+08 6.35E+05

DOS3-2

9.34E+05 2.53E+06 6.81E+06 1.11E+07 2.95E+07 5.08 E+07 5.05E+07 7.43E+07 1.09E+08 3.94E+07
4.07E+07 7.63E+07 2.04E+08 2.36E+08 2.57E+08 2.37E+08 2.84E+08 3.03E+08 2.01E+08 6.23E+07
2.43E+08 2.89E+08 1.45E+07 5.17E+06 1.02E+07 7.01E+07 1.98E+08 1.72E+08 1.69E+08 1.63E+08
2.44E+08 2.81E+08 4.45E+07 2.46E+08 7.59E+07 2.15E+07 3.77E+07 5.47E+07 3.19E+07 2.37E+08
2.71E+08 2.62E+08 2.17E+08 1.11E+08 7.97E+07 7.54E+07 6.13E+07 2.90E+08 2.91E+08 3.03E+08
3.08E+08 3.24E+08 3.40E+08 5.39E+08 5.78E+08 6.17E+08 6.57E+08 7.11E+08 7.97E+08 1.22E+09
3.07E+10

1.77E+07 1.15E+10 5.31E+10 9.23E+09 5.40E+10 5.22E+10 4.77E+10 1.32E+11 7.30E+10 1.53E+11
1.78E+11 2.16E+11 2.18E+11 9.55E+10 1.85E+11 1.97E+11 2.55E+11 8.66E+11 3.37E+11 9.97E+10
1.90E+10 3.09E+08 1.05E+06

DOS3-3

1.16E+06 3.03E+06 8.94E+06 1.51E+07 4.22E+07 7.56E+07 7.65E+07 1.15E+08 1.65E+08 5.95E+07
6.18E+07 1.17E+08 3.18E+08 3.72E+08 4.03E+08 3.88E+08 4.52E+08 4.66E+08 3.09E+08 9.62E+07
3.88E+08 4.59E+08 2.31E+07 8.26E+06 1.63E+07 1.10E+08 3.17E+08 2.71E+08 2.64E+08 2.61E+08
3.74E+08 4.58E+08 6.97E+07 3.82E+08 9.99E+07 2.75E+07 5.95E+07 1.07E+08 6.10E+07 3.77E+08
4.53E+08 4.02E+08 3.52E+08 1.90E+08 1.30E+08 1.14E+08 1.02E+08 5.08E+08 4.92E+08 5.31E+08
4.95E+08 5.82E+08 6.12E+08 9.80E+08 1.05E+09 1.13E+09 1.20E+09 1.29E+09 1.44E+09 2.22E+09
7.10E+10

1.81E+07 1.72E+10 6.39E+10 1.21E+10 5.91E+10 5.80E+10 5.43E+10 1.44E+11 7.86E+10 1.72E+11
1.91E+112.31E+11 2.38E+11 1.05E+11 2.03E+11 2.17E+11 2.84E+11 9.90E+11 4.18E+11 1.41E+11
3.21E+10 6.34E+08 2.41E+06
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Table B.5. Calculated neutron and gamma fluxes normalized to the
reactor power of 85 MW for location K3, P8 (DOS-4).
Units are (cm™ s™).

DOS4-1

2.68E+06 6.67E+06 2.50E+07 3.03E+07 7.57E+07 1.08E+08 8.87E+07 1.18E+08 1.59E+08 5.64E+07
5.75E+07 1.03E+08 2.57E+08 2.90E+08 3.13E+08 2.80E+08 3.37E+08 3.63E+08 2.45E+08 7.42E+07
2.91E+08 3.43E+08 1.72E+07 6.21E+06 1.21E+07 8.35E+07 2.32E+08 2.04E+08 2.02E+08 1.90E+08
2.91E+08 3.31E+08 5.22E+07 2.92E+08 8.64E+07 2.43E+07 4.38E+07 6.23E+07 3.72E+07 2.78E+08
3.21E+08 3.04E+08 2.52E+08 1.30E+08 9.10E+07 8.43E+07 7.17E+07 3.33E+08 3.26E+08 3.41E+08
3.37E+08 3.60E+08 3.71E+08 5.82E+08 6.15E+08 6.51E+08 6.81E+08 7.24E+08 8.13E+08 1.22E+09
3.15E+10

1.77E+07 1.42E+10 6.45E+10 1.08E+10 6.15E+10 5.81E+10 5.74E+10 1.47E+11 8.10E+10 1.93E+11
2.00E+11 2.62E+11 2.64E+11 1.18E+11 2.30E+11 2.47E+11 3.25E+11 1.08E+12 4.36E+11 1.36E+11
2.55E+10 4.62E+08 1.14E+06

DOS4-2

2.51E+06 6.40E+06 2.26E+07 2.96E+07 7.55E+07 1.11E+08 9.98E+07 1.37E+08 1.91E+08 6.99E+07
7.02E+07 1.30E+08 3.39E+08 3.88E+08 4.33E+08 3.96E+08 4.68E+08 5.10E+08 3.37E+08 1.04E+08
4.07E+08 4.91E+08 2.53E+07 9.05E+06 1.74E+07 1.14E+08 3.31E+08 2.84E+08 2.83E+08 2.71E+08
4.00E+08 4.68E+08 7.24E+07 4.00E+08 1.06E+08 2.90E+07 6.28E+07 1.01E+08 5.79E+07 3.83E+08
4.51E+08 4.14E+08 3.52E+08 1.85E+08 1.28E+08 1.15E+08 1.01E+08 4.83E+08 4.72E+08 4.99E+08
4.76E+08 5.33E+08 5.56E+08 8.82E+08 9.49E+08 1.01E+09 1.07E+09 1.13E+09 1.28E+09 1.92E+09
4.26E+10

1.27E+07 1.68E+10 5.67E+10 1.13E+10 4.92E+10 4.88E+10 4.80E+10 1.16E+11 6.61E+10 1.53E+11
1.63E+11 2.14E+11 2.13E+11 9.82E+10 2.02E+11 2.09E+11 2.71E+11 8.55E+11 2.92E+11 6.80E+10
8.89E+09 1.50E+08 1.39E+06

DOS4-3

2.91E+06 7.43E+06 2.76E+07 3.57E+07 9.85E+07 1.50E+08 1.34E+08 1.92E+08 2.60E+08 9.57E+07
9.83E+07 1.80E+08 4.86E+08 5.50E+08 5.90E+08 5.55E+08 6.50E+08 6.90E+08 4.54E+08 1.41E+08
5.68E+08 6.63E+08 3.27E+07 1.17E+07 2.29E+07 1.61E+08 4.54E+08 3.99E+08 3.89E+08 3.86E+08
5.60E+08 6.70E+08 1.03E+08 5.72E+08 1.69E+08 4.70E+07 8.91E+07 1.32E+08 7.76E+07 5.58E+08
6.58E+08 6.23E+08 5.37E+08 2.84E+08 1.98E+08 1.79E+08 1.55E+08 7.47E+08 7.36E+08 7.81E+08
7.69E+08 8.65E+08 9.03E+08 1.45E+09 1.55E+09 1.66E+09 1.77E+09 1.92E+09 2.14E+09 3.26E+09
9.43E+10

1.31E+07 2.44E+10 7.00E+10 1.50E+10 5.49E+10 5.44E+10 5.38E+10 1.28E+11 6.96E+10 1.57E+11
1.67E+11 2.21E+11 2.27E+11 1.03E+11 2.20E+11 2.20E+11 2.89E+11 9.23E+11 3.38E+11 8.83E+10
1.34E+10 2.65E+08 3.04E+06
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Table B.6. Calculated neutron and gamma fluxes normalized to the
reactor power of 85 MW for location K3, P10 (DOS-5).
Units are (cm™ s™).

DOS5-1

1.46E+06 3.93E+06 1.05E+07 1.64E+07 3.63E+07 5.39E+07 4.96E+07 6.88E+07 9.83E+07 3.42E+07
3.51E+07 6.58E+07 1.70E+08 1.94E+08 2.16E+08 1.97E+08 2.38E+08 2.65E+08 1.77E+08 5.37E+07
2.07E+08 2.53E+08 1.32E+07 4.67E+06 9.09E+06 5.95E+07 1.70E+08 1.45E+08 1.45E+08 1.38E+08
2.07E+08 2.38E+08 3.68E+07 2.06E+08 5.44E+07 1.50E+07 3.27E+07 5.29E+07 2.87E+07 1.95E+08
2.24E+08 2.07E+08 1.75E+08 8.98E+07 6.20E+07 5.59E+07 4.92E+07 2.30E+08 2.24E+08 2.34E+08
2.26E+08 2.45E+08 2.52E+08 3.95E+08 4.15E+08 4.37E+08 4.57E+08 4.86E+08 5.33E+08 7.98E+08
1.67E+10

1.74E+07 9.11E+09 4.71E+10 8.16E+09 6.48E+10 5.17E+10 5.56E+10 1.28E+11 7.28E+10 2.03E+11
1.97E+11 2.44E+11 2.42E+11 1.07E+11 2.10E+11 2.26E+11 2.92E+11 9.79E+11 3.71E+11 1.07E+11
2.31E+10 4.50E+08 6.35E+05

DOS5-2

1.68E+06 4.55E+06 1.35E+07 2.00E+07 4.86E+07 7.29E+07 6.96E+07 9.83E+07 1.40E+08 5.01E+07
5.17E+07 9.71E+07 2.58E+08 2.99E+08 3.33E+08 3.12E+08 3.69E+08 4.00E+08 2.67E+08 8.17E+07
3.23E+08 3.89E+08 2.00E+07 7.15E+06 1.39E+07 9.18E+07 2.65E+08 2.25E+08 2.25E+08 2.16E+08
3.21E+08 3.75E+08 5.78E+07 3.23E+08 8.57E+07 2.35E+07 5.05E+07 8.34E+07 4.66E+07 3.09E+08
3.58E+08 3.30E+08 2.80E+08 1.46E+08 1.02E+08 9.11E+07 8.03E+07 3.83E+08 3.73E+08 3.94E+08
3.77E+08 4.20E+08 4.37E+08 6.89E+08 7.36E+08 7.85E+08 8.32E+08 8.86E+08 9.79E+08 1.49E+09
3.23E+10

1.54E+07 1.31E+10 4.96E+10 9.65E+09 5.89E+10 4.99E+10 4.94E+10 1.21E+11 6.58E+10 1.80E+11
1.80E+11 2.23E+11 2.29E+11 1.02E+11 2.02E+11 2.17E+11 2.82E+11 9.46E+11 3.68E+11 1.05E+11
2.00E+10 3.43E+08 1.11E+06

DOS5-3

1.88E+06 5.21E+06 1.55E+07 2.40E+07 5.99E+07 9.45E+07 9.18E+07 1.34E+08 1.90E+08 6.75E+07
6.98E+07 1.33E+08 3.61E+08 4.21E+08 4.60E+08 4.35E+08 5.14E+08 5.41E+08 3.58E+08 1.12E+08
4.47E+08 5.28E+08 2.65E+07 9.46E+06 1.86E+07 1.28E+08 3.63E+08 3.16E+08 3.05E+08 3.03E+08
4.36E+08 5.25E+08 8.13E+07 4.44E+08 1.29E+08 3.60E+07 6.79E+07 1.07E+08 6.31E+07 4.37E+08
5.17E+08 4.81E+08 4.12E+08 2.18E+08 1.52E+08 1.39E+08 1.18E+08 5.77E+08 5.68E+08 6.02E+08
5.89E+08 6.59E+08 6.88E+08 1.10E+09 1.18E+09 1.26E+09 1.34E+09 1.43E+09 1.61E+09 2.45E+09
6.73E+10

1.54E+07 1.86E+10 5.79E+10 1.23E+10 6.05E+10 5.37E+10 5.07E+10 1.26E+11 6.81E+10 1.82E+11
1.84E+11 2.24E+11 2.33E+11 1.05E+11 2.10E+11 2.23E+11 2.92E+11 9.78E+11 3.95E+11 1.21E+11
2.41E+10 4.74E+08 2.26E+06
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Table B.7. Calculated neutron and gamma fluxes normalized to the
reactor power of 85 MW for location K7, P1 (DOS-6).
Units are (cm™ s™).

DOS6

7.94E+05 1.82E+06 2.96E+06 4.68E+06 6.06E+06 6.42E+06 4.79E+06 4.62E+06 5.18E+06 1.42E+06
1.29E+06 2.13E+06 4.00E+06 3.71E+06 3.49E+06 2.75E+06 3.29E+06 2.92E+06 1.97E+06 6.09E+05
2.38E+06 2.62E+06 1.17E+05 4.30E+04 9.01E+04 7.06E+05 1.76E+06 1.58E+06 1.45E+06 1.34E+06
2.13E+06 2.29E+06 3.83E+05 2.04E+06 8.45E+05 2.42E+05 1.59E+05 2.24E+05 2.21E+05 1.93E+06
2.07E+06 2.02E+06 1.59E+06 7.91E+05 5.92E+05 5.91E+05 3.94E+05 1.96E+06 1.96E+06 1.96E+06
1.96E+06 1.96E+06 1.96E+06 2.94E+06 2.94E+06 2.95E+06 2.96E+06 3.01E+06 3.20E+06 4.74E+06
2.43E+08

2.10E+07 7.64E+08 2.88E+10 5.14E+09 7.71E+10 4.92E+10 8.43E+10 1.49E+11 1.03E+11 2.30E+11
2.30E+11 3.38E+11 3.15E+11 1.39E+11 2.05E+11 2.72E+11 3.65E+11 1.38E+12 9.52E+11 9.35E+11
1.03E+12 1.84E+11 6.95E+08

Table B.8. Calculated neutron and gamma fluxes normalized to the
reactor power of 85 MW for locations K2C, P1
(DOS-8), and K2C, P4 ( DOS-9).
Units are (cm™s™).

DOS8 and DOS9

2.28E+07 9.18E+07 2.57E+08 6.48E+08 1.35E+09 2.30E+09 3.19E+09 3.93E+09 4.99E+09 1.75E+09
1.81E+09 4.07E+09 1.11E+10 1.25E+10 1.28E+10 1.19E+10 1.33E+10 1.34E+10 8.59E+09 2.77E+09
1.18E+10 1.38E+10 6.73E+08 2.40E+08 4.66E+08 3.25E+09 9.52E+09 8.67E+09 8.19E+09 8.84E+09
1.18E+10 1.52E+10 2.28E+09 1.26E+10 3.53E+09 9.69E+08 2.22E+09 3.72E+09 2.01E+09 1.24E+10
1.56E+10 1.53E+10 1.37E+10 7.35E+09 4.99E+09 4.46E+09 4.15E+09 1.97E+10 1.90E+10 2.06E+10
2.12E+10 2.35E+10 2.44E+10 3.88E+10 4.12E+10 4.37E+10 4.58E+10 4.85E+10 5.31E+10 7.87E+10
2.75E+12

1.94E+07 2.24E+11 5.63E+11 1.18E+11 2.58E+11 2.68E+11 4.18E+11 5.36E+11 3.37E+11 1.03E+12
6.38E+11 8.30E+11 8.59E+11 3.96E+11 9.95E+11 8.59E+11 1.20E+12 3.92E+12 1.45E+12 3.82E+11
4.35E+10 2.21E+09 8.67E+07

Table B.9. Calculated neutron and gamma fluxes normalized to the reactor power
of 85 MW for locations 2D1W, 2D2W, and 2D3W.
Units are (cm™s™).

2D1W, 2D2W, and 2D3W

1.33E+06 3.87E+06 8.31E+06 1.67E+07 2.97E+07 4.56E+07 4.97E+07 6.20E+07 8.93E+07 2.99E+07
2.97E+07 5.43E+07 1.27E+08 1.38E+08 1.67E+08 1.68E+08 1.96E+08 2.62E+08 1.87E+08 5.38E+07
1.97E+08 2.80E+08 1.73E+07 6.15E+06 1.16E+07 6.44E+07 1.78E+08 1.39E+08 1.43E+08 1.39E+08
2.04E+08 2.35E+08 3.72E+07 1.95E+08 7.20E+07 2.06E+07 1.59E+07 3.27E+07 3.05E+07 1.84E+08
2.04E+08 1.90E+08 1.50E+08 7.65E+07 5.61E+07 5.43E+07 3.76E+07 1.91E+08 1.85E+08 1.85E+08
1.80E+08 1.82E+08 1.83E+08 2.75E+08 2.77E+08 2.77E+08 2.76E+08 2.77E+08 2.88E+08 4.08E+08
1.09E+10

1.34E+07 7.73E+09 5.03E+10 7.73E+09 5.66E+10 4.55E+10 8.35E+10 1.27E+11 8.50E+10 2.12E+11
1.81E+11 2.52E+11 2.35E+11 1.06E+11 1.85E+11 2.22E+11 2.96E+11 1.04E+12 5.96E+11 4.45E+11
3.53E+11 5.33E+10 1.96E+08
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Table B10. Calculated neutron and gamma fluxes normalized to the reactor power
of 85 MW for locations 2D1C and 2D2C.
Units are (cm™ s™).

2D1C and 2D2C

1.36E+07 5.46E+07 1.56E+08 3.80E+08 7.73E+08 1.28E+09 1.61E+09 1.95E+09 2.43E+09 8.39E+08
8.39E+08 1.71E+09 4.29E+09 4.69E+09 4.71E+09 4.10E+09 4.98E+09 4.90E+09 3.30E+09 1.05E+09
4.15E+09 4.86E+09 2.34E+08 8.50E+07 1.73E+08 1.28E+09 3.37E+09 3.06E+09 2.88E+09 2.83E+09
4.33E+09 4.96E+09 8.20E+08 4.44E+09 1.80E+09 5.24E+08 3.96E+08 6.15E+08 5.53E+08 4.39E+09
4.97E+09 4.97E+09 4.08E+09 2.10E+09 1.57E+09 1.57E+09 1.09E+09 5.53E+09 5.70E+09 5.96E+09
6.21E+09 6.52E+09 6.83E+09 1.09E+10 1.16E+10 1.24E+10 1.32E+10 1.43E+10 1.62E+10 2.52E+10
2.25E+12

1.09E+07 4.64E+10 1.91E+11 2.55E+10 9.86E+10 9.69E+10 1.94E+11 2.45E+11 1.62E+11 7.27E+11
2.99E+11 4.22E+11 4.14E+11 1.90E+11 3.76E+11 4.14E+11 5.74E+11 2.11E+12 1.26E+12 9.18E+11
5.47E+11 7.51E+10 2.74E+08
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APPENDIX C

COMPARISON OF ADJUSTED IRRADIATION PARAMETERS FROM DIFFERENT
ADJUSTMENT RUNS AND ADDITIONAL CONSIDERATIONS






In the determination of the adjusted irradiation parameters, several measured reaction rates were
not used because their reaction rates were inconsistent with other measurements. A complete list
of omitted measurements is provided in Table 18. Here, we will investigate the impact of the
omitted measurements on the adjusted irradiation parameters. The spectrum adjustment
calculations and adjusted irradiation parameter values reported in Tables 4—17 are referred to in
the following as the “reference runs” and “reference irradiation parameters,” respectively,
because they were chosen to be the best estimate of the irradiation parameters.

We will concentrate on the dosimeter locations where two or more dosimeter measurements were
omitted. Because Ce-141 was not used in any of the adjustment calculations, the locations where
only Ce-141 was omitted will not be discussed. Likewise, locations where both Ce-141 and
nondiluted cobalt measurements were omitted will not be discussed because the information from
nondiluted cobalt dosimeters is redundant (and less accurate) if the activity of a diluted cobalt
dosimeter is available. The remaining five locations that need to be addressed are K3, P8; K2C,
P1; K2C, P4; 2D2C; and 2D1C.

At the K3, P8 location (DOS-4) all (3) neptunium measurements and all (2) copper measurements
were not used in the reference adjustment run reported in Table 8. When the Zr-95, Ru-103, and
Cs-137 reaction rates are used in the adjustments, the fast neutron flux (E > 1 MeV) at position 2
is reduced by 4% and the total (neutron + gamma) dpa rate is decreased by 6%. When the two
copper measurements are included (in addition to the neptunium fission products), the fast flux is
8% smaller and the total dpa/s is 7% smaller than the values obtained from the reference
adjustment run (performed without those dosimeters). The x2 per degree of freedom increased
considerably when the neptunium and copper dosimeters were used, and the increase was
particularly large when the two copper measurements were added. Detailed comparison of the
three adjustment runs are shown in Table C.1.

The equivalent comparison for the K2C, P1 location (DOS-8) is given in Table C.2. When
neptunium fission products were included in the adjustment, the adjusted fast neutron flux and
total dpa rate were 6% smaller than the values obtained in the reference run. When the two copper
dosimeters were added, the reductions in fast neutron flux and total dpa rate were 9% and 7%,
respectively. Again a marked increase in the %2 per degree of freedom was observed.

Table C.3 gives the comparison of adjustment runs for the K2C, P4 location (DOS-9). Here the
adjustment with Zr-95, Ru-103, and Cs-137 activities lowered the fast flux and total dpa rate by
8% and 7%, respectively; adding the two copper measurements gave a 13% reduction in fast flux
and a 10% reduction in the total dpa rate with respect to the values from the reference adjustment
run. In this case, the increase in the 2 per degree of freedom is somewhat smaller than in the
previous two cases; however, it is still quite large when the two copper measurements are added.

At the location 2D2C, the copper measurement was eliminated, as well as Ru-103. Adding the
copper, or adding copper and Ru-103 dramatically increased the value of ¥2 per degree of
freedom, while it decreased the fast flux and the total dpa rate by less than 4%. Finally, an
adjustment with all neptunium measurements eliminated was performed. The irradiation
parameters remained almost unchanged; however, the y2 per degree of freedom was substantially
higher than the value in the reference adjustment run. A comparison is provided in Table C.4.

In Table C.5, a comparison of the adjusted irradiation parameters for position 2D1C is provided.
In the reference adjustment five activation measurements were not used: copper, two neptunium
fission products (Ce-141 and Ru-103), and two nondiluted cobalt measurements, one under
gadolinium cover and the other bare. As was already discussed the omission of cobalt
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measurements is of no importance because the diluted cobalt dosimeters were also measured
under gadolinium cover and bare and were used in the adjustment. The effect of including the
copper dosimeter in the adjustment is ~5% reduction in neutron flux above 1 MeV and ~1 %
reduction of total dpa. The value of y2 per degree of freedom increases to 1.235. When both
copper and Ru-103 are included in the adjustment, the 2 per degree of freedom increases to
2.067, while the neutron flux above 1 MeV increases by 1%, and the total dpa increases by 4%.
Therefore, while omitting these two dosimeters improves the consistency of the data, the effect on
the adjusted irradiation parameters is quite small and well within the uncertainty of one standard
deviation of the adjusted irradiation parameters. For the Ce-141 activity, the calculated/measured
value was ~2 and was well out of the line of the calculated/measured values for the other
neptunium fission products and was omitted from the adjustment for this reason. The last column
on the right demonstrates the effect of eliminating all measurements of the neptunium fission
products. This results in a slight increase in the irradiation parameters; however, the increases are
smaller than the standard deviations.

In summary, the effect of the dosimeters omitted from the adjustment calculations is typically
limited to changes in the fast neutron flux and total dpa rate of ~7 to 9% and reaches a maximum
of 10% to 13 % at one location. The largest of these changes is in the range of from 1 x ¢ to

1.5 x o, where 1-c denotes the uncertainty in the adjusted irradiation parameters. Further, at all
but one location the omission of the selected dosimeters from the adjustment calculation resulted
in higher values for the irradiation parameters.

The locations 2D1C and 2D2C are of particular interest because they correspond to the corner of
the nozzle of beam tube 2, where the beam tube was enlarged. Of all the locations where the
dosimeters were placed, these two locations are in the most intense neutron and gamma-ray field
with the exception of Key 2 C. The two locations are symmetric with respect to the beam tube,
which is pointing directly at the center of the core. From symmetry considerations, it would be
expected that the irradiation parameters at the two locations will be quite similar. The transport
calculations, which provided the calculated neutron flux and gamma-ray values, were performed
with a cylindrical R-Z model, and consequently predicted identical fluxes at both locations, as can
be observed from the calculated values in Tables 16 and 17, respectively. A more detailed three-
dimensional Monte Carlo calculation of the Key 2 location provided fluxes at 2D1C and 2D2C,
which agreed within ~5%. However, the adjusted fast neutron flux at location 2D2C is ~34%
higher than the flux at 2D1C, and the adjusted total dpa rate is ~29% higher at location 2D2C
than at the location 2D1C. Detailed comparison of the adjusted irradiation parameters in the
tubular dosimeter capsules around Key 2 is given in Fig. C.1.

In Table C.6, the measurements performed in locations 2D1C and 2D2C during HFIR fuel cycles
400 and 401 are compared. Because the measured specific activities of the dosimeters are
compared, there is no possibility of interference from the analysis and/or calculations. The
measurements clearly indicate that the radiation field at the location 2D2C is considerably higher
than at the location 2D1C. Comparison of the calculated reaction rates and “measured” reaction
rates deduced from the measured specific activities is given in the Table C.7. The calculated
reaction rates were obtained from the two-dimensional R-Z calculations and are consequently the
same at locations 2D2C and 2D1C; however, the measurements indicate that the adjustment will
tend to increase the irradiation parameters at location 2D2C and decrease at location 2D1C.

Figure C.1 shows that a similar—albeit smaller—increase in irradiation parameters is observed
between locations 2D1W, 2D2W, and 2D3W, which are the locations on the concentric, but
larger ring around beam tube 2. This indicates that the measurements show a considerable
increase in the neutron and gamma field from the “top” (or 12 o’clock) location to the core
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midplane (or 3 o’clock) location around the beam line, something that was not revealed by the
calculations. Because the HFIR core is only ~60 cm tall, and the nozzle has the inner radius of
~18 cm, the 12 o’clock location of the nozzle is actually closer to the top of the core than to the
midplane. The decrease of the core power with the distance from the core midplane may play a
role in the observed flux changes. (It is interesting to observe that the 12 o’clock weld location is
approximately 5 cm above the top of the core.)

While the adjusted neutron flux is higher at location 2D2C than at the location 2D1C, the gamma-
ray flux is only about one-half of the value at location 2D1C, which seems to be inconsistent.
However, the total dpa rate at 2D2C and 2D1C is dominated by the neutron-induced dpa rate,
which makes the inconsistencies in gamma-induced dpa rate less important. Given the relatively
large differences in the measured-to-calculated reaction rate ratios between the beryllium and
neptunium dosimeters and even between the two nickel dosimeters at location 2D1C, it would be
of benefit to repeat the measurements at least at these two nozzle-corner locations and try to
verify or eliminate the observed differences. As stated earlier, the accuracy of the dosimeter
locations is very important because there is a steep decrease in the radiation field around the beam
line. From the beam line nozzle corner to the beam line nozzle weld the fast neutron flux
decreases on average by factor of 2 every 3.60 cm. A small deviation—of the order of 10 mm—
of the actual location of the dosimeters during irradiation from the locations assumed in the
analysis could be responsible for the observed variations in the measured reaction rates. For
example, if the tubular capsule in location 2D1 had remained ~10 mm above the designated
location during the irradiation, it would have caused all the unexpected variations in the
measurements around beam tube 2.

To further address the concerns about not using copper dosimeters in the flux adjustment
calculations at certain locations, the following was done. For location 2D1C (capsule HRB-1C),
a new estimate of the “calculated” neutron fluxes was created by replacing the values in the five
highest energy groups by the values obtained from the adjustment run with all dosimeters
(including copper). The corresponding flux values are given in Table C.8 and are considerably
higher than the values from the transport calculation. The neutron fluxes for all other groups as
well as the gamma-ray fluxes were retained unchanged (i.e., they were obtained from the
transport calculations). With these “new” fluxes the adjustment was repeated, and the copper
dosimeter measurement was taken into account in this adjustment calculation. Table C.9
compares results from this run with results reported for location 2D1C (given in Table 17, in
which the copper dosimeter was not used). The changes are of the order of 3—7% and are
considerably smaller than the reported standard deviations of the adjusted irradiation parameters.
This shows that increasing the neutron fluxes in the five highest-energy neutron groups to the
values consistent with the measured copper reaction rates would not have a substantial effect on
the adjusted irradiation parameters. It also further illustrates that eliminating copper dosimeters
from the adjustment did not introduce bias in the adjusted results, as was also shown in Table C.5.
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Table C.1. Comparison of the adjusted irradiation parameters for capsule DOS-4. The last two columns on the right side give the ratios of the irradiation
parameters obtained from adjustments, which took into account the neptunium dosimeter and the neptunium and the two copper dosimeters, respectively, to the
reference adjusted values (from Table §; given in column 3), which were obtained without neptunium and copper dosimeters

Reference . Ratio
. adjusted Std. Adj./  Ni58(n,p) Np meas. included Np and two Cu
Irradiation parameter value (%) calc. M/C (er_g5, Ru-103, mpeasurements
()? and Cs-137) included
Neutron flux (E > 1 MeV) 1.76E+09 7 0.96 0.97 0.97 0.96
Neutron flux (E > 0.5 MeV) 2.85E+09 8 0.95 0.97 0.96
Position 1 Neutron flux (E > 0.1 MeV) 4.48E+09 8 0.94 0.96 0.95
Neutron flux (E <0.414 eV) 1.94E+10 6 0.62 1.00 1.00
dpa/s (Fe, ASTM) 2.86E-12 6 0.92 0.98 0.98
dpa/s (Fe, ENDF-VI) 2.84E-12 6 0.92 0.98 0.98
Neutron flux (E > 1 MeV) 2.64E+09 8 1.14 1.16 0.96 0.92
Neutron flux (E > 0.5 MeV) 4.45E+09 8 1.14 0.95 0.92
Neutron flux (E > 0.1 MeV) 7.19E+09 9 1.13 0.95 0.92
Position 2 Neutron flux (E <0.414 eV) 3.62E+10 22 0.85 1.00 0.94
dpa/s (Fe, ASTM) 4.38E-12 7 1.10 0.96 0.94
dpa/s (Fe, ENDF-VI) 4.35E-12 7 1.10 0.96 0.94
Gamma dpa/s 1.05E-12 12 1.06 0.87 0.88
Gamma flux 3.33E+12 18 1.05 1.03 1.04
Neutron + gamma dpa/s 5.43E-12 6 1.09 0.94 0.93
Neutron flux (E > 1 MeV) 4.00E+09 7 1.25 1.27 0.97 0.98
Neutron flux (E > 0.5 MeV) 6.72E+09 8 1.25 0.97 0.97
Position 3 Neutron flux (E > 0.1 MeV) 1.09E+10 8 1.24 0.96 0.98
Neutron flux (E <0.414 eV) 1.13E+11 6 1.20 1.00 1.00
dpa/s (Fe, ASTM) 7.15E-12 6 1.23 0.98 0.99
dpa/s (Fe, ENDF-VI) 7.06E-12 6 1.23 0.98 0.99
¥2 per degree of freedom 0.5724 0.9370 2312

AUnits are cm™s™' for neutron and gamma-ray fluxes and s for dpa/s.
PPercent standard deviation.
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Table C.2. Comparison of adjusted irradiation parameters for
capsule DOS-8, at K2C, P1, for several adjustment runs

Ratio®
Ref_erence . ) _ Np meas. Np and
Irradiation parameter a(y;zt:d S(EZ') ﬁa(tjljcl lel\il(g’p) I?éz:’uggd two Cu
o RU103 e
and Cs-137)
Neutron flux (E > 1 MeV) 1.01E+11 6 1.51 1.51 0.94 0.91
Neutron flux (E > 0.5 MeV) 1.66E+11 7 1.50 1.55 0.93 0.91
Neutron flux (E > 0.1 MeV) 2.71E+11 8 1.48 1.51 0.93 0.90
Neutron flux (E < 0.414 eV) 2.60E+12 5 0.95 1.00 1.00
dpa/s (Fe, ASTM) 1.73E-10 5 1.38 0.95 0.94
dpa/s (Fe, ENDF-VI) 1.71E-10 5 1.39 0.95 0.94
Gamma dpa/s 9.73E-12 22 1.25 0.79 0.80
Gamma flux 1.90E+13 24 1.24 0.88 0.88
Neutron + gamma dpa/s 1.83E-10 5 1.37 0.94 0.93
x2 per degree of freedom 0.4928 0.9589 2.834

3Units are cm™s”' for neutron and gamma-ray fluxes and s for dpa/s.

PPercent standard deviation.

“Ratio of adjusted values obtained after neptunium measurements (Zr-95, Ru-103, and Cs-137) were used in
the adjustment (column 6), and neptunium and the two copper measurements were used in the adjustment
(column 7), to the reference adjusted values given in column 2, which were obtained without these
measurements. The reference adjustment run is reported in Table 11.

Table C.3. Comparison of adjusted irradiation parameters for capsule DOS-9,
at K2C, P4, for several adjustment runs

Reference Ratic
Irradiation parameter adjusted Std.”  Adj/  NiS8(n,p) P mt(e;sr._g;cluded L\\l/\lljoagg
value (%) calc. M/C '

a Ru-103, meas.

0 and Cs-137) included
Neutron flux (E > 1 MeV) 9.97E+10 9 1.48 1.44 0.92 0.87
Neutron flux (E > 0.5 MeV) 1.63E+11 10 1.47 1.56 0.91 0.86
Neutron flux (E > 0.1 MeV) 2.62E+11 11 1.43 1.53 0.90 0.86
Neutron flux (E <0.414 V) 2.89E+12 3 1.05 1.00 1.00
dpa/s (Fe, ASTM) 1.69E-10 7 1.35 0.94 0.91
dpa/s (Fe, ENDF-VI) 1.67E-10 7 1.35 0.93 0.90
Gamma dpa/s 1.04E-11 25 1.34 0.81 0.85
Gamma flux 1.99E+13 30 1.30 0.91 0.93
Neutron + gamma dpa/s 1.80E-10 6 1.35 0.93 0.90
x2 per degree of freedom 0.9625 1.044 1.786

*Units are cm™s” for neutron and gamma-ray fluxes and s™' for dpa/s.

®Percent standard deviation.

“Ratio of adjusted values obtained after neptunium measurements (Zr-95, Ru-103, and Cs-137) were used in
the adjustment (column 6), and neptunium and the two copper measurements were used in the adjustment
(column 7), to the reference adjusted values (column 2) obtained without these measurements. The reference
adjustment run is given in Table 12.
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Table C.4. Comparison of adjusted irradiation parameters at location 2D2C for different adjustment runs.
The capsules were HRB2-2G and HRB2-2A, position 2; dosimeter sets GD-16 and AL-29 (HRB2-2C).

Reference . Ratio®
Irradiation parameter acy;zt:d 5(22') /(A:\:IJCI N'ij/(g, P Added él:j(;(re](é Np
a Cu eliminated
() Ru

Neutron flux (E > 1MeV) 2.99E+10 6 1.07 1.11 0.99 0.96 0.99
Neutron flux (E > 0.5

MeV) 4.70E+10 6 1.07 1.08 0.99 0.96 1.00
Neutron flux (E > 0.1MeV)  7.40E+10 7 1.07 0.99 0.95 1.00
Neutron flux (E <0.414eV) 2.08E+12 6 0.92 1.00 1.00 1.00
dpa/s (Fe, ASTM) 6.24E-11 4 1.02 1.00 0.98 1.01
dpa/s (Fe, ENDF-VI) 6.07E-11 4 1.02 1.00 0.98 1.01
Gamma dpa/s 3.23E-12 21 1.17 0.96 0.87 0.96
Gamma Flux 1.09E+13 24 1.16 0.96 0.91 0.96
Neutron + Gamma dpa/s 6.56E-11 4 1.03 1.00 0.98 1.00
x2 per Degree of Freedom 0.407 2.754 4.730 3.420

3Units are cm™s”' for neutron and gamma-ray fluxes and s for dpa/s.

PPercent standard deviation.

‘Ratio of adjusted values obtained after copper (column 6) and ruthenium measurements (column 7) were used
in the adjustment, to the reference adjusted values (in column 2) which were obtained without these two
measurements. The column 8 provides comparison of the adjusted values for the case in which all neptunium
fission product measurements were eliminated. The reference adjustment run is given in Table 16.

Table C.5. Comparison of adjusted irradiation parameters at location 2D1C for different adjustment runs.
The capsules were HRB2-1G and HRB2-1A, position 2; dosimeter sets GD-14 and AL-27 (HRB2-1C).

Reference . Ratio®
Irradiation parameter a(y;zt:d S((t;i)) ﬁe(ljljc/ lel\ﬁ/(g'p) Added égiﬁ% - Np
a Cu eliminated
@) Ru

Neutron Flux (E > 1MeV) 223E+10 12 0.80 0.96 0.95 1.01 1.03
Neutron Flux (E > 0.5

MeV) 341E+10 13 0.78 0.89 0.96 1.04 1.07
Neutron Flux (E>0.1MeV) 5.18E+10 15 0.75 0.97 1.06 1.09
Neutron Flux (E <

0.414eV) 1.43E+12 6 0.64 1.00 1.00 1.00
dpa/s (Fe, ASTM) 4.48E-11 7 0.73 0.98 1.03 1.04
dpa/s (Fe, ENDF-VI) 4.35E-11 7 0.73 0.98 1.03 1.04
Gamma dpa/s 6.13E-12 31 2.22 1.06 1.13 1.16
Gamma Flux 2.10E+13 44 2.23 1.02 1.04 1.05
Neutron + Gamma dpa/s 5.09E-11 7 0.80 0.99 1.04 1.06
x2 per Degree of Freedom 1.033 1.235 2.067 1.449

*Units are cm™s” for neutron and gamma-ray fluxes and s™' for dpa/s.

*Percent standard deviation.

‘Ratio of adjusted values obtained after copper (column 6) and ruthenium measurements (column 7) were used
in the adjustment, to the reference adjusted values (column 2), which were obtained without these two
measurements. The column 8 provides a comparison of the adjusted values for the case in which all neptunium
fission product measurements were eliminated. The reference adjustment run is given in Table 17.
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Table C.6. Comparison of measured specific activities at the
two beam line 2 nozzle corner locations, 2D1C and 2D2C.
The measurements were performed during fuel cycle 400
and during fuel cycle 401.

Measured specific activity

. Ratio for
' (Bg/mg) Ratio
Reaction Cover 2D1C 2D2C 2p2c/2D1C  rehold
(HRB2-1GC)  (HRB2-2GC)
HFIR
Cycle 400
NIS8 (N,P) CO58 GD 4.57E+03 5.29E+03 1.16 1.16
NP237(N,F) ZR95 GD 2.27E+03 2.64E+03 1.16 1.16
NP237(N,F) RU103 GD 4.56E+03 2.63E+03 0.58"
NP237(N,F) CS137 GD 1.58E+01 2.10E+01 1.33 1.33
NP237(N,F) CE141 2.55E+03
CO59 (N,G) CO60 GD 2.58E+04 3.56E+04 1.38
C059 (N,G) CO60 GD 6.14E+01°
BE (N,X) GD 28.8" 27.1° 0.94
Average 1.22
2D1C 2D2C
(HRB2-1AC)  HRB2-2AC
HFIR
Cycle 401
NIS8 (N,P) CO58 AL 4.32E+03 5.27E+03 1.22 1.22
FE54 (N,P) MN54 AL 7.19E+01 8.53E+01 1.19 1.19
CU63 (N,A) CO60 AL 1.36E+00 1.70E+00 1.26 1.26
FE58 (N,G) FE59 AL 1.27E+04 1.81E+04 1.42
CO59 (N,G) CO60 AL 3.46E+06 4.03E+06 1.16
€059 (N,G) CO60 AL 3.73E+03°
Average 1.22

®The threshold reactions only are compared here because they represent better the energetic part of the neutron
spectrum, which is responsible for dpa rate.
®The measured activity of Ru-103 was ignored in the comparison because it is largely inconsistent with other

activities.

“Diluted cobalt in form of Co-Al alloy.
YConcentration of helium in beryllium sample is in atom parts per billion (appb; 10E-9 atom fraction).
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Table C.7. Comparison of calculated and “measured” reaction rates for
the Key 2, positions 2D1C and 2D2C

Reaction rate

Location Reaction Cover Calculated Measured M/C
(") (s")

Key 2, 2D2C NI58 (N,P) CO58 GD 3.24E-15 3.59E-15 1.11
NI58 (N,P) CO58 3.29E-15 3.56E-15 1.08

BE (N,X) GD 1.08E-14 1.29E-14 1.19

NP237(N,F) ZR95 GD 7.89E-14 7.92E-14 1.00

NP237(N,F) CS137 GD 7.89E-14 8.77E-14 1.11

FE54 (N,P) MN54 2.45E-15 2.55E-15 1.04

FE58 (N,G) FE59 2.05E-12 1.90E-12 0.93

CO0O59 (N,G) CO60 6.67E-11 6.10E-11 091

Key 2, 2D1C NI58 (N,P) CO58 GD 3.24E-15 3.10E-15 0.96
NI58 (N,P) CO58 3.29E-15 2.92E-15 0.89

BE (N,X) GD 1.08E-14 1.37E-14 1.27

NP237(N,F) ZR95 GD 7.89E-14 6.81E-14 0.86

NP237(N,F) CS137 GD 7.89E-14 6.58E-14 0.83

FE54 (N,P) MN54 2.45E-15 2.15E-15 0.88

FE58 (N,G) FE59 2.05E-12 1.33E-12 0.65

CO0O59 (N,G) CO60 6.67E-11 4.18E-11 0.63

C0O59 (N,G) CO60 GD 1.57E-12 6.92E-13 0.44
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Fig. C.1. Comparison of the adjusted irradiation parameters at the dosimeter locations inside the

tubular dosimeters sets located at Key 2.



Table C.8. Calculated (obtained from transport calculations) and
modified (“new”) flux values for the top five energy groups,
for the location 2D1C

Group boundaries Neutron flux
Group Top Bottom Calculated New Ratio
(eV) (eV) (cm?s™h (cm?s™h

1.49E+07  1.22E+07 1.36E+07 2.20E+07 1.62
1.22E+07  1.00E+07 5.46E+07 8.38E+07 1.54
1.00E+07  8.19E+06 1.56E+08 2.32E+08 1.49
8.19E+06  6.70E+06 3.80E+08 4.52E+08 1.19
6.70E+06  5.49E+06 7.73E+08 8.32E+08 1.08

N kA W~

Table C.9. Comparison of two adjustment runs for location 2D1C

“Reference” values New
- Std” adjusted Std.° Reference/
Irradiation parameter (from Table 17)

a (%) value (%) new

0 ()
Neutron flux (E > 1 MeV) 2.23E+10 11.6  2.14E+10 11.2 1.04
Neutron flux (E > 0.5 MeV) 3.41E+10 12.7  3.29E+10 12.5 1.04
Neutron flux (E > 0.1 MeV) 5.18E+10 15.3 5.02E+10 15.2 1.03
Neutron flux (E <0.414 eV) 1.43E+12 6.1 1.43E+12 6.1 1.00
dpa/s (Fe, ASTM) 4.48E-11 7.1 4.39E-11 7 1.02
dpa/s (Fe, ENDF-VI) 4.35E-11 7.4 4.27E-11 7.3 1.02
Gamma dpa/s 6.13E-12 30.7  6.59E-12 31.2 0.93
Gamma flux 2.10E+13 436  2.19E+13 44 0.96
Neutron + gamma dpa/s 5.09E-11 7 5.05E-11 7 1.01

®Units are cm s for neutron and gamma-ray fluxes and s for dpa/s.

PPercent standard deviation. The %2 per degree of freedom for the adjustment run was
1.033E+00.

“Percent standard deviation. The %2 per degree of freedom for the adjustment run was 9.994E-01.
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APPENDIX D

ADJUSTED IRRADIATION PARAMETERS AS GIVEN IN THE
PRELIMINARY ANALYSIS REPORT,
DATED NOVEMBER 18, 2005






In November 2005, the preliminary results from the analysis of the dosimetry experiments performed
during HFIR fuel cycles 400 and 401 were made available in order to make possible the timely safety
analysis of the HFIR pressure vessel. The informal report, “Analysis of HFIR Dosimetry Experiments
Performed in Cycles 400 and 401,” was prepared by I. Remec and C. Baldwin and submitted as a
personal communication in an e-mail to J. Inger and D. Cheverton.

In the preliminary analysis, the calculated neutron and gamma-ray fluxes for one location only within
each dosimetry capsule were used in the adjustment calculations. The adjustment calculations were done
in such a way that the calculated fluxes were first normalized to the measured NI58 (N,P) COS58 reaction
at the position of each dosimetry vial in the capsule, and then the adjustment was performed. Such a
procedure is recommended when variations in the magnitude of the flux from one location to another are
present; however, little variation in the energy distribution of the flux (flux spectrum) is expected. While
such a procedure was considered appropriate, it was nevertheless suggested that we obtain the calculated
fluxes from the transport calculations at each vial location for capsules where significant gradients were
observed and repeat the adjustment calculations. This was, in fact, performed for this final report. The
dosimetry capsules with significant gradients were DOS-1, DOS-2, DOS-3, DOS-4, and DOS-5. For
these capsules the adjustment calculations were repeated. The adjusted parameters for these locations
from the preliminary report are provided in Tables D.1 to D.6 along with corresponding values from the
final adjustment runs. In Tables D.2 to D.6, the comparison of the final adjusted irradiation parameters
to those from the preliminary report are provided in the column labeled “Adjusted New/Old.” For all
other dosimeter capsules, the adjusted values in the final and preliminary analysis are the same and are
not repeated here.

At the center of the dosimetry capsules, the irradiation parameters from the preliminary and the final
analysis are in most cases identical, with occasional small changes that do not exceed 3%. This central
location corresponds to the V-notch of the actual Charpy samples and is the only location of importance
for evaluation of Charpy test results.

At Position 1 and Position 3, which are closer to the “top” and “bottom’ of the capsule, respectively, the
differences in the irradiation parameters from the preliminary and the final analysis are typically on the

order of a few percent (smaller than ~5%) and reach a maximum of 13% in one case (in capsule DOS-4).

The irradiation parameter values provided in the preliminary report are therefore consistent with the
values from this final report.
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Table D.1. Summary of the adjusted irradiation parameters from the preliminary analysis

Neutron flux

(Neutron + gamma)

Locationin  Capsule ID and location (E>1 MeV) Netitron dpals Gamma dpas dpa/s
HFIR? within the capsule Value Std.” Value Std.” Value Std.” Value ,  Std.”
(cm?s™) (%) (") (%) (s") (%) (") - ()
K2W, P8 DOS-1, Pos. 2 2.74E+09 * 7 410E-12 * 6 231E-12 £ 8 6.40E-12 * 5
K2W, P32  DOS-2, Pos. 2 2.93E+09 + 7 436E-12 T 6 1.84E-12 * 8 6.20E-12 T 5
K3, P3 DOS-3, Pos. 2 1.19E+09 + 15 2.18E-12 * 13 138E-12 * 9 356E-12 * 9
K3, P8 DOS-4, Pos. 2 2.68E+09 + 16 448E-12 T 14 1.05E-12  * 16 553E-12 £ 11
K3, P10 DOS-5, Pos. 2 1.81E+09 + 10 38E-12 £ 9 940E-13 * 9 4.12E-12 * 7
K7, Pl DOS-6, Pos. 2 7.06E+07 + 6 1.I14E-13 £ 6 993E-13 * 6 1L1IE-12 * 5
K2C, P1 DOS-8 1.01E+11 + 6 1.73E-10 £ 5 9.73E-12 * 22 1.83E-10 * 5
K2C, P4 DOS-9 9.97E+10 + 9 1.69E-10 * 7 1.04E-11 25 1.80E-10 * 6
2DIW HRB2-1G and 1A, Pos. 4 8.97E+08 + 6 171E-12  * 6 9.71E-13 * 7 268E-12 T 4
2D2W HRB2-2G and 2A, Pos. 4 9.97E+08 * 6 187E-12 £ 6 998E-13 * 7 286E-12 T 4
2D3W HRB2-3G and 3A, Pos. 2 1.10E+09 + 6 1.99E-12 £ 6 1.18E-12 * 7 3.17E-12 £ 4
2D2C HRB2-2G and 2A, Pos. 2 2.99E+10 + 6 6.24E-11 * 4 323E-12 21 6.56E-11 * 4
2D1C HRB2-1G and 1A, Pos. 2 2.23E+10 + 12 448E-11 £ 7 6.13E-12 31 509E-11 * 7
®K = key, P = position in key, W = nozzle weld, C = nozzle corner, 2D = tubular dosimeter at HB-2.

bPercent standard deviation.
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Table D.2. Calculated (for Position 2) and adjusted irradiation parameters for capsule DOS-1,
at K2W, P8 from the preliminary analysis and comparison with the final analysis

Irradiation parameter Ca\I/(;l:lIJited std.” A(\jljalflsjteed Std.  Adj/  Nis8(np) Adj“Ste‘g’
() (%) () (%)  calc. M/C new/old
Neutron flux (E > 1MeV) 2.36E+09 19 2.10E+09 7 0.89 0.91 0.98
Neutron flux (E > 0.5 MeV) 3.52E+09 19 3.12E+09 7 0.89 0.97
Position 1~ Neutron flux (E > 0.1MeV) 5.07E+09 19 4.46E+09 8 0.88 0.96
Neutron flux (E < 0.414¢V) 1.69E+10 40 1.15E+10 6 0.68 1.00
dpa/s (Fe, ASTM) 3.57E-12 18 3.13E-12 6 0.88 0.98
dpa/s (Fe, ENDF-VI) 3.53E-12 18 3.09E-12 6 0.88 0.98
Neutron flux (E > 1MeV) 2.36E+09 19 2.74E+09 7 1.16 1.20 1.00
Neutron flux (E > 0.5 MeV) 3.52E+09 19 4.07E+09 8 1.16 1.00
Neutron flux (E > 0.1MeV) 5.07E+09 19 5.82E+09 8 1.15 1.00
Position 2 Neutron flux (E < 0.414eV) 1.69E+10 40 1.74E+10 22 1.03 0.98
dpa/s (Fe, ASTM) 3.57E-12 18 4.10E-12 6 1.15 1.00
dpa/s (Fe, ENDF-VI) 3.53E-12 18 4.05E-12 6 1.15 1.00
Gamma dpa/s 2.00E-12 27 2.31E-12 8 1.15 1.00
Gamma flux 8.17E+12 28 9.85E+12 16 1.21 1.00
Neutron + gamma dpa/s 5.57E-12 6.40E-12 5 1.15 1.00
Neutron flux (E > 1MeV) 2.36E+09 19 3.71E+09 7 1.57 1.60 1.03
Neutron flux (E > 0.5 MeV) 3.52E+09 19 5.53E+09 7 1.57 1.05
Position 3 Neutron flux (E > 0.1MeV) 5.07E+09 19 7.93E+09 8 1.57 1.06
Neutron flux (E < 0.414eV) 1.69E+10 40 3.35E+10 6 1.98 1.00
dpa/s (Fe, ASTM) 3.57E-12 18 5.65E-12 6 1.58 1.04
dpa/s (Fe, ENDF-VI) 3.53E-12 18 5.58E-12 6 1.58 1.04

3Units are cm™s™' for neutron and gamma-ray fluxes and s for dpa/s.

PPercent standard deviation. The 2 per degree of freedom for the adjustment run was 1.024E+00.

“New” adjustment was done with calculated fluxes for each of the three positions; “old” adjustment was done with calculated
fluxes for Position 2 only.
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Table D.3. Calculated (for Position 2 only) and adjusted irradiation parameters for capsule DOS-2, at K2W, P3
from the preliminary analysis and comparison with the final analysis

Irradiation parameter Ca\l/;l:ba;ted Std.” A?/Jalﬁ?d Std”  Adj/  Ni58(n,p) Adj“SteS‘
(% (%) () (%) calc. M/C new/old
Neutron flux (E > 1MeV) 2.36E+09 19 2.26E+09 7 0.96 0.97 0.98
Neutron flux (E > 0.5 MeV) 3.52E+09 19 3.37E+09 7 0.96 0.97
Position 1 Neutron flux (E > 0.1MeV) 5.07E+09 19 4.80E+09 8 0.95 0.96
Neutron flux (E < 0.414eV) 1.69E+10 40 9.77E+09 5 0.58 1.00
dpa/s (Fe, ASTM) 3.57E-12 18 3.35E-12 6 0.94 0.98
dpa/s (Fe, ENDF-VI) 3.53E-12 18 3.31E-12 6 0.94 0.98
Neutron flux (E > 1MeV) 2.36E+09 19 2.93E+09 7 1.24 1.29 1.00
Neutron flux (E > 0.5 MeV) 3.52E+09 19 4.36E+09 8 1.24 1.00
Neutron flux (E > 0.1MeV) 5.07E+09 19 6.22E+09 8 1.23 1.00
Position 2 Neutron flux (E < 0.414eV) 1.69E+10 40 1.49E+10 22 0.88 0.98
dpa/s (Fe, ASTM) 3.57E-12 18 4.36E-12 6 1.22 1.00
dpa/s (Fe, ENDF-VI) 3.53E-12 18 4.31E-12 6 1.22 1.00
Gamma dpa/s 2.00E-12 27 1.84E-12 8 0.92 1.00
Gamma flux 8.17E+12 28 7.86E+12 16 0.96 1.00
Neutron + gamma dpa/s 5.57E-12 6.20E-12 5 1.11 1.00
Neutron flux (E > 1MeV) 2.36E+09 19 3.86E+09 7 1.64 1.70 1.03
Neutron flux (E > 0.5 MeV) 3.52E+09 19 5.76E+09 7 1.64 1.05
Position 3 Neutron flux (E > 0.1MeV) 5.07E+09 19 8.24E+09 8 1.63 1.06
Neutron flux (E < 0.414eV) 1.69E+10 40 2.54E+10 5 1.50 1.00
dpa/s (Fe, ASTM) 3.57E-12 18 5.80E-12 6 1.63 1.04
dpa/s (Fe, ENDF-VI) 3.53E-12 18 5.74E-12 6 1.63 1.04

3Units are cm™s”' for neutron and gamma-ray fluxes and s for dpa/s.

PPercent standard deviation. The %2 per degree of freedom for the adjustment run was 8.536E-01.

“New” adjustment was done with calculated fluxes for each of the three positions; “old” adjustment was done with
calculated fluxes for Position 2 only.
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Table D.4. Calculated (for Position 2 only) and adjusted irradiation parameters for capsule DOS-3,
at K3, P3 from the preliminary analysis and comparison with the final analysis

Irradiation parameter Ca\ll(;l:llﬁeted Std.” A(\j/{allfafeed Std”  Adj/ Ni58(n,p) Adj“Ste‘;j
(7 (%) () (%) calc. M/C new/old
Neutron Flux (E > IMeV) 1.32E+09 58 7.63E+08 15 0.58 0.62 0.96
Neutron Flux (E > 0.5 MeV) 227E+09 58 1.33E+09 18 0.59 0.96
Position 1 Neutron Flux (E > 0.1MeV) 3.75E+09 57 2.18E+09 20 0.58 0.96
Neutron Flux (E < 0.414eV) 3.07E+10 60 1.36E+10 7 0.44 0.99
dpa/s (Fe, ASTM) 2.31E-12 50 1.31E-12 13 0.56 0.97
dpa/s (Fe, ENDF-VI) 2.29E-12 51 1.30E-12 14 0.57 0.97
Neutron Flux (E > 1MeV) 1.32E+09 58 1.19E+09 15 0.91 0.95 0.98
Neutron Flux (E > 0.5 MeV) 227E+09 58 2.08E+09 17 0.92 0.98
Neutron Flux (E > 0.1MeV) 3.75E+09 57 3.46E+09 20 0.92 0.98
Position 2 Neutron Flux (E < 0.414eV) 3.07E+10 60 3.48E+10 38 1.13 0.97
dpa/s (Fe, ASTM) 2.31E-12 50 2.18E-12 13 0.94 0.99
dpa/s (Fe, ENDF-VI) 2.29E-12 51 2.16E-12 13 0.94 0.99
Gamma dpa/s 9.84E-13 54 1.38E-12 9 1.40 1.00
Gamma Flux 3.25E+12 56 4.72E+12 28 1.45 0.99
Neutron + Gamma dpa/s 3.30E-12 3.56E-12 9 1.08 0.99
Neutron Flux (E > IMeV) 1.32E+09 58 1.81E+09 15 1.38 1.44 1.01
Neutron Flux (E > 0.5 MeV) 227E+09 58 3.20E+09 18 1.41 1.01
Position 3 Neutron Flux (E > 0.1MeV) 3.75E+09 57 5.43E+09 20 1.45 1.00
Neutron Flux (E < 0.414€V) 3.07E+10 60 1.03E+11 7 3.37 1.01
dpa/s (Fe, ASTM) 2.31E-12 50 3.88E-12 13 1.68 1.00
dpa/s (Fe, ENDF-VI) 2.29E-12 51 3.81E-12 14 1.66 1.00

3Units are cm™s”' for neutron and gamma-ray fluxes and s for dpa/s.

PPercent standard deviation. The 2 per degree of freedom for the adjustment run was 9.865E-01.

“’New” adjustment was done with calculated fluxes for each of the three positions; “old” adjustment was done with calculated fluxes
for Position 2 only.
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Table D.5. Calculated (for Position 2 only) and adjusted irradiation parameters for capsule DOS-4,
at K3, P8 from the preliminary analysis and comparison with the final analysis

Irradiation parameter Ca\l/(;lﬂjaetEd std.” A(\j/{':\lfateed Std”  Adj/  Ni5§(n,p) Adj“SteE*
() (%) () (%) calc. M/C new/old
Neutron flux (E > 1MeV) 2.32E+09 53 2.05E+09 16 0.88 0.89 0.86
Neutron flux (E > 0.5 MeV) 3.91E+09 53 3.43E+09 18 0.88 0.83
Position 1 Neutron flux (E > 0.1MeV) 6.39E+09 52 5.49E+09 21 0.86 0.82
Neutron flux (E < 0.414¢V) 427E+10 55 1.93E+10 7 0.45 1.00
dpa/s (Fe, ASTM) 3.99E-12 47 3.28E-12 13 0.82 0.87
dpa/s (Fe, ENDF-VI) 3.96E-12 47 3.26E-12 14 0.82 0.87
Neutron flux (E > [MeV) 2.32E+09 53 2.68E+09 16 1.16 1.16 0.98
Neutron flux (E > 0.5 MeV) 3.91E+09 53 4.52E+09 18 1.16 0.98
Neutron flux (E > 0.1MeV) 6.39E+09 52 7.30E+09 20 1.14 0.99
Position 2 Neutron flux (E < 0.414eV) 427E+10 55 4.11E+10 35 0.96 0.88
dpa/s (Fe, ASTM) 3.99E-12 47 4.48E-12 14 1.12 0.98
dpa/s (Fe, ENDF-VI) 3.96E-12 47 4.45E-12 14 1.12 0.98
Gamma dpa/s 9.97E-13 49 1.05E-12 16 1.05 1.00
Gamma flux 3.17E+12 52 3.33E+12 30 1.05 1.00
Neutron + gamma dpa/s 4.98E-12 5.53E-12 11 1.11 0.98
Neutron flux (E > 1MeV) 2.32E+09 53 3.95E+09 16 1.71 1.70 1.01
Neutron flux (E > 0.5 MeV) 3.91E+09 53 6.70E+09 18 1.71 1.00
Position 3 Neutron flux (E > 0.1MeV) 6.39E+09 52 1.10E+10 21 1.73 0.99
Neutron flux (E < 0.414eV) 427E+10 55 1.13E+11 7 2.63 1.00
dpa/s (Fe, ASTM) 3.99E-12 47 7.18E-12 13 1.80 0.99
dpa/s (Fe, ENDF-VI) 3.96E-12 47 7.10E-12 14 1.80 0.99

3Units are cm™s”' for neutron and gamma-ray fluxes and s for dpa/s.

PPercent standard deviation. The %2 per degree of freedom for the adjustment run was 9.584E-01.

“’New” adjustment was done with calculated fluxes for each of the three positions; “old” adjustment was done with calculated
fluxes for Position 2 only.
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Table D.6. Calculated (for Position 2 only) and adjusted irradiation parameters for capsule DOS-5,
at K3, P10 from the preliminary analysis and comparison with the final analysis

Irradiation parameter Ca\l/c;lﬂlaeted Std.” A(\j/{':\lfateed Std”  Adj/  Ni58(n,p) Adj“Ste?
() (%) () (%) calc. M/C new/old
Neutron flux (E > 1MeV) 1.72E+09 34 1.22E+09 10 0.71 0.76 0.92
Neutron flux (E > 0.5 MeV) 2.98E+09 34 2.11E+09 11 0.71 0.91
Position 1 Neutron flux (E > 0.1MeV) 4.95E+09 33 3.47E+09 13 0.70 0.91
Neutron flux (E < 0.414eV) 3.23E+10 40 2.11E+10 4 0.65 0.99
dpa/s (Fe, ASTM) 3.00E-12 30 2.11E-12 9 0.70 0.94
dpa/s (Fe, ENDF-VI) 2.98E-12 30 2.09E-12 9 0.70 0.94
Neutron flux (E > [MeV) 1.72E+09 34 1.81E+09 10 1.05 1.14 1.00
Neutron flux (E > 0.5 MeV) 2.98E+09 34 3.12E+09 11 1.05 1.00
Neutron flux (E > 0.1MeV) 4.95E+09 33 5.13E+09 12 1.04 1.00
Position 2 Neutron flux (E < 0.414eV) 3.23E+10 40 3.89E+10 25 1.20 0.96
dpa/s (Fe, ASTM) 3.00E-12 30 3.18E-12 9 1.06 0.99
dpa/s (Fe, ENDF-VI) 2.98E-12 30 3.16E-12 9 1.06 0.99
Gamma dpa/s 9.88E-13 31 9.40E-13 9 0.95 1.00
Gamma flux 3.47E+12 33 3.56E+12 19 1.03 1.00
Neutron + gamma dpa/s 3.99E-12 4.12E-12 7 1.03 0.99
Neutron flux (E > 1MeV) 1.72E+09 34 2.85E+09 10 1.65 1.74 1.04
Neutron flux (E > 0.5 MeV) 2.98E+09 34 494E+09 11 1.66 1.04
Position 3 Neutron flux (E > 0.1MeV) 4.95E+09 33 8.27E+09 13 1.67 1.03
Neutron flux (E < 0.414€V) 3.23E+10 40 1.06E+11 4 3.28 1.01
dpa/s (Fe, ASTM) 3.00E-12 30 5.50E-12 9 1.83 1.02
dpa/s (Fe, ENDF-VI) 2.98E-12 30 5.43E-12 9 1.82 1.02

3Units are cm™s”' for neutron and gamma-ray fluxes and s for dpa/s.

PPercent standard deviation. The 2 per degree of freedom for the adjustment run was 9.315E-01.

“’New” adjustment was done with calculated fluxes for each of the three positions; “old” adjustment was done with calculated
fluxes for Position 2 only.
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APPENDIX E
EFFECT OF NEUTRON AND GAMMA FLUX CHANGES






In the adjustment calculations at certain locations the calculated fluxes were the arithmetic averages of the
beginning-of-the-fuel-cycle (BOC) and the end-of-the-fuel-cycle (EOC) fluxes, while at some locations
the fluxes calculated for EOC were used.

To assess the impact of this approximation on the adjusted irradiation parameters, the adjustment was
repeated for three selected locations of dosimeters, with BOC and EOC neutron and gamma fluxes and
the results are compared with the adjustment in which the average fluxes were used.

Table E.1 gives the calculated neutron and gamma fluxes for the BOC and EOC, together with the
average fluxes for the location 2D3W. Table E.2 gives the same information for the locations 2D1C and
2D2C. These locations were selected because they are important for the pressure vessel surveillance.
Tables E.3—E.5 compare the adjusted irradiation parameters from the three adjustment runs: one
performed with the average neutron and gamma fluxes, one with the BOC fluxes, and one with EOC
fluxes, for the three locations considered.

The differences between the adjusted irradiation parameters from the run with the average fluxes and the
two runs with BOC and EOC fluxes typically do not exceed 1%, except for the gamma induced dpa and
gamma flux at the location 2D2C where the differences reach about 7%. In all cases the differences are
much smaller than the standard deviations of the adjusted parameters. Therefore, the use of the average
fluxes in the adjustment procedure is justified.
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Table E.1. Calculated neutron and gamma fluxes at the location 2D3W.
The fluxes are given at the beginning-of-the-fuel-cycle (BOC) and at the end-of-the-fuel-cycle (EOC).

Arithmetic averages of the BOC and EOC fluxes are given also. Units are (cm™s™).

BOC neutron and gamma fluxes

.33E+06
.92E+07
.93E+08
.99E+08
.99E+08
. 76E+08
_.05E+10
.24E+07
.75E+11
.35E+11

WRRRRPRRPRRENE

EOC neutron and gamma fluxes

.33E+06
.02E+07
.01E+08
.08E+08
.09E+08
.85E+08
.13E+10
.44E+07
.87E+11
.70E+11

WFRPFRPFPEPNMNNNWPRE

6.
2.
5.

8.
2.
5.

3.87E+06
5.34E+07
2.
2
1
1

74E+08

.30E+08
.85E+08
. 78E+08

99E+09
42E+11
06E+10

3.86E+06
5.53E+07
2.
2
1
1

86E+08

.41E+08
.94E+08
.86E+08

46E+09
60E+11
59E+10

5.
2.
2.

8.35E+06
1.25E+08
1.
3
1
1

69E+07

.64E+07
.47E+08
. 78E+08

4_.19E+10
2.
1.86E+08

25E+11

8.27E+06
1.29E+08
1.
3
1
1

77E+07

.81E+07
.54E+08
.87E+08

88E+10
43E+11
05E+08

6.
1.

8.
1.

1.66E+07
1.35E+08
6.01E+06
1.
7
2

90E+08

-47TE+07
-69E+08

63E+09
02E+11

1.67E+07
1.40E+08
6.30E+06
2.
7
2

OOE+08

.83E+07
.82E+08

83E+09
10E+11

Average neutron and gamma fluxes

.33E+06
.97E+07
.97E+08
.04E+08
.04E+08
.80E+08
.09E+10
.34E+07
.81E+11
.53E+11

WRRPRRPNNRENP

3.87E+06
5.43E+07
2.
2
1
1

80E+08

.35E+08
.90E+08
.82E+08

. 73E+09
.52E+11
_33E+10

.31E+06
.27E+08

8
1
1.
3
1
1

73E+07

. 7T2E+07
.50E+08
.83E+08

.03E+10
.35E+11
-96E+08

1.67E+07
1.38E+08
6.15E+06
1.
7
2

95E+08

.65E+07
. 75E+08

. 73E+09
.06E+11

.95E+07 4
.63E+08 1
.13E+07 6.
.04E+07 2
.48E+07 5
.70E+08 2

.99E+07 4
.70E+08 1
.18E+07 6.
.37E+07 2
.75E+07 5
.84E+08 2

_97E+07 4
.67E+08 1
.16E+07 6.
_20E+07 2
.61E+07 5
_77E+08 2

.83E+10 4.
.75E+11 2

.48E+10 5.
.96E+11 2.

_66E+10 4.
_85E+11 2.

.51E+07
.65E+08

30E+07

.01E+07
.31E+07
. 71E+08

09E+10

J12E+11

.61E+07
.71E+08

59E+07

.10E+07
.56E+07
.84E+08

01E+10
32E+11

-56E+07
.68E+08

44E+07

.06E+07
.43E+07
.77E+08

55E+10
22E+11

-91E+07
-92E+08
. 73E+08
.55E+07
.67E+07
.69E+08

.96E+10
.82E+11

.04E+07
-O0OE+08
.81E+08
.62E+07
.84E+07
.83E+08

.73E+10
.09E+11

.97E+07
.96E+08
. 78E+08
.59E+07
. 76E+07
. 76E+08

.35E+10
.96E+11

.11E+07
.56E+08
.35E+08
.20E+07
.86E+08
. 70E+08

_24E+11
.85E+11

.28E+07
.67E+08
_42E+08
.36E+07
.96E+08
.84E+08

.30E+11
.08E+12

.20E+07
.62E+08
.39E+08
.27E+07
-91E+08
.7T7E+08

.27E+11
.04E+12

.82E+07
.83E+08
.39E+08
.98E+07
.81E+08
.81E+08

.39E+10
.67E+11

.09E+07
.92E+08
.46E+08
.13E+07
.90E+08
.95E+08

.62E+10
.25E+11

.93E+07
.87E+08
.43E+08
.05E+07
.85E+08
.88E+08

.50E+10
.96E+11

.94E+07
.26E+07
.36E+08
.79E+08
.81E+08
.98E+08

.01E+11
.23E+11

.04E+07
.50E+07
.42E+08
.88E+08
.90E+08
.18E+08

.23E+11
.67E+11

.99E+07
.38E+07
.39E+08
.84E+08
.85E+08
.08E+08

J12E+11
.45E+11
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Table E.2. Calculated neutron and gamma fluxes at the locations 2D1C and 2D2C.
The fluxes are given at the beginning-of-the-fuel-cycle (BOC) and at the end-of-the-fuel-cycle (EOC).
Arithmetic averages of the BOC and EOC fluxes are given also. Units are (cm™s™).

BOC neutron and gamma fluxes

1.36E+07 5.44E+07 1.56E+08 3.78E+08 7.67E+08 1.26E+09 1.58E+09 1.92E+09 2.39E+09 8.24E+08
8.25E+08 1.68E+09 4.20E+09 4.58E+09 4.59E+09 4.00E+09 4.85E+09 4.77E+09 3.21E+09 1.02E+09
4_.04E+09 4.73E+09 2.28E+08 8.27E+07 1.67E+08 1.24E+09 3.27E+09 2.98E+09 2.81E+09 2.75E+09
4_.20E+09 4.82E+09 7.97E+08 4.31E+09 1.75E+09 5.09E+08 3.85E+08 5.98E+08 5.38E+08 4.27E+09
4_83E+09 4.83E+09 3.97E+09 2.04E+09 1.53E+09 1.52E+09 1.05E+09 5.37E+09 5.53E+09 5.78E+09
6.02E+09 6.32E+09 6.62E+09 1.05E+10 1.13E+10 1.20E+10 1.28E+10 1.38E+10 1.56E+10 2.43E+10
2.04E+12

1.03E+07 4.20E+10 1.69E+11 2.29E+10 8.66E+10 8.69E+10 1.77E+11 2.28E+11 1.52E+11 6.64E+11
2.83E+11 4.02E+11 3.93E+11 1.80E+11 3.50E+11 3.90E+11 5.40E+11 1.97E+12 1.17E+12 8.54E+11
5.06E+11 6.95E+10 2.53E+08

EOC neutron and gamma fluxes

1.36E+07 5.48E+07 1.58E+08 3.82E+08 7.78E+08 1.28E+09 1.62E+09 1.98E+09 2.48E+09 8.54E+08
8.54E+08 1.74E+09 4.39E+09 4.80E+09 4.82E+09 4.20E+09 5.11E+09 5.03E+09 3.39E+09 1.08E+09
4_.26E+09 5.00E+09 2.40E+08 8.73E+07 1.77E+08 1.31E+09 3.46E+09 3.15E+09 2.96E+09 2.91E+09
4_44E+09 5.10E+09 8.44E+08 4.56E+09 1.85E+09 5.39E+08 4.07E+08 6.33E+08 5.69E+08 4.52E+09
5.11E+09 5.11E+09 4.20E+09 2.16E+09 1.62E+09 1.62E+09 1.12E+09 5.70E+09 5.87E+09 6.13E+09
6.39E+09 6.71E+09 7.03E+09 1.12E+10 1.20E+10 1.28E+10 1.36E+10 1.47E+10 1.67E+10 2.60E+10
2.46E+12

1.15E+07 5.09E+10 2.14E+11 2.82E+10 1.10E+11 1.07E+11 2.11E+11 2.62E+11 1.71E+11 7_.89E+11
3.15E+11 4.43E+11 4.34E+11 1.99E+11 4.01E+11 4.38E+11 6.08E+11 2.24E+12 1.34E+12 9.87E+11
5.87E+11 8.08E+10 2.94E+08

Average neutron and gamma fluxes

1.36E+07 5.46E+07 1.56E+08 3.80E+08 7.73E+08 1.28E+09 1.61E+09 1.95E+09 2.43E+09 8.39E+08
8.39E+08 1.71E+09 4.29E+09 4.69E+09 4.71E+09 4.10E+09 4.98E+09 4.90E+09 3.30E+09 1.05E+09
4_.15E+09 4.86E+09 2.34E+08 8.50E+07 1.73E+08 1.28E+09 3.37E+09 3.06E+09 2.88E+09 2.83E+09
4_33E+09 4.96E+09 8.20E+08 4.44E+09 1.80E+09 5.24E+08 3.96E+08 6.15E+08 5.53E+08 4.39E+09
4_97E+09 4.97E+09 4.08E+09 2.10E+09 1.57E+09 1.57E+09 1.09E+09 5.53E+09 5.70E+09 5.96E+09
6.21E+09 6.52E+09 6.83E+09 1.09E+10 1.16E+10 1.24E+10 1.32E+10 1.43E+10 1.62E+10 2.52E+10
2.25E+12

1.09E+07 4.64E+10 1.91E+11 2.55E+10 9.86E+10 9.69E+10 1.94E+11 2.45E+11 1.62E+11 7.27E+11
2.99E+11 4.22E+11 4.14E+11 1.90E+11 3.76E+11 4_.14E+11 5.74E+11 2.11E+12 1.26E+12 9.18E+11
5.47E+11 7.51E+10 2.74E+08
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Table E.3. Calculated and adjusted irradiation parameters at 2D3W (capsules HRB2-3G and HRB2-3A, position 2;
dosimeter sets GD-18 and AL-31; HRB2-3W). Adjustment is performed with the average, BOC, and EOC neutron and gamma fluxes.

Unadjusted value Average fluxes BOC fluxes EOC fluxes
Irradiation parameter® Calculated Std.° Adjusted Std. Adjusted Std.° Adjusted Std.©
vallge (%) valtée (%) vallge (%) vallge (%)
() () () 0
Neutron flux (E > 1 MeV) 9.42E+08 19 1.10E+09 6 1.10E+09 6 1.10E+10 6
Neutron flux (E > 0.5 MeV) 1.72E+09 19 1.99E+09 7 1.99E+09 7 2.00E+09 7
Neutron flux (E > 0.1 MeV) 3.01E+09 19 3.47E+09 8 3.46E+09 8 3.49E+09 8
Neutron flux (E < 0.414 V) 1.09E+10 40 1.39E+10 6 1.39E+10 6 1.39E+10 6
Neutron dpa/s (Fe, ASTM) 1.71E-12 18 1.99E-12 6 1.98E-12 6 1.99E-12 6
Neutron dpa/s (Fe, ENDF-VI) 1.71E-12 18 1.99E-12 6 1.98E-12 6 1.99E-12 6
Gamma dpa/s 1.01E-12 27 1.18E-12 7 1.18E-12 7 1.18E-12 7
Gamma flux 4.64E+12 28 5.33E+12 16 5.34E+12 16 5.32E+12 17
Neutron + gamma dpa/s 2.72E-12 3.17E-12 4 3.16E-12 4 3.18E-12 4

®The measurements from cycles 400 and 401 were treated together in the adjustment.
®Units are cm™s™ for neutron and gamma-ray fluxes and s for dpa/s.
“Percent standard deviation.
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Table E.4. Calculated and adjusted irradiation parameters at 2D1C (capsules HRB2-1G and HRB2-1A, position 2;
dosimeter sets GD-14 and AL-27; HRB2-1C). Adjustment is performed with the average, BOC, and EOC neutron and gamma fluxes.

Unadjusted value Average fluxes BOC fluxes EOC fluxes
Irradiation parameter® CaICL:Iated Std.° Adjlljsted Std.° Adjlljsted Std.° Adjlljsted Std.°
value value value value

o (r o o
Neutron flux (E > 1 MeV) 2.79E+10 63 2.23E+10 12 2.25E+10 11 2.22E+10 12
Neutron flux (E > 0.5 MeV) 4.40E+10 63 3.41E+10 13 3.44E+10 13 3.39E+10 13
Neutron flux (E > 0.1 MeV) 6.95E+10 62 5.18E+10 15 5.24E+10 15 5.15E+10 16
Neutron flux (E < 0.414 ¢V) 2.25E+12 65 1.43E+12 6 1.43E+12 6 1.43E+12 6
Neutron dpa/s (Fe, ASTM) 6.10E-11 48 4 48E-11 7 4.50E-11 7 4.46E-11 7
Neutron dpa/s (Fe, ENDF-VI) 5.92E-11 49 4.35E-11 7 4.38E-11 7 4.34E-11 7
Gamma dpa/s 2.76E-12 58 6.13E-12 31 6.11E-12 32 6.11E-12 29
Gamma flux 9.39E+12 61 2.10E+13 44 2.11E+13 44 2.08E+13 43
Neutron + gamma dpa/s 6.38E-11 5.09E-11 7 5.11E-11 7 5.07E-11 7

®The measurements from cycles 400 and 401 were treated together in the adjustment.
®Units are cm™s™ for neutron and gamma-ray fluxes and s for dpa/s.
“Percent standard deviation.
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Table E.5. Calculated and adjusted irradiation parameters at 2D2C (capsules HRB2-2G and HRB2-2A, position 2;
dosimeter sets GD-16 and AL-29; HRB2-2C). Adjustment is performed with the average, BOC, and EOC neutron and gamma fluxes.

Unadjusted value Average fluxes BOC fluxes EOC fluxes
Irradiation parameter® Calculated Std.° Adjusted Std.° Adjusted Std.° Adjusted Std.°
vallde (%) vallge (%) vallge (%) vallge (%)
0 0 0 0
Neutron flux (E > 1 MeV) 2.79E+10 19 2.99E+10 6 2.99E+10 6 3.00E+10 6
Neutron flux (E > 0.5 MeV) 4.40E+10 19 4.70E+10 6 4.70E+10 6 4.73E+10 6
Neutron flux (E > 0.1 MeV) 6.95E+10 19 7.40E+10 7 7.39E+10 7 7.44E+10 7
Neutron flux (E <0.414 eV) 2.25E+12 20 2.08E+12 6 2.06E+12 6 2.09E+12 6
Neutron dpa/s (Fe, ASTM) 6.10E-11 15 6.24E-11 4 6.22E-11 4 6.26E-11 4
Neutron dpa/s (Fe, ENDF-VI) 5.92E-11 15 6.07E-11 4 6.05E-11 4 6.09E-11 4
Gamma dpa/s 2.76E-12 27 3.23E-12 21 3.02E-12 21 3.42E-12 20
Gamma flux 9.39E+12 28 1.09E+13 24 1.04E+13 25 1.13E+13 24
Neutron + gamma dpa/s 6.38E-11 6.56E-11 4 6.52E-11 4 6.61E-11 4

®The measurements from cycles 400 and 401 were treated together in the adjustment.
®Units are cm™s™ for neutron and gamma-ray fluxes and s for dpa/s.
“Percent standard deviation.
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APPENDIX F
COMPUTER CODES AND DATA ARCHIVE






This appendix summarizes information about the computer codes used for the analysis of the dosimeters
and the information on the computer runs performed.

The information is archived on DVD (labeled Dosimetry and Charpy Analysis CY400-401) and in the
HFIR directory on CPILE, in the directory CY400-401-Dosimetry.

The archive consists of three main directories: Codes, which contains the information on the codes used;
Dosimetry, which contains all the data used to analyze the dosimetry experiments; and Charpy, which
contains information on the dosimetry analysis from the Charpy capsules.

The “Codes” directory contains the source codes in the subdirectory, “src,” executables in the
subdirectory, “bin,” a few auxiliary scripts used for file manipulation in “scripts,” and a subdirectory
“verification,” which contains an example of the adjustment run, used to demonstrate that the code
LSLM? installed on CPILE under the Linux operating system produces the same results as the original
LSLM2 code, which was designed for use with a DOS operating system. The details about the computer
system, operating system, and compiler are listed in Table F.1.

Table F.1. Computer and code information

Computer system name CPILE

Computer type/model KC-Computer Co., “IBM” compatible
Operating system/version Red Hat Linux 7.3

Computer code/version LSLM?2

Type of compiler LINUX Portland Group FORTRAN 4.0.2
Owner of code ORNL

RSICC? distribution number ~ PSR-233 MICRO

®Radiation Safety Information Computational Center, located and operated
within the Nuclear Science and Technology Division at Oak Ridge National
Laboratory.

The LSLM2 computer code package consists of four codes. The main code is the “LSLM?2,” which
performs a least-squares logarithmic adjustment of neutron and gamma spectra based on the measured
reaction rates. The program, “ACT,” performs conversion from dosimeter activities to reactions rates.
Program “CALACT” calculates reaction rates from the reaction rate cross sections and neutron and
gamma fluxes. The last program, “FLXPRO,” performs conversion of group fluxes, cross sections, and
covariances from one energy group structure to another. The codes are written in FORTRAN-77.

The archive directory, “Dosimetry,” contains all the data and computer runs performed to analyze the

dosimetry experiments performed in HFIR fuel cycles 400 and 401. The list of the subdirectories and
their content is listed in Table F.2.
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Table F.2. Content of the archive directory, “Dosimetry”

Subdirectory Content
Cross-sections Reaction cross sections and manipulation runs
Fluxes Neutron and gamma fluxes obtained from transport calculations

Reaction rate calculated from neutron and gamma fluxes

Calculated-rr . .
and reaction cross sections

Calculated-rr-gamma  Calculated gamma-ray induced reaction rates

Measured-rr Measured specific activities and ‘measured” reaction rates

Spv Preparation of the covariance matrix for neutron and gamma fluxes
Power-history Power history of HFIR operation

Adjustment All adjustment runs with the LSLM?2 computer code

The directory, “Adjustment,” contains one subdirectory for every location where the adjusted irradiation
parameters are provided in Table 4 of this report. Each subdirectory contains another subdirectory,
named, for example, “Report-Table-5,” indicating that this subdirectory contains the adjustment run,
which provided results for the Table 5 of the report. Additional subdirectories are given if more
adjustment runs were discussed in the report, and the subdirectory, “Archive,” contains all other
adjustment runs performed to evaluate the impact of different parameters on the adjusted irradiation
parameters, but not specifically listed in the report.

Throughout the archive there are “README?” files, which provide additional explanation of the archived
data. The archived data and codes provide complete information necessary to reproduce the analysis.
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