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ABSTRACT 

Neutron transport calculations have been performed to determine the 
pressure vessel fluence and cavity dosimeter responses for cycle 10 of 
the H. B. Robinson pressurized water reactor. This. cycle was the first 
to utilize "partial length shield assemblies" within the core to reduce 
the fluence rate at the critical weld location in the vessel. This work 
is part of the ongoing surveillance of the Robinson plant to insure that 
the projected fluence rates are reliable.  

The flux calculations utilize a "two-channel" synthesis approximation 
and recently processed iron cross sections based on a new evaluation for 
the inelastic data above 3 MeV. The methodology used to calculate this 
highly asymmetrical configuration is discussed in detail, and a 
comparison of the calculated and measured cavity-dosimetry results is 
presented. Discrepancies are observed in the computed and measured 
results for the 237Np dosimeter, and possible explanations are 
discussed. Calculated absolute neutron flux spectra, as well as radial, 
azimuthal, and axial variations in the fast flux and dpa within the 
pressure vessel, are given.  

The effect of a least-squares consolidation of the measured and 
calculated results is studied.
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1. OVERVIEW OF H. B. ROBINSON VESSEL 
FLUENCE REDUCTION PROGRAM 

1.1 PRESSURE VESSEL EMBRITTLEMENT STUDIES 

The H. B. Robinson (HBR) reactor is located in South Carolina and is owned 
and operated by Carolina Power and-Light (CP&L). In 1982, this reactor was 
identified by the U.S. Nuclear Regulatory Commission (NRC) as one of 
several reactors in the United States that required remedial action to 
reduce the neutron fluence received by the reactor pressure vessel (RPV) so 
that the degree of radiation embrittlement would not exceed regulatory 
limits during the reactor's operating lifetime.- Of particular concern, 
were two steel weldments in the RPV whose composition (i.e., nickel and 
copper content) raised concern that the nil-ductility transition 
temperature would exceed the screening criterion established for 
pressurized-thermal shock. During the period 1983-1984, a plan was 
developed by CP&L and subcontractors to significantly reduce the RPV 
fluence at the critical weld locations, and thus maintain the transition 
temperature below the.required limit.' 

The flux reduction program consisted of two components. First, a low
leakage fuel management program was begun during cycle 9. Burned fuel 
assemblies loaded on the core periphery were estimated to reduce the high 
energy flux incident on the RPV by about a factor of two. However, because 
the flux at the weld locations would still be excessive, a second reduction 
technique was also developed.  

The second flux reduction method used specially designed fuel elements 
called "partial length shield assemblies" (PLSAs) to further reduce the 
flux levels around the axial elevations of the critical welds. Three PLSAs 
were to be placed on each flat of the core to lower the peak flux, which 
occurred near 0*. In the PLSAs, the .fuel pellets in the bottom portion of 
the element were replaced by stainless steel, which removed the peripheral 
neutron source near the bottom of the core and also provided some shielding 
to prevent neutrons born within the core interior from reaching the vessel.  
The PLSAs were estimated to reduce the flux of the lower weld by about a 
factor of four. Near the top of the PLSAs, the normal fuel pellets were 
replaced by natural U02, which reduces the flux at the upper weld to an 
acceptable level so that it does not become limiting. The PLSA elements 
were first introduced into the HBR core beginning with cycle 10 (1985) and 
will remain a standard procedure for the remainder of the operating 
lifetime.  

The HBR RPV fluence has been closely monitored by CP&L and the NRC to 
assure compliance with the predicted behavior. Both transport calculations 
and dosimetry measurements have been performed by Westinghouse for cycles 
nine, ten,3 and eleven.4 Oak Ridge National Laboratory (ORNL) has also 
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previously analyzed the HBR RPV fluence for cycle nine,
5 using the LEPRICON 

code system.  

In this study, the ORNL analysis of the HBR vessel fluence, continues and 

will focus on cycle 10, which was the first to employ the PLSAs. These 

results will contribute to the NRC's goal ,of obtaining independent 

verification of the fluence accumulation rate in the HBR Unit 2 plant.  

2. DESCRIPTION OF REACTOR AND EXPERIMENT CONFIGURATION 

2.1 REACTOR DESCRIPTION 

A plan view of the HBR Unit 2 reactor core and vessel internals 
is shown in 

Fig.. 2.1. The reactor is a three-loop, Westinghouse pressurized water 

reactor (PWR) design that was first placed in operation in 1971. The core 

is-approximately 365.8 cm (12 ft) in height and consists of 157 
fuel 

assemblies, each containing a 15 by 15 array of fuel pins. The 12 shaded 

assemblies (three in each quadrant) on the core flats in Fig. 2.1, 

correspond to the PLSA elements. In these assemblies, the bottom 106.68 cm 

(42 in.) of the fuel pins contain stainless steel Type 304 (SS 304), and 

the top 30.48 cm (12 in.) consist of natural uranium. '.The portion of the.  

PLSA between these top and bottom sections consists of.typical U02 pellets, 
which were fresh .fuel at the beginning of, cycle 10.  

At full power, the reactor produces 2300 MW(t), corresponding to a nominal 

coolant temperature during normal operation of about 288*C. [Note that 

cycle 9 was run at a somewhat cooler temperature.] Table.2.1 gives the 

monthly average fractional power production during January 1985-January 

1986, the time period corresponding to cycle 10.  

The RPV in the HBR plant has an inner radius of 197.49 cm (77.0 in.) and is 

24.155 cm (9.4 in.) thick, including a 5.56 mm (0.22 in.) stainless steel , 

liner on the inner surface. 'It contains three pairs of inlet/outlet'

penetrations, which are oriented as indicated in Fig. 2.1. The RPV design 

in HBR is typical of most light water reactor (LWR) vessels: three base 

steel plates are welded together longitudinally to form circular "shells," 

which are then welded circumferentially to form the vessel itself.  

Figure 2.2.illustrates the azimuthal location of the RPV 
longitudinal 

welds, as well as the axial position of the circumferential welds, relative 

to the active core height. The radiation exposure of the circumferential 

welds connecting the lower and intermediate shells ("lower circumferential 

weld") and the intermediate and nozzle shells ("upper circumferential 

weld"), respectively, was a primary concern in assessing the long-term 

integrity of the HBR RPV. The PLSA elements (shown in Fig. 2.2) were 

introduced beginning with cycle 10 in order to reduce the peak fluence 

received by these welds, when analysisindicated that they would experience 

excessive radiation embrittlement before the plant reached its nominal 

operation lifetime.
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Table 2.1. Monthly average power level of H. B. Robinson 
Unit 2 during cycle 10 

Average 
Month Operating time power fractiona 

January 1985 31 0.082 
February 1985 28 0.516 
March 1985 31 0.914 
April 1985 30 0.945 
May 1985 31 0.945 
June 1985 30 0.988 
July 1985 31 0.953 
August 1985 31 0.908 
September 1985 30 0.877 
October 1985 31 0.897 
November 1985 30 0.953 
December 1985 31 0.954 
January 1986 29. 0.595 

aRelative to 2300 MW(t).  

Beyond the RPV is the reactor cavity region, lying between the vessel and 
the concrete reactor shield. The cavity in the HBR plant is relatively 
narrow, consisting of a 1.27 cm (0.5 in.) air gap, followed by a 7.62 cm' 
(3 in.) insulation section, and another 8.179 cm (3.22 in.) air 
gap-totaling 17.069 cm (6.72 in.) between the vessel and the concrete 
shield.. However., there are eight large "detector wells" approximately 33 
cm wide by 80 cm deep that are inset in the concrete shield at 450 
increments,,result-ing in a much larger void region outside of the RPV than 
suggest'edby the reactor cavity width. The concrete walls surrounding the 
well indentions are lined with 6.35 mm of steel, and each well contains a 6 .35-mm-thick steel cylinder with an outer radius of 9.5 cm. Following the 
suggestion in Reference 5, the' concrete shield is assumed to be composed of 
ordinary Type 02-b concrete, with a reduced water content of 4.67 wt % and 
an iron rebar concentration of 0.7% by volume. There is a fair amount of 
uncertainty in the actual water content of the concrete because this value 
tends to decrease with time.
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2.2 CAVITY DOSIMETER DESCRIPTION 

A cavity dosimetry surveillance program was begun at the HBR Unit 2 plant 

in 1982. The first cavity dosimetry was installed at the beginning of 

cycle 9 as a cooperative venture between CP&L and 
the NRC as part of the 

LWR Pressure Vessel Surveillance Dosimetry Improvement Program to verify 

the accuracy of cavity measurements in establishing the magnitude of 
RPV 

fluence. After insertion of the PLSA elements in the core during the 

following cycle, the cavity dosimetry program was continued and further 

emphasized to (a) verify the predicted flux reduction 
because of PLSA 

elements, and (b) provide a more frequent monitoring of the vessel 
fluence 

than could be obtained from the limited number of in-vessel surveillance 

capsules. Westinghouse has performed the experimental cavity dosimetry 

analysis for cycles 9 through 11, and their measured 
results for cycle 10 

are utilized in this study.  

The cavity dosimetry for cycle 10 consisted of six multiple foil packets 

and four.stainless steel gradient wires. The gradient wires were all 

located at a radial distance of 238.02 cm (93.0 in.) from the core center, 

and were placed azimuthally at 2670, 2790, 2970, and 225*, respectively.  

Since the core exhibits 450 symmetry, these angular positions will 

correspond to 3*, 90, 270, and 45* in the primary octant. The wires at the 

first three of these locations each contained two foil packets, at 

elevations of +271.88 cm (106.0 in.) and -25.30 cm (-10.0 in.) from the 

core midplane, respectively. The packets at the higher elevation are 

actually positioned nearly 90 cm (35.0 in.) above the'active core height, 

and were not analyzed in this study. Figures 2.3 and 2.4 show the 

locations of the cavity dosimeters for-cycle 10.  

The dosimeter-packets consisted of an aluminum capsule that contained 
bare 

iron foils (-115 mg) and solid state track recorders (SSTRs) for 
238U, 

237 p 235U, and 239Pu. Both bare and cadmium-covered SSTRs were utilized 

for 235 J and 239Pu. A thin coverplate retains the dosimeters within two 

compartments drilled in the capsule. The holder capsule has a mass of 

about 60 g of aluminum and is assumed to have a negligible effect 
on the 

flux at the dosimeter locations.  

In addition to the dosimeter packet results, the activation of 
the gradient 

wire itself also provides dosimetry results based on reactions in the iron, 

nickel, and cobalt isotopes present in the steel. The activity was 

determined by cutting the wire into 30 cm (1 ft) segments and tabulating 

the measured activity at the axial location corresponding to 
the center of 

each segment.  

Table 2.2 summarizes the dosimeter reactions available for the 
HBR cycle 10 

analysis and lists the source of the measured 
results. Each dosimeter was 

irradiated according to the power-time history given in Table 
2.1. After 

removal from the reaction in January 1986, there was a 174-day decay time 

before the dosimeter activation products were counted. More details 

concerning the cycle 10 experimental program can be found in References 3 

and 4.
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Table 2.2. H. B. Robinson Unit 2 cycle 10 cavity dosimeter measurements 

Dosimeter Approximate Source of measured 
reaction response range data 

(MeV) 

54Fe(n,p)54Mn >2.3 Foil in lower dosimeter packets 

54Fe(n,p)54mn >2.3 Gradient wire 

58Ni(n,p)51Co >2.1 Gradient wire 

2 38 U (nf) >1.5 SSTR in lower dosimeter packets 
237Np(n,f) >0.2 SSTR in lower dosimeter packets 

59CO(n,y) 60Co <0.015 Gradient wire 
235U(n,f) [bare] <0.002 SSTR in lower dosimeter packets 
235U(n,f) [Cd-cover] >5.5 x 10- SSTR in lower dosimeter packets 
2 39 Pu(nf) [bare] <5.0 x 10- Not useda 

2 39 Pu(n,f) [Cd-cover] >5.5 x 10- Not useda 

aThe measured plutonium results are inconsistent and not considered 
reliable.
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3. TRANSPORT CALCULATION METHODOLOGY 

3.1 FLUX SYNTHESIS METHODOLOGY 

The flux distribution within the RPV varies in all three coordinate.  

dimensions because of the three-dimensional (3-D) nature of the 
source and 

the irregular geometry of the HBR core. A 3-D cylindrical coordinate, 

system (R8Z) has been used to represent the 
reactor configuration.  

Unfortunately, a 3-D transport calculation was not considered 
to be 

practical for a problem of this.size and complexity; 
therefore, a 3-D flux 

synthesis technique,.based on combining results 
from.lower dimensional 

transport calculations, has been utilized in the analysis.  

The synthesis method has been extensively used and verified 
in numerous RPV 

fluence calculations and has.become the standard method, for representing 

the 3-D flux distribution in pressure vessel studies.
7'8 However, a, 

variation of the standard procedure is required here to account for the 

presence of the PLSA elements, which introduce a significant 
asymmetry in 

the axial and azimuthal distribution of the flux incident 
on the vessel.  

Whereas a "single channel" synthesis approximation will 
suffice for most 

reactor analysis, a "multi-channel" (e.g., two-channel) approximation mus.t 

be used for the HBR cycle 10 calculations to account for the significantly 

different azimuthal distributions of the flux at elevations corresponding 

to the shield and fuel portions of the PLSA, respectively. 
A two-channel 

synthesis approximation was first applied to 
RPV fluence calculations in 

the earlier HBR analysis that supported the initial design of the PLSA 

assemblies and projected their effectiveness for fluence 
reduction.. The 

accuracy of the two-channel synthesis methodology was recently validated 
by 

Maerker in the VENUS-3 benchmark experiment,
9 and it has also been employed 

by Westinghouse in their calculations of the HBR cycle 
10 and cycle 11 

dosimetry experiments.  

The two-channel synthesis expression is given by the following: 

S4R(R, Z) L ( RZ(R,Z) (3.1) 
0(R, 8, Z) O= #(R,98) +R #R(R,98) 

OR(R) Rn(R) 

where 

Rue(R,9) and OL (R,8) = upper and lower Re channel fluxes, 

respectively; 

RZ(R,Z) and OLZ (R,Z) = upper and lower RZ channel fluxes, 

respectively; and 

O(R) and R(R) = upper and lower R channel fluxes, 

respectively.



The upper Re channel flux is obtained from a two-dimensional Re transport 
calculation in which the input R9 source is computed by integrating the 3-D 
(i.e., ROZ) core-source distribution axially over the fuel region above the 
shield portion of the PLSA. This axial interval (i.e., from 76.2 cm 
(30.0 in.) below the core midplane to the top of the core) will be 
designated the "upper core" region. Similarly, the RE source for the 
calculation of the lower Re channel fluxes is obtained by integrating the 
3-D source over the axial region containing the shield portion of the PLSA.  
This region (i.e., from 76.2 cm below the midplane to the bottom of the 
core) is designated as the lower core. The two Re sources are 
significantly different near the PLSA elements (i.e., these elements 
contain a source in the upper region, but no source in the lower), which 
causes the two respective Re channel fluxes to have completely different 
azimuthal shapes.  

The upper RZ channel flux is obtained from a two-dimensional RZ transport 
calculation in which the input RZ source is approximated by taking the 3-D 
source along the 9 = 0* and setting the portion of the source contained in 
the lower core equal to zero. The lower RZ channel source is also obtained 
from the 8 - 00 source distribution, except in this case, the portion of 
the source in the upper core region is zeroed out. The R channel fluxes 
are obtained from one-dimensional radial transport calculations in which.  
the respective upper and lower RZ .channel sources are integrated over the 
axial dimension. The ratios of the RZ to the R channel fluxes for the 
upper and lower regions, respectively, essentially provide the relative 
weighting of the two different azimuthal shapes represented by the two Re 
channel fluxes. Of course the RZ geometry must assume azimuthal symmetry, 
and this causes some error to be introduced in the synthesized fluxes, 
especially for the lower region where shielding material is present in the 
peripheral assemblies on the flats but not in the elements at other 
azimuthal positions. The shield material is included in the outer core 
region of the lower RZ model (since the 0* azimuth was the basis of the 
model) - this will cause the lower region contribution to the synthesized 
flux to be under-weighted at azimuths away from the flats. Unfortunately 
there is no easy method to overcome this shortcoming, other than using a 
still higher order synthesis approximation, which becomes exceedingly 
complex.  

It is interesting to note that the two-channel synthesis approximation can 
be viewed as a straightforward superposition of two single channel 
synthesis calculations. In Eq. (3.1), the two terms on the right-hand side 
can be defined by 

0U(R,9,Z) R Re z (3.2)
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L(R,9,Z) RO RZ (3.3) 

The function Ou(R,E,Z) is just the single channel synthesis approximation 

for the 3-D flux distribution throughout the system using only the source 

in the upper portion of the core; and OL(Re,Z) is the synthesized flux 

throughout the system using only the source in the lower portion of.the 

core. The total flux distribution is the superposition of the two cases: 

O(R,E,Z) = 0U(R,9,Z) + #L(R,e,Z) (3.4) 

Because of the larger magnitude of the upper source, it is anticipated that 

OU will be much larger than OL throughout much of the system, except near 

the bottom of the core where the shield portion of the PLSA elements have 

an influence.  

3.2 DISCRETE ORDINATES CALCULATIONS 

The channel fluxes were computed with the DOT 4.3 discrete ordinates 

transport code, which required two Re, RZ, and R runs, respectively. An S8 

angular quadrature and a P3 scatter cross-section expansion were used in 

the calculations, and the energy variation was represented by 47 neutron 

and 20 gamma groups. Figure 3.1 shows the DOT RO model used to compute the 

upper and lower RO channel fluxes.  

A one-eighth segment of the core is modeled with reflected boundaries at 

e = 00 and 45". The DOT RO model used in this analysis is identical to 

that developed in Reference 5 for the cycle 9 calculations, except 
that the 

cavity detector well at 45* has been added. The only difference in the 

geometric models used for the upper and lower R8 calculations 
is that the 

one and one-half assemblies appearing on the core flat contain fuel 

material for the upper calculations and stainless steel pins for the lower..  

Figure 3.2 shows the DOT RZ model. Again, this model is similar to that 

described in Reference 5. The RZ model corresponds to the reactor geometry 

at 0*, since this azimuth corresponded to the location of the peak flux 
on 

the lower weld prior to insertion of the PLSA elements and was the region 

of most interest in assessing the effect of the PLSA. The same model is 

used in the calculations of both the upper and lower RZ .channel fluxes (but 

the sources are different, of course). Each one-dimensional R model 

corresponds to the zero degree, midplane radial traverse of the 
pertinent 

RZ model.  

Table 3.1 lists the atom densities of the various. nuclides in the 

compositions appearing in the DOT models.



ORNL DWG. NO. 89-19727 

0.0 345.0 

RADIUS (cm) 

Fig. 3.1. DOT RO model of H. B. Robinson Unit 2.
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ORNL DWG. NO. 89-19728 

IIII 

-- L-- - -- , ', 

W. 67.0 134.0 201.0 268.0 335.0 
RADIUS (cm) 

Fig 3.2 DOT RZ model of H. B. Robinson Unit 2.



15 

Table 3.1. Material compositions appearing in DOT models 

Mixture Component Atom density 
(atom/b cm) 

Core 235U 2.256E-4 
238U 6.740E-3 

O 2.811E-2 
H 2.836E-2 
10B 2.550E-6 
Fe 1.069E-4 
Mn 1.976E-6 
Cr 0.162E-5 
Ni 1.291E-4 
Zr 4.348E-3 

Stainless steel Fe 5.978E-2 
Mn 1.761E-3 
Cr 1.768E-2 
Ni 8.242E-3 

Coolant H 5.046E-2 
0 2.523E-2 
10B 4.538E-6 

Reactor vessel C 9.820E-4 
Mn 1.116E-3 
Fe 8.270E-2 
Ni 4.420E-4 

Concrete H 6.874E-3 
C 1.115E-4 
0 4.324E-2 
Na 9.644E-4 
Mg 1.239E-4 
Al 1.742E-3 
Si 1.663E-2 
K. 4.608E-4 
Ca 1.503E-3 
Fe 9.380E-4 

Partial;length 0 1.418E-2 
shield assembly H 2.836E-2 

10B 2.550E-6 
Fe 1.709E-2 
Mn 5.020E-4 
Cr 5.085E-3 
Ni 2.471E-3 
Zr 4.348E-3
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3.3 CROSS-SECTION DATA 

The multi-group, neutron and gamma cross-section data used in the transport 

calculations were mostly obtained from the SAILOR cross-section library,
10 

with an important modification discussed in the next paragraph. The group 

structures for the 47 neutron and 20 gamma groups are given in Tables 3.2 

and 3.3. The dosimeter activation cross sections in the SAILOR library are 

known to contain several errors [e.g., 63Cu(n,a), 59Co(n,-y), 2
1
5U(n,f), 

etc.], and therefore a different reference has been used for the response 

functions. A 620-group set of response cross sections based on the 

ENDF/B-V dosimetry file were collapsed into the 47-group structure using an 

appropriate weight function, and these data were used to compute the 

dosimeter reaction rates. A listing of the activation cross sections and 

the displacements per atom (dpa) response function for iron is given in 

Table 3.4.  

The iron cross section contained in the SAILOR library is based on 

ENDF/B-IV data, which are known to over-attenuate the fast flux through the 

RPV. Recently, a new iron evaluation has been performed 'by C. Y. Fu at 

ORNL, which will be the basis for the ENDF/B-VI iron data soon to be 

released. The new iron cross section appears to produce more accurate 

calculations compared to integral measurements
5 and has been recommended 

for RPV dosimetry analysis
8-especially for cavity dosimetry calculations 

that are strongly affected by the vessel attenuation of the flux. This new 

iron cross section was recently processed into the SAILOR group structure 

and has been used in the present transport calculations. Table 3.5 

compares the iron group-wise removal cross sections (Et - Z.) based on the 

Fu evaluation with the original SAILOR values for the energy range above 

0.111 MeV. It can be seen that the new iron cross section has a lower 

group removal cross section in the energy range above 3 MeV due to 

modifications to the inelastic scatter data, resulting in less attenuation 

of the high-energy flux. This new iron data contains no changes in the 

inelastic data below 3 MeV, although it is possible that future evaluations 

could also change this energy range, which has an important impact on the 

flux above 1 MeV. Some large differences in the removal cross sections are 

also found in the energy range from 0.111 to about 0.5 MeV. These 

differences are not caused by the changes to the inelastic data and are 

presumably caused by processing variations, since the basic data should be 

similar in this range. For example, a different cut-off value between the 

fission spectrum and l/E weight functions used in the multigroup averaging 

can affect the elastic removal values. Elastic scatter in iron will only 

reduce the energy of neutron by a small amount per collision and usually 

the integrated flux above 1 MeV. The group removal cross sections below 

0.5 MeV are about an order of magnitude lower than the values above 2 MeV.  

The cavity flux spectrum as well as the magnitude of the integrated flux 

above 1 MeV computed using the new iron cross section should be 

considerably different than the results obtained with the original SAILOR 

iron cross sections.
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Table 3.2. Forty-seven neutron group energy boundaries 

,Energy group Upper limit Lower limit 
(MeV) (MeV) 

1 1.733E+01 1.419E+01 
2 1.419E+01 1.221E+01 
3 1.221E+01 1.000E+01 
4 1.OOOE+01 8.607E+00 
5 8.607E+00 7.408E+00 
6 7.408E+00 6.065E+01 
7 6.065E+00 4.966E+01 
8 4.966E+00 3.679E+01 
9 3.679E+00 3.012E+00 

10 3.012E+00 2.725E+00 
11 2.725E+00 2.466E+00 
12 2.466E+00 2.365E+00 
13 2.365E+00 2.346E+00 
14 2.346E+00 2.231E+00 
15 2.231E+00 1.920E+00 
16 1.920E+00 1.653E+00 
17 1.653E+00 1.353E+00 
18 1.353E+00 1.003E+00 
19 1.003E+00. 8.208E-01 
20 8.208E-01 7.427E-01 
21 7.427E-01 6.081E-01 
22 6.081E-01 4.979E-01 
23 4.979E-01 3.688E-01 
24 3.688E-01 2.972E-01 
25 2.972E-01 1.832E-01 
26 1.832E-01 1.111E-01 
27 1.111E-01 6.738E-02 
28 6.738E-02 4.087E-02 
29 4.087E-02 3.183E-02 
30 3.183E-02 2.606E-02 
31 2.606E-02 2.418E-02 
32 2.418E-02 2.188E-02 
33 2.188E-02 1.503E-02 
34 1.503E-02 7.102E-03 
35 7.102E-03 3.355E-03 
36 3.355E-03 1.585E-03 
37 1.585E-03 4.540E-04 
38 4.540E-04 2.144E-04 
.39 2.144E-04 1.013E-04 
40 1.013E-04 3.727E-05 
41 3.727E-05 1.068E-05
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Table 3.2. (continued) 

Energy group Upper limit Lower limit 
(MeV) (MeV) 

42 1.068E-05 5.043E-06 

43 5.043E-06 1.855E-06 

44 1.855E-06 8.764E-07 

45 8.764E-07 4.140E-07 

46 4.140E-07 1.OOOE-07 

47 1.OOOE-07 1.OOOE-11 

Table 3.3. Twenty gamma group energy boundaries 

Energy'group Upper limit Lower limit 
(MeV) (MeV) 

1 1.400E+01 1.OOE+01 

2 1.OOOE+01 8.OOOE+00 

3 8.OOOE+00 7.OOOE+00 

4 7.OOOE+00 6.OOOE+00 

5 6.OOOE+00 5.OOOE+00 

6 5.OOOE+00 4.OOOE+00 

7 4.OOOE+00 3.OOOE+00 

8 3.OOOE+00 2.OOOE+00 

9 2.OOOE+00 1.500E+00 

10 1.500E+00 1.OOOE-01 

11 1.OOOE+00 8.OOOE-01 

12 8.OOOE-01 T.000E-01 
13 7.OOOE-01 6.000E-,01 
14 6.OOOE-01 4<.0OE-01 

15 4.OOOE-01 2.OOE-01 

16 2.OOOE-01 1.OOOE-01 

17 1.OOOE-01 6.OOOE-02 

18 6.OOOE-02 3.OOOE-02 

19 3.OOOE-02 2.OOOE-02 

20 2.OOOE-02 1.OOOE-02
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Table 3.4. Dosimeter activation cross sectionsa 

Upper 
Group energy 5 9

Co(n,7) 2 3 7
Np(n,f) 2 3 5

U(nf) 2 3 8
U(n,f) 5 4

Fe(n,p) 58
Ni(n,p) dpa 

1 1.733+01c 8.013-28 2.498-24 2.084-24 1.211-24 2.840-25 3.263-25 2.922-21 
2 1.419+01 8.374-28 2.309-24 1.899-24 1.030-24 4.280-25 5.004-25 2.646-21 
3 1.221+01 7.616-28 2.342-24 1.739-24 9.850-25 4.729-25 5.743-25 2.409-21 
4 1.000+01 6.970-28 2.325-24 1.768-24 9.935-25 4.770-25 5.973-25 2.219-21 
5 8.607+00 9.554-28 2.242-24 1.760-24 9.896-25 4.758-25 5.988-25 2.087-21 
6 7.408+00 2.221-27 1.926-24 1.399-24 8.194-25 4.686-25 5.840-25 1.943-21 
7 6.065+00 2.456-27 1.516-24 1.061-24 5.577-25 4.256-25 5.129-25' 1.784-21 
8 4.966+00 2.879-27 1.548-24 1.122-24 5.452-25 3.024-25 3.826-25 1.571-21 
9 3.679+00 3.271-27 1.634-24 1.190-24 5.292-25 1.996-25 2.417-25 1.370-21 

10 3.012+00 3.527-27 1.681-24 1.233-24 5.283-25 1.363-25 1.668-25 1.271-21 
11 2.725+00 3.775-27 1.698-24 1.260-24 5.365-25 8.057-26 1.226-25 1.275-21 
12 2.466+00 3.943-27 1.695-24 1.276-24 5.398-25 5.727-26 9.355-26 1.172-21 
13 2.365+00 4.013-27 1.694-24 1.282-24 5.404-25 5.094-26 8.203-26 1.096-21 
14 2.346+00 4.090-27 1.692-24 1.286-24 5.410-25 4.576-26 7.263-26 1.041-21 
15 2.231+00 4.341-27 1.676-24 1.295-24 5.352-25 2.876-26 4.606-26 1.034-21 
16 1.920+00 4.954-27 1.646-24 1.285-24 4.776-25 8.322-27 2.428-26 8.133-22 
17 1.653+00 6.243-27 1.605-24 1.252-24 3.096-25 2.835-27 1.203-26 8.103-22 
18 1.353+00 8.207-27 1.538-24 1.221-24 4.800-26 6.891-28 3.788-27 5.603-22 
19 1.003+00 7.460-27 1.391-24 1.178-24 1.287-26 5.337-29 1.365-27 3.665-22 
20 8.208-01 6.502-27 1.206-24 1.139-24 3.896-27 4.595-30 1.156-27 5.609-22 
21 7.427-01 6.926-27 9.902-25 1.139-24 1.566-27 7.227-31 9.887-28 3.614-22 
22 6.081-01 7.595-27 6.485-25 1.155-24 6.232-28 1.118-31 7.955-28 2.943-22 
23 4.979-01 9.212-27 2.837-25 1.195-24 2.792-28 7.917-32 5.998-28 3.964-22 
24 3.688-01 8.749-27 1.205-25 1.245-24 1.611-28 5.566-32 4.452-28 2.068-22 
25 2.972-01 1.084-26 5.263-26 . 1.327-24 9.818-29 3.256-32 .2.931-28 2.005-22 
26 1.832-01 1.339-26 3.261-26 1.472-24 7.582-29 1.062-32 1.488-28 1.410-22 
27 1.111-01 1.698-26 2.247-26 1.621-24 6.011-29 2.846-34 5.910-29 1.293-22 
28 6.738-02 3.004-26 1.360-26 1.804-24 6.175-29 0.000-01 7.826-30 6.477-23 
29 4.087-02 3.060-26 1.107-26 1.919-24 6.984-29 0.000-01 0.000-01 8.092-23 
30 3.183-02 4.242-26 1.126-26 2.067-24 7.897-29 0.000-01 0.000-01 2.843-22 
31 2.606-02 7.333-26 1.134-26 2.119-24 8.353-29 0.000-01 0.000-01 2.016-23 
32 2.418-02 3.877-26 1.139-26 2.175-24 8.620-29 0.000-01 0.000-01 4.379-24 
33 2.188-02 5.659-26 1.149-26 2.282-24 9.268-29 0.000-01 0.000-01 8.190-24 
34 1.503-02 9.672-26 1.166-26 2.825-24 9.678-29 0.000-01 0.000-01 1.876-23 
35 7.102-03 1.868-25 1.029-26 4.048-24 3.213-29 0.000-01 0.000-01 8.895-24 
36 3.355-03 4.396-26 1.555-26 5.719-24 3.426-33 0.000-01 0.000-01 3.520-24 
37 1.585-03 2.460-26 2.630-26 9.926-24 7.814-28 0.000-01 0.000-01 1.682-24 
38 4.540-04 2.439-25 3.858-26 1.641-23 1.411-29 0.000-01 0.000-01 9.858-26 
39 2.144-04 7.391-23 8.127-26 2.043-23 1.784-29 0.000-01 0.000-01 1.434-25 
40 1.013-04 2.790-24 9.021-26 3.490-23 3.457-29 0.000-01 0.000-01 2.231-25 
41 3.727-05 1.730-24 2.268-26 5.067-23 1.491-28 0.000-01 0.000-01 3.939-25 
42 1.068-05 2.381-24 8.438-27 5.018-23 7.940-29 0.000-01 0.000-01 6.427-25 
43 5.043-06' 3 .533-24 3.853-27 1.656-23 5.488-31 0.000-01 0.000-01 1.000-24 
44 1.855-06 -5.343-24 9.447-27 4.395-23 6.103-31 0.000-01 0.000-01 1.537-24 
45 8.764-07 7.-724-24 1.055-26 7.163-23 1.089-30 0.000-01 0.000-01 2.244-24 
46 4.140=07 L:343-23 5.687-27 1.875-22 1.901-30 0.000-01 0.000-01 3.918-24 
47 1.000-07. 3.199-23 1.554-26 4.875-22 4.536-30 0.000-01 0.000-01 9.348-24 

Cross+ section units are cm2 per atom; dpa is the response 
function- corresponding to atomic displacement rate per atom, for a 
unit flux.  

bUpper energy is in units of MeV.  
cRead as 1.733 x 10+01, etc.
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Table 3.5. Comparison of iron removal cross sections based on 

Fu evaluation with original SAILOR values 

Group Upper Original SAILOR 

energy Fu iron SAILOR iron Fu 
(MeV) . (barns) (barns) 

1 1.733E+01 1.36701 1.47405 1.078 

2 1.419E+01 1.34232 1.43910 1.072 

3 1.221E+01 1.42680 1.52700 1.070 

4 1.OOOE+01 1.44428 1.57390 1.090 

5 8.607E+00 1.46969 1.62050 1.103 

6 7.408E+00 1.48475 1.63610 1.102.  

7 6.065E+00 1.48878 1.67460 1.125 

8 4.966E+00 1.38092 1.53340 1.110 

9 3.679E+00 1.46893 1.47160 1.002 

10 3.012E+00 1.54071 1.52300 0.989 

11 2.725E+00 1.47860 1.48640 1.005 

12 2.466E+00 1.86280 1.95730 1.051 

13 2.365E+00 2.07433 2.13435 1.029 

14 2.346E+00 1.65694 1.68670 1.018 

15 2.231E+00 1.25529' 1.31420 1.047 

16 1.920E+00 1.05584 1.08160 1.024 

17 1.653E+00 0.95630 0.99850 1.013 

18 1.353E+00 0.58600 0.62030 1.059 

19 1.003E+00 0.52590 0.51970 0.988 

20 8.208E-01 1.12842 1.21770 1.079 

21 7.427E-01 0.27491 0.29230 1.063 

22 6.081E-01 0.38717 0.39280 1.015 

23 4.979E-01 0.32585 0.39170 1.202 

24 3.688E-01 0.13018 0.20480 1.573 

25 2.972E-01 0.18983 0.26230 1.382 

26 1.832E-01 0.13061 0.18580 1.423 

27 1.111E-01 0.24688 0.27810 1.127
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3.4 DETERMINATION OF CORE SOURCE DISTRIBUTION 

The source distributions input to the various DOT calculations were based 
on the cycle 10 burnup distribution that was provided by Westinghouse.  
Table 3.,6 gives the burnup by assembly for cycle 10 - the assembly 
identification numbers referred to in this table are shown in Fig. 3.3.  
Note that the burnup values for the assemblies that are not numbered can be; 
obtained by reflection about the 450 plane. The values in the column 
labeled-,"Delta burnup" are equal to the amount of burnup in MWd/MTU 
accumulated by each assembly during cycle 10. The values in the column 
labeled "Relative burnup" were obtained by dividing the respective delta 
burnup values by the average delta burnup of all assemblies during cycle 
10, which was computed to be 10,744 MWd/MTU. The time-integrated assembly 
power (i.e., energy production) during cycle 10 is obtained by multiplying 
the burnup by the mass of uranium in the assembly. The PLSA assemblies 
contain about 29% less fuel than the other assemblies. These results were 
used to compute the cycle-averaged, relative assembly-wise power 
distribution for cycle 10. The absolute assembly-wise power values are 
obtained by multiplying the relative powers by the average power per 
assembly, which at full power is equal to: 

paveraga 2300 MW(t) 14.65 Mw(t) 

157 assemblies assembly 

The axial shape of the~cycle-averaged power was obtained from the relative 
axial burnup data for each 30.48-cm (1-ft) segment of the core height, 
which was provided by Westinghouse for all assemblies. Rather than 
considering a different axial power shape for each assembly, three typical 
distributions were actually used in defining the DOT sources. The-three 
axial shapes are given in Table 3.7 and were obtained as follows: 

1. Axial power distribution for all interior elements assumed to be same 
as fornassembly number 7 in Fig. 3.3.  

2. Axial power distribution for all peripheral, non-PLSA elements assumed 
to be same as for assembly number 30.  

3. Axial power distribution for all PLSA elements assumed to be the 
weighted average of the distributions within assembly 16 (weight = 2/3) 
and assembly 8 (weight = 1/3).  

Within each axial segment the relative power is assumed constant and 
equal to the average value given in Table 3.7.
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Table 3.6. Cycle 10 assembly-wise burnup data 

Assembly BOCa EOCa Deltab Relative 

number burnup burnup burnup burnup 

(MWd/MTU) (MWd/MTU) (MWd/MTU) 

1 0 14093 14093 1.312 

2 13396 25496 12100 1.126 

3 23425 33971 10546 0.982 

4 0 14366 14366 1.338 

5 12077 24514 12437 1.158 

6 20915 32199 11284 1.050 

7 0 12495 12495 1.164 

8 0 4805 4805 0.316 

9 13152 25242 12090 1.126 

10 12384 24401 12017 1.118 

11 11399 23268 11869 1.105 

12 24205 34992 10787 1.004 

13 10180 22944 12764 1.188 

14 7743 20699 12956 1.206 

15 0 12174 12174 1.133 

16 0 3955 3955 0.261 

17 23410 33582 10172 0.946 

18 11298 22739 11441 1.065 

19 22544 33196 10625 0.989 

20 0 14315 14315 1.332 

21 20143 31524 11381 0.059 

22 19533 30556 11023 1.026 

23 0 10155. 10155 0.945 

24 0 13800 13800 1.284 

25 23781 33980 10109 0.949 

26 0 13745 13745 1.279 

27 22195 33253 . 11058 1. 029 

28 8599 21446 12847 1.196 

29 0 12689 12689 1.181 

30 0 7954 7954 0.740 

31 11988 24217 12229 1.138 

32 10248 22558 12310 1.146 

33 20069 31005 10936 1.018 

34 8697 21137 . 12440 1.158 

35 0 12346 12346 1.149 

36 . 20025 26076 6051 0.563 

aBC = Beginning of cycle; EOC = End of cycle.  
bDelta burnup = (EOC - BOC) burnup.



23 

Table 3.7. Relative axial burnup 
distribution' for cycle 10 

Axial Peripheral 
segment Interior non-PLSA PLSA 
numberb assemblies assemblies assemblies 

(Top of core) 1 0.393 0.434 0.626 
2 0.867 0.844 1.196 
3 1.150 1.087 1.483 
4 1.197 1.122 1.536 
5 1.245 1.161 1.591 
6 1.246 1.150 1.586 
7 1.283 1.174 1.629 
8 1.239 1.152 1.557 
9 1.126 1.156- 0.795c 

10 0.971 1.117 0.0 
11 0.840 1.009 0.0 
12 0.444 0.553 0.0 

'Each distribution is normalized to an average value of 1.0.  
bEach segment is 30.48 cm (1 ft).  
'This axial segment of the PLSA contains 15.24 cm (6 in.) of fuel and 

of stainless steel pins; accounting for this difference gives a value of 
1.591 in the top half of the segment and 0.0 in the bottom (which averages 
to 0.795).  

As discussed in Section 3.1, the sources input to the DOT RO calculations 
for the upper and low Re channel fluxes should be integrated over the 
appropriate axial intervals: e.g., the source for the upper region should 
be integrated from the top of the core to 76.2 cm (30.0 in.) below the core 
midplane; and for the lower region from 76.2 cm (30.0 .in.) below the 
midplane to.the bottom of the core. The values for these integrals are 
obtained from the data in Table 3.7; and, after appropriate normalization, 
essentially correspond to the fraction of the total assembly powers that 
are produced in the upper and lower axial regions, respectively, of the 
core. These axial fractions are given in Table 3.8.
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Fig. 3.3. Assembly identification numbers.  

Table 3.8. Axial power fractions for the upper 
and lower core regions 

Peripheral 
Axial Interior non-PLSA PLSA 

regiona assemblies assemblies assemblies 

Lower 0.235 0.271 0.0 
Upper 0.765 0.729 1.0 

aUpper axial region extends from the top of core to 76.2 cm 

(30.0 in.) below midplane; lower axial region extends from 76.2 cm 
(30.0 in.), below midplane to bottom of core.
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The final absolute power distribution by assembly is given in Table 3.9.  
The values in the last two columns were the basis of the absolute source 
distribution utilized in the upper and lower RO calculations. The total 
powers given in Table 3.9 were distributed among the 225 pin cells within 
the individual assemblies according to the relative pin power distribution 
that was provided by Westinghouse, resulting in an absolute power density 
(MW per cc) for each pin in both the upper and lower axial regions. The 
power distribution was transformed to a neutron source density (neutrons 
per cc per second) by multiplying by the factor 7.9 x 1016, which is the 
appropriate conversion factor for a fuel burnup of about 7300 MWd/MTU. The 
final space-dependent R8 source distributions for the upper and lower 
regions were transformed from a rectangular mesh, appropriate for 
describing core fuel pin arrangement, into the DOT R8 mesh with the 
computer program DOTSOR.n 

The axial distributions for the DOT RZ calculations were obtained from 
Table 3.8; and the radial distribution of the RZ and R variations in power 
were taken along the 0* direction from Table 3.9. Note that the absolute 
normalization of the RZ and R sources is arbitrary, as long as the two 
sources are normalized consistently (i.e., at any radial position, the R 
source should equal the integral of the RZ source over the axial 
dimension). The normalization of the synthesized flux depends only on the 
absolute normalization of the RO calculations.  

In addition to specifying the spatial variation of the source, it is also 
necessary to input the energy distribution to the DOT calculations. In 
cycle 10, most of the fuel assemblies on the core periphery were fresh (see 
Table 3.6), and the average burnup of all peripheral assemblies at mid
cycle was only about 7300 MWd/MTU (the average mid-cycle burnup of the PLSA 
assemblies was only 2120 MWd/MTU). As the fuel burns up, plutonium 
fissions contribute a higher fraction of the neutron source-after about 
33,000 MWd/MTU (a typical discharge exposure), approximately half the 
fission neutrons are produced by plutonium. The 2"Pu fission spectrum is 
somewhat harder than that of 235U, and an appropriately weighted spectrum 
should be used to represent .the energy distribution of the source for high 
burnup elements. However, in this case, because of the relatively low 
burnup of the peripheral assemblies in cycle 10, a pure 2 35U fission 
spectrum based on the ENDF/B-V Watt expression has been assumed for the 
source energy distribution in the DOT calculations.
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Table 3.9. Absolute assembly power in-H. B. Robinson: 
Cycle 10 average 

Assembly Total assembly Upper axial region Lower axial region 

number power in 1/4 corea power in 1/4 corea power in 1/4 corea 

[MW(t) ] [MW(t) ][MW(t) ] 

1 4.805 3.676 1.129 

2 8.248 6.310 1.9.38 

3 7.193 5.503 1.690 

4 9.801 7.498 2.303 

5 8.482 6.489 1.993 

6 7.691 5.884 1.807 

7 8.526 6.522 2.004 

8 2.315 .315 0.000 

9 8.248 6.310 1.938 

10 16.378 12.529 3.849 

11 16.188 12.384 3.804 

12 14.708 11.252 3.456 

13 17.404 13.314 4.090 

14 17.668 13.516 4.152 

15 16.598 12.697 3.901 

16 3.824 3.824 0.000 

17 6.929 5.301 1.628 

18 15.602 11.936 3.666 

19 14.489 11.084 3.405 

20 19.513 14.927 4.586 

21 15.514 11.868 3.646 

22 15.031 . 11.499 3.5,32 

23 13.844 10.092 3.752 

24 9.405 7.195 2.210 

25 13.903 10.636 3.267 

26 18.737 14.334 4.403 

27 15.075 11.532 3.543 

28, 17.521 13.404, 4.117 

29 i7.301 13.235 4.066 

30 10.841 7.903 2.938 

31 8.336 6.377 1.959 

32 16.789 12.844 3.945 

33 14.913 11.408 3.505 

34 16.964 12.977 3.989 

35 16.832 12.876 3.956 

36 8.248 6.013 2.235 

aN.B.- The absolute power values reflect the fraction of 
the assembly 

contained in the 1/4 core. For example, since only 1/4 of assembly number 

1 is contained in each quarter core (see.Fig. 3.3), the powers listed for 

this assembly are only 1/4 of the actual values.



27 

3.5 CALCULATION OF DOSIMETER ACTIVITIES 

The output of the various DOT transport calculations are combined in the 
manner discussed in Sect. 3.1 to obtain sy'nthesized,. multi-group fluxes at 
all locations throughout the system. In particular, this can be used to 
compute the responses of the various dosimeters located in the cavity. The 
reaction rates in the dosimeter foils, SSTRs, and gradient wires are 
calculated by simply summing the product of the appropriate group response 
function (see Table 3.4) and the group flux at the desired location. The 
"measured reaction rate" determined from the SSTR dosimeters is based on 
the total number of tracks counted for the individual track recorders and 
provides a direct comparison of the cycle-average fission reaction rate 
measured for the various nuclides with the corresponding calculated values.  
However, in the case of the dosimeter foils and gradient wires, the 
measured activity of the dosimeter activation product is used to indirectly 
infer the reactor rate. If the cycle-average power distribution is a good 
approximation for the spatial shape of the power during the entire cycle, 
then the average reaction rate in dosimeter "Im" is related to the 
activation product activity by 

A(m) = K(m) H(m) R(m) (3.6) 

where 

A(') - activity of activation product, in Bq/g; 

K(m) - factor to convert -from Bq/target nucleus to Bq/g; 

H(') = saturation factor; 

R(') = cycle-average activation reaction rate, per target atom, 

47 

g-l 

As the dosimeter irradiation time at full power becomes long compared to 
the half-life of the activation product, the saturation factor approaches 
unity, and the measured activity reaches the saturated value, 

A(m). = K(m) R(m) Bq/g.
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In general, the saturation factor is calculated from the expression, 

J 

H(m) = F (1-e mT)e-Am(T-t (3.7) 

where 

F = fractional power output during reactor operating period j, 

T= length of time for reactor operation period j, 

tj = elapsed time from beginning of irradiation to end of 

interval j, 

T = total time from beginning of irradiation to end of irradiation, 

Am = decay constant of activation product, 

J = number of irradiation periods.  

In this case, the values for the irradiation parameters can be obtained 

from Table 2.1, and there was also a 174-day decay period following 

irradiation before the samples were counted. The decay period can also be 

included in Eq. (3.7) by setting Fj = 0 for this time interval. Table 3.10 

lists the conversion factors and saturation factors for the iron and 
nickel 

dosimeters. Equation (3.6) can be used to convert the reaction rates 

calculated with DOT into the corresponding dosimeter activities or, 

conversely, the measured activities can be converted to reaction rates.  

Table 3.10. Dosimeter activation factors 

Dosimeter Reaction A Ka H 

(day-) 

Iron foil 
54 Fe(n,p)54Mn 2.22E-3 6.254E+20 0.330 

Iron in wire 5 Fe(n,p)54Mn 2.22E-3 4.478E+20 0.330 

Nickel in wire 
58Ni(n,p) 5 Co 9.77E-3 5.855E+20 0.149 

Cobalt in wire 59Co(n,Y) 60Co 3.60E-4 1.277E+19 0.101 

aConversion factor to convert activity from Bq/g to Bq/target nucleus, 

taken from Ref. 3.  
b Saturation factor, calculated from Eq. (3.7).
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4. REFERENCE RESULTS 

4.1 REFERENCE CALCULATIONS AND MEASUREMENTS 

The reference set of transport calculations provides a direct comparison of 
absolute dosimeter activities and reaction rates based on computed and 
experimentally measured results. There is no adjustment or normalization 
whatsoever of the calculations, so the observed discrepancies reflect 
inaccuracies in the "prior" computational, as well as experimental, 
analysis.  

Sources of calculational inaccuracies include uncertainties in nuclear 
data, modeling approximations, and simplifications in representing the core 
power distribution. Inaccuracies in the experimental results arise from 
basic radiometric counting uncertainties and possible systematic errors in 
the measurements. Some discussion of the magnitude of the various 
uncertainties in the calculated and measured results will be given in the 
following sections. The calculated and experimental sets of results are 
combined in order to obtain the final adjusted parameters, as discussed in 
Section 4.4, but in this chapter only the unadjusted reference results are 
presented.  

4.2 REFERENCE DOSIMETER REACTION RATES 

Table 4.1 compares the absolute reaction rates from the. reference 
calculations with the corresponding measured values for-the cavity 
surveillance capsules at 30, 90, and 27*; and Table 4.2 shows the 
calculation to experimental (C/E) ratios obtained from the values in Table 
4.1. It can be seen that the 54Fe and 58Ni reaction rates obtained from the 
reference calculations are 10-20% low at the 30 and 90 locations, but are 
14-30% high at 290. The iron and nickel measurements are based on foil and 
wire activation. However, the agreement between calculation and 
measurements for the SSTR dosimeters is not as good as for the activation 
results. The measured values are typically higher-perhaps indicating a 
systematic bias in the measurements. Due to inconsistencies among the 
data, Westinghouse has suggested assigning rather larger uncertainties to 
the 2 3 5 J SSTR results: a one-sigma value of 25% for the cadmium-covered 
and 50% for the bare reaction rates is recommended.3 

The bare 235U value at 9* is obviously an inconsistent measurement compared 
to the other two locations and should be discarded. Taking into account 
this degree of uncertainty in the experimental values, the poor agreement 
with the calculated 2 35U reaction rates is not surprising.  

The original results published by Westinghouse for the 238U SSTR 
measurements in their cycle 10 analysis have been subsequently revised in 
their cycle 11 report - the values given in Table 4.1 correspond to the 
latter values. The original 238U measurements were reduced about a factor 
of two due to errors discovered in the assumed mass of the fission deposits
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Table 4.1. Reference calculations and experimental values 
for dosimeter reaction rates 

Reaction 30 90 270 

Ca Eb C E C E 

54Fe(n,p) 4.180-17c 4.800-17 3.982-17 4.990-17 2.943-17 2.580-17 

(±10%) (±10%) (±14%) 

58Ni(n,p) 6.256-17 6.870-17 5.980-17 6.850-17 4.374-17 3.380-17 

(±15%) (±13%) (±19%) 

2 37Np(n,f) 4.999-15 7.690-15 4.904-15 8.660-15 3.421-15 3.150-15 

[SSTR] 

238U(n,f) 2.575-16 3.900-16 2.442-16 4.560-16 1.728-16 2.690-16 

[SSTR] 

235U(n,f) 6.899-13 1.280-12 9.135-13 6.780-13 6.994-13 1.180-12 

[SSTR] 

235U (n,f)cd 1.428-13 3.550-13 1.758-13 3.300-13 1.373-13 1.930-13 

[SSTR] 

59Co(n,y) 7.390-14 1.630-13 9.597-14 1.550-13 7.441-14 1.260-13 

(±1%) (±1%) (±l%) 

aCalculated value (reaction per atom per second) at full power 

obtained from reference calculations.  
bExperimental value (reaction per atom per second) based on measured 

results (extrapolated to saturation for radiometric dosimetry). The 

percent statistical uncertainty (two standard deviations) is given in 

parentheses for activity measurements.  
cRead as 4.180 x 10-1.
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Table 4.2. C/E values based on reference calculations 

Reaction 30 90 270 

54Fe(n,p) 54Mn 0.87 0.80 1.14 

58Ni(n,p) 58 Co 0.91 0.87, 1.29 

237Np(n,f) [SSTR] 0.65 0.57 1.09 

238U(n,f) [SSTR] 0.66 0.54 0.64 

235U(n,f) [S.STR] 0.54 1.35 0.59 

235U (nf)cd [SSTR] 0.40 0.53 0.71 

59Co(n,-y)60Co 0.45 0.62 0.59 

on the SSTRs. .However, even after this downward adjustment in the measured 
reaction rates, the computed 238U values are still 35-50% lower than the 
experimental values. Since the Westinghouse calculations show similar 
discrepancies, it is felt that the measured 238U values are still at least 
30% too high and this magnitude has been assigned for the uncertainty in 
the experimental results.  

237 
The Np results are more puzzling. At the 3" and 90 locations, the C/E 
values for the 237Np reaction rates are similar to those for 238U values., 
and theref're it is possible that a similar 'problem exists in the neptunium 
SSTR specifications (The C/E value at 270 appears inconsistent with the 
other two v1aitis as discussed in the next paragraph.) However, unlike the 
238U case, the Westinghouse calculations do not show similar discrepancies 
as the ORNL calculations do for the 237Np results. Specifically it appears 
that the Westinghouse calculations produce similar C/E values for the 54Fe 
58Ni and 237Np reaction rates-i.e., all of the calculated reaction rates are 
about'30% lower than the measurements. On the other hand, the ORNL 
calculations give C/E values 10-15% lower for 54 Fe and 5Ni, while the 237Np 
value is about 40% lower. Because the ORNL transport calculations employed 
the newer Fu evaluation for the iron cross sections while Westinghouse used 
the older iron data contained in the original SAILOR library, it was 
decided to examine the effect of this cross-section data on the relative 
C/E values. The flux spectrum in the HBR cavity region was obtained from a 
one-dimensional transport calculation using the original SAILOR iron cross 
section, and the reaction rates obtained from the calculation were compared 
to those obtained from a similar calculation performed with the Fu iron 
data. The percent difference in the computed reaction parameters is given 
in Table 4.3. It can be seen that the Fu data tends to increase higher
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threshold reaction rates more than the lower threshold reactions in the 

cavity. The ratio of the neptunium-to-iron reaction rates (which is also 

equal to the ratio of "spectrum-averaged cross sections") decreases about 

20%. Thus the difference in the iron data used in the transport 

calculations seems to account for the inconsistencies in the C/E values 

obtained by Westinghouse and ORNL.  

In summary, based on these results, it appears that the Fu iron evaluation 

will eliminate much of the observed discrepancy between calculated and 

measured cavity reaction rates for 
54Fe and 58Ni dosimeters, but the 237Np 

and 238U computed results will remain low. The 23 8U discrepancy appears to 

be caused by a measurement problem. There is also some question about the 

reliability of the Np measurements, as discussed below; however, the 

possibility that the new iron cross-section data continues to overestimate 

the neutron attenuation for the energy range below 3 MeV cannot be ruled 

out as a cause for the observed discrepancy.  

The variation in the C/E values for 
54Fe, 58Ni, and 237Np at 30, 90, and 

27*, respectively, seems to suggest that the azimuthal shape of the 

reference calculations and the measured results is somewhat different. The 

relative azimuthal shape of the calculated and measured reaction rates, 

normalized to a value of 1.0 at 3*, is shown in Table 4.4. This difference 

could indicate a breakdown of the-two-channel synthesis approximation; 

however, the calculated azimuthal variation of the three dosimeters is very 

consistent and shows that the maximum reaction rate occurs at 3*. On the 

other hand, there seems to be some inconsistency in the measured results.  

*The 23 7Np measurement at 27' clearly is about 20-30*lower compared to the 

Table 4.3. Comparison of cavity reaction 

rates obtained from transport 

calculations with original SAILOR 

and Fu iron cross sections 

Percent.  

Parameter differencea 

54Fe(n,p) 60 
5"Ni(n,p) 54 
238U (n, f) 38 
237Np(n,f) 28 

Np/Fe -20 

U/Fe -14 

aPercent difference Fu SAILOR x 100.  SAILOR
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other two dosimeter measurements at this location. Similarly, the 237Np 
measurement of 9* appears 10% higher than the other dosimeter measurements.  
Based on these apparent inconsistencies, a 25% uncertainty in the measured 237Np results was assumed. In addition, the experimental measurements tend 
to indicate higher activities at the 90 location than the.3" location, 
while the opposite is seen in the computed results. This could be 
explained by an inaccuracy in the synthesis approximation. For example, if 
the contribution of the R8 flux in the lower regionis weighted more, then 
the peak flux could shift away from the 0* location. Unfortunately, a lack 
of confidence in the experimental measurements again thwarts the ability to 
make definitive.conclusions on the accuracy of the synthesis approximation.  

The C/E values for the 5
9Co(n,.y) reaction are all substantially lower-up to 

a factor of two. Westinghouse recommends an uncertainty of 12% in the 
measured values for this dosimeter,3 although the statistical uncertainty 
is much less. The large discrepancies in these results are not uncommon 
for thermal reactions, which are more sensitive to local perturbations and 
modeling approximations. Interestingly, the Westinghouse calculations also 
show large differences with the measurements, but their results are much 
higher than the experimental values. The uncertainty in the water content 
of the concrete reactor shields surrounding the cavity could cause the 
calculated thermal flux to be substantially in error.  

Figures 4.1.a-4.3.c compare the axial variation of the absolute activities 
in the gradient wires, obtained from measurements and from the reference 
calculations. The calculated results for the iron and nickel wires at 30 
lie essentially within the uncertainty in the measurements, but usually lie 
in the low end of the uncertainty band. However, the computed results of 
these dosimeters at 90 definitely tend to be somewhat lower at axial 
elevations near the midplane. At the 270 location, the iron results 
generally fall within the uncertainty in the experimental values at all 
axial locations, but the nickel calculation is too high near the midplane.  
As noted earlier, the computed cobalt activity is substantially lower than 
the measurements. The two-channel synthesis approximation appears to give 
a reasonable representation for the axial variation in the flux, but 
appears to underestimate the magnitude of the fast flux near the midplane, 
at least for the 3* and 90 azimuths.  

Table 4.4. Relative azimuthal variation of cavity reaction rates 

30 90 270 

Reaction C E C E C E 

Fe 1.0 1.0 0.95 1.04 0.70 0.54 
58Ni 1.0 1.0 0.96 1.00 0.70 0.49 
237Np 1.0 1.0 0.98 1.13 0.68 0.41
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4.3 REFERENCE FLUX VARIATION AND DPA RESULTS 

Figures 4.4 and 4.5 show the calculated azimuthal variation in the absolute 
flux greater than 1 MeV, at the 0-T (i.e., clad-base metal interface in 
RPV) and 1/4-T locations, respectively, at the upper weld, midplane, and 
lower weld axial locations. Figures 4.6 and 4.7 show similar results for 
the dpa. It can be seen that the flux above 1 MeV and the dpa peak near 0' 
at the upper weld and the midplane elevations and at about 240 at the lower 
weld. At any axial level, the azimuthal shape of the flux is a linear 
combination of the upper and lower R8 flux distributions. The upper R9 
flux peaks at 00, while the lower distribution peaks at around 24*. Over 
most of the core height, the upper distribution dominates, so that the 
overall flux shape tends to peak near 0*. However, near the bottom of the 
core, the lower RO distribution begins to become significant, and the peak 
progressively shifts from O0 to 24*.  

Table 4.5 lists the relative flux (E > 1 MeV) azimuthal variation at the 
core midplane and lower weld axial elevations at the 0-T position. The 
maximum value of the flux incident on the RPV.at the midplane is computed 
in the reference calculations to be 3.79 x 1010 n/cm 2 s and at the bottom 
weld to be 1.57 x 1010 n/cm2 .s. The maximum dpa was calculated to be 6.18 x 
10-11 at the midplane and 2.52 x 10-11 at the lower weld. Table 4.6 shows 
the relative radial variation of the flux and dpa through the RPV.  

Figure 4.8 shows the azimuthal variation in the, flux above 1 MeV within the 
cavity at four axial elevations. The azimuthal shape within the cavity 
tends to be somewhat less severe than incident on the RPV.  

Figures 4.9 and 4.10 show the iso-flux and iso-dpa contours, respectively, 
throughout the system. It can be seen that the detector wells within the 
cavity have a very significant effect on the flux distribution outside the 
vessel, near the azimuthal locations of the wells. However, at other 
azimuths, the flux does not seem to be affected much by the wells.  

Table 4.7 summarizes the values for integral flux and dpa responses at 
various locations, obtained from the reference transport calculations, with 
no adjustments. The absolute group-wise and group-accumulated flux and dpa 
spectra are listed in Tables 4.8 to 4.10, for the 0-T, 1/4-T, and 3/4-T RPV 
positions, respectively, at the core midplane elevation. Tables 4.11 to 
4.13 give similar data at the lower weld elevation (for the peak azimuthal 
location of 24*), and Tables 4.14 to 4.16 for the upper weld elevation.  
The spectra at the three cavity dosimeter capsule locations are listed in 
Tables 4.17 to 4.19. Figures. 4.11 to 4.14 show plots of the flux spectra 
at the locations corresponding to Tables 4.11 to 4.19.
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Fig. 4.6. Azimuthal variation in dpa at 0-T location.
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Fig. 4.7. Azimuthal variation in dpa at 1/4-T location.
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Fi. 4. 8. Azmuthal variation in 0(>1 MeV) within the cavity.
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Table 4.5. Relative azimuthal variation in 
0(>l MeV) at 0-T 

midplane _,lower weld 
(degree) Omax Omax 

3.1000E-01 1.0000 0.3238 
9.0500E-01 0.9965 0.3227 
1.5228E+00 0.9979 0.3271 
1.9278E+00 0.9947 0.3291 
3.OOOOE+00 0.9719 0.3281 
5.0000E+00 0.9372 0.3428 
7.0000E+00 0.8778 0.3679 
8.4050E+00 0.8254 0.3951 
9.0950E+00 0.7954 0.4146 
9.6900E+00 0.7726 0.4376 
1.0310E+01 0.7463 0.4586 
1.0905E+01 0.7188 0.4745 
1.1315E+01 0.7197 0.5029 
1.1565E+01 0.7061 0.5147 
1.1815E+01 0.6847 0.5013 
1.2065E+01 0.6817 0.5308 
1.2315E+01 0.6765 0.5404 
1.2565E+01 0.6682 0.5466 
1.2815E+01 0.6527 0.5560 
1.3100E+01 0.6489 0.5726 
1.3415E+01 0.6352 0.5827 
1.3730E+01 0.6249 0.5969 
1.4445E+01 0.6015 0.6321 
1.5500E+01 0.5806 0.6808 
1.6500E+01 0.5711 0.7366 
1.7500E+01 0.5592 0.7754 
1.8405E+01 0.5429 0.7990 
1.9095E+01 0.5294 0.8056 
1.9690E+01 0.5224 0.8252 
2.0310E+01 0.5249 0.8546 
2.0905E+01 0.5302 0.8938 
2.1595E+01 0.5450 0.9385 
2.2500E+01 0.5566 0.9793 
2.3500E+01 0.5575 1.0000 
2.4500E+01 0.5472 0.9944 
2.5500E+01 0.5333 0.9785 
2.6550E+01 0.5195 0.9617 
2.7375E+01 0.5056 0.9368 
2.7925E+01 0.4990 0.9318 
2.8505E+01 0.4902 0.9153 
2.8955E+01 0.4891 0.9052
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Table 4.5. (continued) 

S_ midplane lower weld 

(degree) Omax Omax 

2.9240E+01 0.4749 0.8895 

2.9535E+01 0.473.2 0.8921 

2.9845E+01 0.4696 0.8770 

3.0310E+01 0.4604 0.8599 

3.0905E+01 0.4486 0.8447 

3.1440E+01 0.4375 0.8175 

3.1940E+01 0.4302 0.8067 

3.2315E+01 0.4188 0.7876 

3.2720E+01 0.4127 0.7739 

3.3500E+01 0.3930 0.7368 

3.4500E+01 0.3737 0.7001 

3.5250E+01 0.3587 0.6683 

3.5750E+01 0.3519 0.6578 

3.6250E+01 0.3406 0.6345 

3.6750E+01 0.3291 0.6128 

3.7250E+01 0.3222 0.6012 

3.7750E+01. 0.3122 0.5812 

3.8250E+01 0.3035 0.5634 

3.8655E+01 0.3044 0.5672 

3.8955E+01 0.2962 0.5468 

3.9240E+01 0.2939 0.5499 

3.9535E+01 0.2948 0.5423 

3.9845E+01 0.2910 0.5371.  

4.0250E+01 0.2837 0.5274' 

4.0750E+01 0.2826 0.5258 

Z.1250E+01 0.2788 0.5175 

4.1750E+01 0.2771 0.5148 

4.2250E+01 0.2751 0.5116 

4.2750E+01 0.2727 0.5063 

4.3073E+01 0.2735 0.5077 

4.3323E+01 0.2743 0.5118 

4.3750E+01 0.2731 0.5053 

4.4200E+01 0.2723 0.5077 

4.4700E+01 0.2700 0.5013
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Table 4.6. Relative radial variation in 0(>1 MeV) 
and dpa through RPV at peak location 

Radius dpa 

Omax dpamax 

197.490 1.0000 1.0000 
198.050 (0-T) 0.9712 0.9754 
200.780 0.7484 0.7985' 
202.600 0.5970 0.6803 
203.960 (1/4-T) 0.5012 0.6026 
204.420 0.4689 0.5764 
206.230 0.3676 0.4893 
208.050 0.2864 0.4146 
209.900 0.2210 0.3491 
211.690 0.1715 0.2949 
213.510 0.1320 0.2464 
215.330 0.1009 0.2035 
215.780 (3/4-T) 0.0985 0.1941 
217.140 0.0767 0.1656 
218.960 0.0569 0.1296 
220.780 0.0403 0.0952 
221.690 0.0354 0.0850 

Table 4.7. Integral flux and dpa results obtained 
from reference calculations (no adjustments) 

Location O(E > 1 MeV) O(E > 0.11 MeV) dpa 

30 dosimetry position 9.12E+8 1.07E+10 3.57E-12 
90 dosimetry position 8.59E+8 1.10E+10 3.65E-12 
270 dosimetry position 5.97E+8 7.76E+9 2.58E-12 

0-T midplane (0*). 3.79E+10 1.04E+l1 6.18E-11 
1/4-T midplane (0*)a 1.96E+10 8.44E+ll 3.82E-11 

0-T lower weld (24*)a 1.57E+10 4.07E+10 2.52E-11 
1/4-T lower weld (24*)a 7.95E+9 3.27E+10 1.52E-11 

aAt peak azimuthal location.
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Table 4.8. Flux and dpa spectra at 0-T of midplane (0 - 0*) 

Group Cumulative Group Cumulative .dpa 

Group Energy flux flux dpa rate dpa rate fraction 

(MeV) (n/cm2.S) (n/cm2.s) (dpa s- 1) (dpas-1 ) 

1 1.733E+01 6.890E+06 6.890E+06 2.013E-14 2.013E-14 3.260E-04 

2 1.419E+01 3.002E+07 3.691E+07 7.943E-14 9.956E-14 1.612E-03 

3 1.221E+01 1.247E+08 1.617E+08 3.005E-13 4.001E-13 6.479E-03 

4 1.OOOE+01 2.604E+08 4.220E+08 5.777E-13 9.778E-13 1.583E-02 

5 8.607E+00 4.733E+08' 8.953E+08 9.877E-13 1.966E-12 3.183E-02 

6 7.408E+00 1.148E+09 2.043E+09 2.230E-12 4.195E-12 6.794E-02 

7 6.065E+00 1.684E+09 3.727E+09 3.004E-12 7.199E-12 1.166E-01 

8 4.966E+00 3.128E+09 6.855E+09 4.914E-12 1.211E-11 1.962E-01 

9 3.679E+00 2.305E+09 9.160E+09 3.158E-12 1.527E-11' 2.473E-01 

10 3.012E+00 1.743E+09 1.090E+10 2.216E-12 1.749E-11 2.832E-01 

11 2.725E+00 2.044E+09 1.295E+10 2.606E-12 2.009E-11 3.254E-01 

12 2.466E+00 1.054E+09 1.400E+10 1.235E-12 2.133E-11 3.454E-01 

13 2.365E+00 2,.886E+08 1.429E+10 3.163E-13 2.164E-11 3.505E-01 

14 2.346E+00 1.381E+09 1.567E+10 1.438E-12 2.308E-11 3.738E-01 

15 2.231E+00 3.568E+09 1.924E+10 3.690E-12 2.677E-11 4.336E-01 

16 1.920E+00 3.934E+09 2.317E+10 3.200E-12 2.997E-11 4.854E-01 

17 1.653E+00 5.561E+09 2.873E+10 4.506E-12 3.448E-11 5.583E-01 

18 1.353E+00 9.149E+09 3.788E+10 5.126E-12 3.960E-11 6.414E-01 

19 1.003E+00 6.067E+09 4.395E+10 2.224E-12 4.183E-11 6.774E-01 

20 8.208E-01 3.261E+09 4.721E+10 1.829E-12 4.366E-11 7.070E-01 

21 7.427E-01 9.205E+09 5.642E+10 3.327E-12 4.698E-11 7.609E-01 

22 6.081E-01 7.583E+09 6.400E+10 2.232E-12 4.922E-11 7.970E-01 

23 4.979E-01 8.815E+09 7.282E+10 3.494E-12 5.271E-11 8.536E-01 

24 3.688E-01 8.863E+09 8.168E+10 1.832E-12 5.454E-11 8.833E-01 

25 2.972E-01 1.150E+10 9.318E+10 2.306E-12 5.685E-11 9.206E-01 

26 1.832E-01 1.075E+10 1.039E+11 1.516E-12 5.836E-11 9.452E-01 

27 1.111E-01 7.700E+09 1.116E+11 9.956E-13 5.936E-11 9.613E-01 

28 6.738E-02 6.580E+09 1.182E+11 4.262E-13 5.979E-11 9.682E-01 

29 4.087E-02 2.499E+09 1.207E+ll 2.022E-13 5.999E-11 9.715E-01 

30 3.183E-02 1.534E+09 1.222E+ll 4.361E-13 6.042E-11 9.785E-01 

31 2.606E-02 2.957E+09 1.252E+11 5.961E-14 6.048E-11 9.795E-01 

32 2.418E-02 1.661E+09 1.269E+ll 7.271E-15 6.049E-11 9.796E-01 

33 2.188E-02 3.711E+09 1.306E+11 3.039E-14 6.052E-11 9.801E-01 

34 1.503E-02 6.969E+09 1.375E+11 1.307E-13 6.065E-11 9.822E-01 

35 7.102E-03 7.917E+09 1.455E+1l 7.042E-14 6.072E-11 9.833E-01 

36 3.355E-03 7.473E+09 1.529E+11 2.631E-14 6.075E-11 9.838E-01 

37 1.585E-03 1.294E+10 1.659E+11 2.177E-14 6.077E-11 9.841E-01 

38 4.540E-04 7.378E+09 1.733E+ll 7.273E-16 6.077E-11 9.841E-01 

39 2.144E-04 8.105E+09 1.814E+ll 1.162E-15 6.077E-11 9.842E-01 

40 1.013E-04 1.108E+10 1.924E+11 2.471E-15 6.077E-11 9.842E-01 

41 3.727E-05 1.401E+10 2.064E+ll 5.517E-15 6.078E-11 9.843E-01 

42 1.068E-05 8.268E+09 2.147E+11 5.314E-15 6.079E-11 9.844E-01 

43 5.043E-06 1.067E+10 2.254E+ll 1.067E-14 6.080E-11 9.845E-01 

44 1.855E-06 7.543E+09 2.329E+ll 1.159E-14 6.081E-11 9.847E-01 

45 8.764E-07 7.048E+09 2.400E+11 1.582E-14 6.082E-11 9.850E-01 

46 4.140E-07 1.899E+10 2.590E+ll 7.793E-14 6.090E-11 9.862E-01 

47 l.OOOE-07 8.349E+ 0 3.425E+11 8.491E-13 6.175E-11 1.OOOE+00
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Table 4.9. Flux and dpa spectra at 1/4-T of midplane (0 - 0*) 

Group Cumulative Group Cumulative dpa 
Group Energy flux flux dpa rate dpa rate fraction 

(MeV) (n/cm 2.s) (n/cm2.s) (dpa-s-1 ) (dpa-s- 1) 

1 1.733E+01 2.805E+06 2.805E+06 8.196E-15 8.196E-15 2.147E-04 
2 1.419E+01 1.222E+07 1.502E+07 3.232E-14 4.052E-14 1.062E-03 
3 1.221E+01 4.865E+07 6.367E+07 1.172E-13 1.577E-13 4.132E-03 
4 1.000E+01 1.020E+08 1.657E+08 2.264E-13 3.841E-13 1.006E-02 
5 8.607E+00 1.818E+08 3.475E+08 3.795E-13 7.636E-13 2.OOOE-02 
6 7.408E+00 4.239E+08 7.714E+08 8.236E-13 1.587E-12 4.158E-02 
7 6.065E+00 6.089E+08 1.380E+09 1.086E-12 2.673E-12 7.003E-02 
8 4.966E+00 1.119E+09 2.499E+09 1.757E-12. 4.431E-12 1.161E-01 
9 3.679E+00 8.469E+08 3.346E+09 1.160E-12 5.591E-12 1.465E-01 

10 3.012E+00 6.716E+08 4.017E+09 8.536E-13 6.445E-12 1.688E-01 
11 2.725E+00 8.344E+08 4.852E+09 1.064E-12 7.508E-12 1.967E-01 
12 2.466E+00 4.409E+08 5.293E+09 5.167E-13 8.025E-12 2.102E-01 
13 2.365E+00 1.286E+08 5.421E+09 1.409E-13 8.166E-12 2.139E-01 
14 2.346E+00 6.372E+08 6.058E+09 6.633E-13 8.829E-12 2.313E-01 
15 2.231E+00 1.733E+09 7.791E+09 1.792E-12 1.062E-11 2.782E-01 
16 1.920E+00 2.127E+09 9.918E+09 1.730E-12 1.235E-11 .3.236E-01 
17 1.653E+00 3.209E+09 1.313E+10 2.600E-12 1.495E-11 3.917E-01 
18 1.353E+00 6.438E+09 1.956E+10 3.607E-12 1.856E-11 4.862E-01 
19 1.003E+00 4.776E+09 2.434E+10 1.750E-12 2.031E-11 5.320E-01 
20 8.208E-01 2.261E+09 2.660E+10 1.268E-12 2.158E-11 5.652E-01 
21 7.427E-01 9.092E+09 3.569E+10 3.286E-12 2.486E-11 6.513E-01 
22 6.081E-01 7.281E+09 4.297E+10 2.143E-12 2.701E-11 7.075E-01 
23 4.979E-01 9.029E+09 5.200E+10 3.579E-12 3.058E-11 8.012E-01 
24 3.688E-01 1.062E+10 6.262E+10 2.195E-12, 3.278E-11 8.587E-01 
25 2.972E-01 1.081E+10 7.343E+10 2.168E-12 3.495E-11 9.155E-01 
26 1.832E-01 1.098E+10 8.442E+10 1.548E-12 3.650E-11 9.561E-01 
27 1.111E-01 6.543E+09 9.096E+10 8.460E-13 3.734E-11 9.782E-01 
28 6.738E-02 5.154E+09 9.611E+10 3.338E-13 3.768E-11 9.870E-01 
29 4.087E-02 1.329E+09 9.744E+10 1.075E-13 3.778E-11 9.898E-01 
30 3.183E-02 4.625E+08 9.790E+10 1.315E-13 3.791E-11 9.932E-01 
31 2.606E-02 3.241E+09 1.011E+ll 6.534E-14 3.798E-11 9.949E-01 
32 2.418E-02 1.774E+09 1.029E+l1 7.710E-15 3.799E-11 9.952E-01 
33 2.188E-02 2.881E+09 1.058E+ll 2.359E-14 3.801E-11 9.958E-01 
34 1.503E-02 3.420E+09 1.092E+ll 6.416E-14 3.808E-11 9.974E-01 
35 7.102E-03 4.835E+09 1.141E+ll 4.300E-14 3.812E-11 9.986E-01 
36 3.355E-03 3.618E+09 1.177E+ll 1.273E-14 3.813E-11 9.989E-01 
37 1.585E-03 6.447E+09 1.241E+ll 1.084E-14 3.814E-11 9.992E-01 
38 4.540E-04 2.809E+09 1.269E+ll 2.770E-16 3.814E-11 9.992E-01 
39 2.144E-04 3.524E+09 1.305E+l 5.054E-16 3.814E-11 9.992E-01 
40 1.013E-04 5.064E+09 1.355E+ll 1.130E-15 3.814E-11 9.992E-01 
41 3.727E-05 6.249E+09 1.418E+ll 2.461E-15 3.815E-11 9.993E-01 
42 1.068E-05 3.321E+09 1.451E+l1 2.135E-15 3.815E-11 9.994E-01 
43 5.043E-06 3.589E+09 1.487E+ll 3.589E-15 3.815E-11 9.995E-01 
44 1.855E-06 L.933E+09 1.506E+l1 2.971E-15 3.815E-11 9.995E-01 
45 8.764E-07 1.281E+09 1.519E+ll 2.875E-15 3.816E-11 9.996E-01 
46 4.140E-07 9.049E+08 1.528E+ll 3.713E-15 3.816E-11 9.997E-01 
47 1.000E-07 1.106E+09 1.539E+ll 1.124E-14 3.817E-11 1.OOOE+00
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Table 4.10. Flux and dpa spectra at 3/4-T of midplane (8 - 0*) 

Group Cumulative Group Cumulative dpa 

Group Energy flux flux dpa rate dpa rate fraction 

(MeV) (n/cm2.s) (n/cm2*s) (dpa-s- 1) (dpa-s') 

1 1.733E+01 4.632E+05 4.632E+05 1.354E-15 1.354E-15 1.101E-04 

2 1.419E+01 1.949E+06 2.412E+06 5.157E-15 6.511E-15 5.295E-04 

3 1.221E+01 7.069E+06 9.482E+06 1.703E-14 2.354E-14 1.915E-03 

4 1.OOE+01 1.439E+07 2.387E+07 3.193E-14 5.547E-14 4.511E-03 

5 8.607E+00 2.399E+07 4.786E+07 5.006E-14 1.055E-13 8.582E-03 

6 7.408E+00 5.057E+07 9.843E+07 9.827E-14 2.038E-13 1.657E-02 

7 6.065E+00 6.888E+07 1.673E+08 1.229E-13 3.267E-13 2.657E-02 

8 4.966E+00 1.224E+08 2.897E+08 1.922E-13 5.189E-13 4.220E-02 

9 3.679E+00 9.720E+07 3.869E+08 1.332E-13 6.521E-13 5.303E-02 

10 3.012E+00 7.888E+07 4.657E+08 1.003E-13 7.523E-13 6.118E-02 

11 2.725E+00 1.028E+08 5.685E+08 1.310E-13 8.833E-13 7.184E-02 

12 2.466E+00 5.611E+07 6.246E+08 6.576E-14 9.491E-13 7.719E-02 

13 2.365E+00 1.803E+07 6.426E+08 1.976E-14 9.689E-13 7.879E-02 

14 2.346E+00 9.254E+07 7.352E+08 9.633E-14 1.065E-12 8.663E-02 

15 2.231E+00 2.634E+08 9.986E+08 2.724E-13 1.338E-12 1.088E-01 

16 1.920E+00 3.817E+08 1.380E+09 3.105E-13 1.648E-12 1.340E-01 

17 1.653E+00 6.266E+08 2.007E+09 5.077E-13 2.156E-12 1.753E-01 

18 1.353E+00 1.696E+09 3.703E+09 9.501E-13 3.106E-12 2.526E-01 

19 1.003E+00 1.569E+09 5.272E+09 5.750E-13 3.681E-12 2.994E-01 

20 8.208E-01 6.774E+08 5.949E+09 3.800E-13 4.061E-12 3.303E-01 

21 7.427E-01 3.903E+09 9.852E+09 1.411E-12 5.471E-12 4.450E-01 

22 6.081E-01 3.307E+09 1.316E+10 9.732E-13 6.445E-12 5.241E-01 

23 4.979E-01 4.312E+09 1.747E+10 1.709E-12 8.154E-12 6.632E-01 

24 3.688E-01 6.322E+09 2.379E+10 1.307E-12 9.461E-12 7.694E-01 

25 2.972E-01 5.690E+09 2.948E+10 1.141E-12 1.060E-11 8.622E-01 

26 1.832E-01 6.288E+09 3.577E+10 8.866E-13 1.149E-11 9.343E-01 

27 1.lllE-0l 3.367E+09 3.914E+10 4.353E-13 1.192E-11 9.697E-01 

28 6.738E-02 2.434E+09 4.157E+10 1.576E-13 1.208E-11 9.826E-01 

29 4.087E-02 5.986E+08 4.217E+10 4.845E-14 1.213E-11 9.865E-01 

30 3.183E-02 2.068E+08 4.238E+10 5.878E-14 1.219E-11 9.913E-01 

31 2.606E-02 1.908E+09 4.429E+10 3.847E-14 1.223E-11 9.944E-01 

32 2.418E-02 1.143E+09 4.543E+10 5.005E-15 1.223E-11 9.948E-01 

33 2.188E-02 1.572E+09 4.700E+10 1.288E-14 1.224E-11 9.959E-01 

34 1.503E-02 1.343E+09 4.834E+10 2.519E-14 1.227E-11 9.979E-01 

35 7.102E-03 1.720E+09 5.006E+10 1.530E-14 1.229E-11 9.992E-01 

36 3.355E-03 1.156E+09 5.122E+10 4.067E-15 1.229E-11 9.995E-01 

37 1.585E-03 1.803E+09 5.302E+10 3.032E-15 1.229E-11 9.997E-01 

38 4.540E-04 7.361E+08 5.376E+10 7.256E-17 1.229E-11 9.997E-01 

39 2.144E-04 8.331E+08 5.459E+10 1.195E-16 1.229E-l1 9.997E-01 

40 1.013E-04 1.104E+09 5.570E+10 2.462E-16 1.229E-11- 9.998E-01 

41 3.727E-05 1.272E+09 5.697E+10 5.011E-16 1.229E-11 9.998E-01 

42 1.068E-05 6.419E+08 5.761E+10 4.125E-16 1.229E-11 9.998E-.0l 

43 5.043E-06 6.175E+08 5.823E+10 6.175E-16 1.229E-11 9.999E-01 

44 1.855E-06 2.905E+08 5.852E+10 4.465E-16 1.229E-11 9.999E-01 

45 8.764E-07 1.584E+08 5.868E+10 3.555E-16 1.230E-11 1.OOOE+00 

46 4.140E-07 6.351E+07 5.874E+10' 2.606E-16 1.230E-11 1.OOOE+00 

47 1.OOOE-07 2.742E+07 5.877E+10 2.788E-16 1.230E-11 1.OOOE+00
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Table 4.11. Flux and dpa spectra at 0-T of lower weld (0 = 24*) 

Group Cumulative Group Cumulative dpa 
Group Energy flux flux dpa rate dpa rate fraction 

(MeV) (n/cm2.s) (n/cm2.s) (dpa-s') (dpa-s-1 ) 

.1 1.733E+01 3.966E+06 3.966E+06 1.159E-14 1.159E-14 4.599E-04 
2 1.419E+01 1.692E+07 2.088E+07 4.477E-14 5.635E-14 2.237E-03 
3 1.221E+01 6.750E+07, 8.838E+07 1.626E-13 2.190E-13 8.690E-03 
4 1.OOOE+01 1.371E+08, 2.255E+08 3.042E-13 5.232E-13 2.076E-02 
5 8.607E+00 2.406E+08 4.661E+08 5.022E-13 1.025E-12 4.070E-02 
,6 7.408E+00 5.663E+08 1.032E+09 1.100E-12 2.126E-12 8.437E-02 
7 6.065E+00 7.938E+08 1.826E+09 1.416E-12 3.542E-12 1.406E-01 
8 4.966E+00 1.391E+09 3.217E+09 2.186E-12 5.727E-12 2.273E-01 
9 3.679E+00 9.797E+08 4.197E+09 1.342E-12 7.070E-12 2.806E-01 

10 3.012E+00 7.289E+08 4.926E+09 9.265E-13 7.996E-12 3.174E-01 
11 2.725E+00 8.417E+08 5.768E+09 1.073E-12 9.069E-12 3.599E-01 
12 2.466E+00 4.308E+08 6.198E+09 5.049E-13 9.574E-12 3.800E-01 
13- 2.365E+00 1.178E+08 6.316E+09 1.291E-13 9.703E-12 3.851E-01 
14 2.346E+00 5.608E+08 6.877E+09 5.838E-13 1.029E-11 4.083E-01 
15 -2.231E+00 1.442E+09 8.319E+09 1.491E-12 1.178E-11 4.674E-01 16 1.920E+00 1.568E+09 9.886E+09 1.275E-12 1.305E-11 5.180E-01 
17 1.653E+00 2.194E+09 1.208E+10 1.778E-12 1.483E-11 5.886E-01 
18 1.353E+00 3.576E+09 1.566E+10 2.003E-12 1.683E-11 6.681E-01 
19 1.003E+00 2.352E+09 1.801E+10 8.620E-13 1.770E-11 7.023E-01 
20. 8.208E-01 1.257E+09 1.926E+10 7.050E-13 1.840E-11 7.303E-01 
21 7.427E-01 3.511E+09 2.278E+10 1.269E-12 1.967E-11 7.807E-01 22 6.081E-01 2.875E+09 2.565E+10 8.461E-13 2.052E-l1 8.142E-01 
23 4.979E-01 3.340E+09 2.899E+10 1.324E-12 2.184E-11 8.668E-01 24 3.688E-01 3.341E+09 3.233E+10 6.905E-13 2.253E-11 8.942E-01 
25 2.972E-01 4.329E+09 3.666E+10 8.679E-13 2.340E-11 9.286E-01 
26 1.832E-01 4.042E+09 4.070E+10 5.699E-13 2.397E-11 9.513E-01 
27 1.111E-01 2.883E+09 4.359E+10 3.728E-13 2.434E-11 9.661E-01 
28 6.738E-02 2.457E+09 4.604E+10 1.591E-13 2.450E-11 9.724E-01 
29 4.087E-02 9.314E+08 4.697E+10 7.538E-14 2.458E-11 9.754E-01 
30 3.183E-02 5.716E+08 4.755E+10 1.625E-13 2.474E-11 9.818E-01 31 2.606E-02 1.108E+09 4.865E+10 2.233E-14 2.476E-11 9.827E-01 
32 2.418E-02 6.205E+08 4.927E+10 2.717E-15 2.476E-11 9.828E-01 33 2.188E-02 1.386E+09 5.066E+10 1.135E-14 2.477E-11 9.833E-01 
34 1.503E-02 2.587E+09 5.325E+10 4.853E-14 2.482E-11 9.852E-01 
35 7.102E-03 2.932E+09 5.618E+10 2.608E-14 2.485E-11 9.862E-01 
36 3.355E-03 2.755E+09 5.893E+10 9.696E-15 2.486E-11 9.866E-01 
37 1.585E-03 4.751E+09 6.368E+10 7.991E-15 2.487E-11 9.869E-01 
38 4.540E-04 2.680E+09 6.636E+10 2.642E-16 2.487E-11 9.869E-01 
39 2.144E-04 2.950E+09 6.931E+10 4.230E-16 2.487E-11 9.869E-01 
40 1.013E-04 4.026E+09 7.334E+10 8.981E-16 2.487E-11 9.870E-01 
41 3.727E-05 5.072E+09 7.841E+10 1.998E-15 2.487E-11 9.871E-01 
42 1.068E-05 2.993E+09 8.140E+10 1.923E-15 2.487E-11 9.871E-01 
43 5.043E-06 3.859E+09 8.526E+10 3.859E-15 2.488E-11 9.873E-01 
44~1.855E-06'2.727E+09 8.799E+10 4.191E-15 2.488E-11 9.874E-01 
45 8.764E-07 2.547E+09 9.054E+10 5.715E-15 2.489E-11 9.877E-01 
46 4.140E-07 6.843E+09 9.738E+10 2.808E-14 2.491E-11 9.888E-01 
47 1.000E-07 2.777E+10 1.252E+l1 2.824E-13 2.520E-11 1.OOOE+00
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Table 4.12.. Flux and dpa spectra at 1/4-T of lower weld (0 = 24*) 

Group Cumulative Group Cumulative dpa 

Group Energy flux flux dpa rate dpa rate fraction 

(MeV) (n/cm2.S) (n/cm2*s) (dpa-s- 1) (dpas 1) 

1 1.733E+01 1.600E+06 1.600E+06 4.674E-15 4.674E-15 3.073E-04 

2 1.419E+01 6.816E+06 8.416E+06 1.803E-14 2.271E-14 1.493E-03 

3 1.221E+01 2.606E+07 3.447E+07 6.277E-14 8.548E-14 5.619E-03 

4 1.OOOE+01 5.313E+07 8.760E+07 1.179E-13 2.034E-13 1.337E-02 

5 8.607E+00 9.141E+07 1.790E+08 1.908E-13 3.941E-13 2.591E-02 

6 7.408E+00 2.066E+08 3.856E+08 4.014E-13 7.955E-13 5.229E-02 

7 6.065E+00 2.833E+08 6.689E+08 5.054E-13 1.301E-12 8.552E-02 

8 4.966E+00 4.908E+08 1.160E+09 7.711E-13 2.072E-12 1.362E-01 

9 3.679E+00 3.574E+08 1.517E+09 4.896E-13 2.562E-12 1.684E-01 

10 3.012E+00 2.791E+08 l.796E+09 3.548E-13 2.916E-12 1.917E-01 

11 2.725E+00 3.414E+08 2.138E+09 4.352E-13' 3.352E-12 2.203E-01 

12 2.466E+00 1.791E+08 2.317E+09 2.099E-13 3.562E-12 2.341E-01 

13 2.365E+00 5.207E+07 2.369E+09 5.707E-14 3.619E-12 2.379E-01 

14 2.346E+00 2.567E+08 2.626E+09 2.672E-13 3.886E-12 2.554E-01 

15 2.231E+00 6.963E+08 3.322E+09 7.200E-13 4.606E-12 3.028E-01 

16 1.920E+00 8.449E+08 4.167E+09 6.872E-13 5.293E-12 3.479E-01 

17 1.653E+00 1.265E+09 5.431E+09 1.025E-12 6.318E-12 4.153E-01 

18 1.353E+00 2.517E+09 7.948E+09 1.410E-12 7.728E-12 5.080E-01 

19 1.003E+00 1.851E+09 9.799E+09 6.785E-13 8.406E-12 5.526E-01 

20 8.208E-01 8.754E+08 1.067E+10 4.910E-13 8.897E-12 5.849E-01 

21 7.427E-01 .3.474E+09 1.415E+10 1.255E-12 1.015E-11 6.674E-01 

22 6.081E-01 2.769E+09 1.692E+10 8.150E-13 1.097E-11 7.210E-01 

23 4.979E-01 3.437E+09 2.036E+10 1.363E-12 1.233E-11 8.105E-01 

24 3.688E-0l 4.014E+09 2.437E+10 8.297E-13 1.316E-11 8.651E-01 

25 2.972E-01 4.118E+09 2.849E+10 8.256E-13 1.399E-11 9.193E-01 

26 1.832E-01 4.186E+09 3.267E+10 5.902E-13 1.458E-11 9.581E-01 

27 1.111E-01 2.494E+09 3.517E+10 3.225E-13 1.490E-11 9.793E-01 

28 6.738E-02 1.961E+09 3.713E+10 1.270E-13 1.503E-11 9.877E-01 

29 4.087E-02 5.057E+08 3.763E+10 4.093E-14 1.507E-11 9.904E-01 

30 3.183E-02 1.761E+08 3.781E+10 5.006E-14 1.512E-11 9.936E-01 

31 2.606E-02 1.228E+09 3.904E+10 2.475E-14 1.514E-11 9.953E-01 

32 *2.418E-02 6.709E+08 3.971E+10 2.938E-15 1.514E-11 9.955E-01 

33 2.188E-02 1.097E+09 4.081E+10 8.984E-15 1.515E-11 9.961E-01 

34 1.503E-02 1.294E+09 4.210E+10 2.427E-14 1.518E-11 9.976E-01 

35 7.102E-03 1.819E+09 4.392E+10 1.618E-14 1.519E-11 9.987E-01 

36 3.355E-03 1.357E+09 4.527E+10 4.776E-15 1.520E-11 9.990E-01 

37 1.585E-03 2.393E+09 4.767E+10 4.025E-15 1.520E-11 9.993E-01 

38 4.540E-04 1.048E+09 4.872E+10 1.033E-16 1.520E-11 9.993E-01 

39 2.144E-04 1.301E+09 5.002E+10 1.866E-16 1.520E-11 9.993E-01 

40 1.013E-04 1.856E+09 5.187E+10 4.141E-16 1.520E-11 9.993E-01 

41 3.727E-05 2.272E+09 5.415E+10 8.951E-16 1.520E-11 9.994E-01 

42 1.068E-05 1.208E+09 5.535E+10 7.761E-16 1.520E-11 9.994E-01 

43 5.043E-06 1.299E+09 5.665E+10 1.299E-15 1.521E-ll 9.995E-01 

44 1.855E-06 6.995E+08 5.735E+10 1.075E-15 1.521E-11 9.996E-01 

45 8.764E-07 4.640E+08 5.782E+10 1.041E-15 1.521E-11 9.997E-01 

46 4.140E-07 3.270E+08 5.814E+10 1.342E-15 1.521E-11 9.998E-01 

47 l.OOOE-07 3.691E+08 5.851E+10 3.753E-15 1.521E-11 1.000E+00
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Table 4.13. Flux and dpa spectra at 3/4-T of lower weld (O - 240) 

Group Cumulative Group Cumulative dpa 
Group Energy flux flux dpa rate dpa rate fraction 

(MeV) (n/cm2*s) (n/cm2.s) (dpa-s- 1) (dpa-s-1) 

1 1.733E+01 2.389E+05 2.389E+05 6.980E-16 6.980E-16 1.430E-04 
2 1.419E+01 9.975E+05 1.236E+06 2.639E-15 3.337E-15 6.838E-04 
3 1.221E+01 3.490E+06 4.726E+06 8.407E-15 1.174E-14 2.406E-03 
4 1.000E+01 6.956E+06 1.168E+07 1.543E-14 2.718E-14 5.569E-03 
5 8.607E+00 1.129E+07 2.297E+07 2.355E-14 5.073E-14 1.040E-02 
6 7.408E+00 2.316E+07 4.613E+07 4.500E-14 9.573E-14 1.962E-02 
7 6.065E+00 3.049E+07 7.661E+07 5.439E-14 1.501E-13 3.076E-02 
8 4.966E+00 5.199E+07 1.286E+08 8.167E-14 2.318E-13 4.749E-02 
9 3.679E+00 4.036E+07 1.690E+08 5.529E-14 2.871E-13 5.882E-02 

10 3.012E+00 3.222E+07 2.012E+08 4.095E-14 3.280E-13 6.721E-02 
11 2.725E+00 4.152E+07 2.427E+08 5.294E-14 3.810E-13 7.806E-02 
12 2.466E+00 2.246E+07 2.652E+08 2.632E-14 4.073E-13 8.345E-02 
13 2.365E+00 7.109E+06 2.723E+08 7.792E-15 4.151E-13 8.505E-02 14 2.346E+00 3.655E+07 3.088E+08 3.805E-14 4.531E-13 9.285E-02 
15 2.231E+00 1.045E+08 4.133E+08 1.080E-13 5.612E-13 1.150E-01 
16 1.920E+00 1.502E+08 5.635E+08 1.222E-13 6.833E-13 1.400E-01 
17 1.653E+00 2.457E+08 8.092E+08 1.991E-13 8.824E-13 1.808E-01 
18 1.353E+00 6.596E+08 1.469E+09 3.696E-13 1.252E-12 2.565E-01 
19 1.003E+00 6.088E+08 2.078E+09 2.231E-13 1.475E-12 3.023E-01 
20 8.208E-01 2.663E+08 2.344E+09 1.494E-13 1.624E-12 3.329E-01 
21 7.427E-01 1.499E+09 3.843E+09 5.418E-13 2.166E-12 4.439E-01 
22 6.081E-01 1.281E+09 5.123E+09 3.769E-13 2.543E-12 5.211E-01 
23 4.979E-01 1.677E+09 6.801E+09 6.648E-13 3.208E-12 6.573E-01 
24 3.688E-01 2.443E+09 9.244E+09 5.050E-13 3.713E-12 7.608E-01 
25 2.972E-01 .2.319E+09 1.156E+10 4.650E-13 4.178E-12 8.561E-01 
26 1.832E-01 2.573E+09 1.414E+10 3.627E-13 4.541E-12 9.304E-01 
27 1.111E-01 1.406E+09 1.554E+10 1.818E-13 4.722E-12 9.676E-01 
28 6.738E-02 1.029E+09 1.657E+10 6.666E-14 4.789E-12 9.813E-01 
29 4.087E-02 2.551E+08 1.683E+10 2.064E-14 4.810E-12 9.855E-01 
30 3.183E-02 8.813E+07 1.691E+10 2.505E-14 4.835E-12 9.907E-01 
31 2.606E-02 7.685E+08 1.768E+10 1.549E-14 4.850E-12 9.938E-01 
32 2.418E-02 4.543E+08 1.814E+10 1.989E-15 4.852E-12 9.942E-01 
33 2.188E-02 6.670E+08 1.880E+10 5.463E-15 4.858E-12 9.954E-01 
34 1.503E-02 5.936E+08 1.940E+10 1.114E-14 4.869E-12 9.976E-01 35 7.102E-03 7.646E+08 2.016E+10 6.801E-15 4.876E-12 9.990E-01 
36 3.355E-03 5.197E+08 2.068E+10 1.829E-15 4.877E-12 9.994E-01 
37 1.585E-03 8.157E+08 2.150E+10 1.372E-15 4.879E-12 9.997E-01 
38 4.540E-04 3.324E+08 2.183E+10 3.277E-17 4.879E-12 9.997E-01 
39 2.144E-04 3.787E+08 2.221E+10 5.430E-17 4.879E-12 9.997E-01 
40 1.013E-04 4.988E+08 2.271E+10 1.113E-16 4.879E-12 9.997E-01 
41. 3.727E-05 5.668E+08 2.327E+10 2.233E-16 4.879E-12 9.998E-01 
42 1.068E-05 2.844E+08 2.356E+10 1.828E-16 4.879E-12 9.998E-01 
43 5.043E-06 2.734E+08 2.383E+10 2.734E-16 4.880E-12 9.999E-01 
44 1.855E-06 1.294E+08 2.396E+10 1.989E-16 4.880E-12 9.999E-01 45 8.764E-07 7.176E+07 2.403E+10 1.610E-16 4.880E-12 9.999E-01 
46 4.140E-07 3.083E+07 2.406E+10 1.265E-16 4.880E-12 1.000E+00 
47 1.OOOE-07 1.406E+07 2.408E+10 1.430E-16 4.880E-12 1.OOOE+00
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Table 4.14. Flux and dpa spectra at O-T of upper weld (O = 0*) 

Group Cumulative Group Cumulative dpa 

Group Energy flux flux dpa rate dpa rate fraction 

(MeV) (n/cm2*s) (n/cm2*s) (dpa-s 1) (dpas-1 ) 

1 1.733E+01 2.457E+06 2.457E+06 7.179E-15 7.179E-15 3.215E-04 

2 1.419E+01 1.073E+07 l.318E+07 2.838E-14 3.556E-14 1.593E-03 

3 1.221E+01 4.460E+07 5.779E+07 1.074E-13 1.430E-13 6.405E-03 

4 1.OOOE+01 9.316E+07 1.509E+08 2.067E-13 3.497E-13 1.566E-02 

5 8.607E+00 1.695E+08 3.205E+08 3.538E-13 7.035E-13 3.151E-02 

6 7.408E+00 4.109E+08 7.314E+08 7.984E-13 1.502E-12 6.726E-02 

7 6.065E+00 6.025E+08 1.334E+09 1.075E-12 2.577E-12 1.154E-01 

8 4.966E+00 1.122E+09 2.456E+09 1.763E-12 4.340E-12 1.944E-01 

9 3.679E+00 8.270E+08 3.283E+09 1.133E-12 5.473E-12 2.451E-01 

10 3.012E+00 6.262E+08 3.909E+09 7.959E-13 6.269E-12 2.807E-01 

11 2.725E+00 7.345E+08 4.644E+09 9.365E-13 7.205E-12 3.227E-01 

12 2.466E+00 3.786E+08 5.023E+09 4.437E-13 7.649E-12 3.426E-01 

13 2.365E+00 1.036E+08 5.126E+09 1.136E-13 7.763E-12 3.476E-01 

14 2.346E+00 4.964E+08 5.622E+09 5.167E-13 8.279E-12 3.708E-01 

15 2.231E+00 1.284E+09 6.906E+09 1.328E-12 9.607E-12 4.302E-01 

16 1.920E+00 1.415E+09 8.322E+09 1.151E-12 1.076E-11 4.818E-01 

17 1.653E+00 2.002E+09 1.032E+10 1.622E-12 1.238E-11 5.545E-01 

18 1.353E+00 3.302E+09 1.363E+10 1.850E-12 1.423E-11 6.373E-01 

19 1.003E+00 2.195E+09 1.582E+10 8.044E-13 1.503E-11 6.733E-01 

20 8.208E-01 1.180E+09 1.700E+10 6.617E-13 1.570E-11 7.030E-01 

21 7.427E-01 3.351E+09 2.035E+10 1.211E-12 1.691E-11 7.572E-01 

22 6.081E-01 2.765E+09 2.312E+10 8.138E-13 1.772E-11 7.936E-01 

23 4.979E-01 3.221E+09 2.634E+10 1.277E-12 1.900E-11 8.508E-01 

24 3.688E-01 3.275E+09 2.961E+10 6.770E-13 1.967E-11 8.811E-01 

25 2.972E-01 4.232E+09 3.384E+10 8.486E-13 2.052E-11 9.191E-01 

26 1.832E-01 3.988E+09 3.783E+10 5.624E-13 2.109E-11 9.443E-01 

27 1.111E-01 2.840E+09 4.067E+10 3.672E-13 2.145E-11 9.608E-01 

28 6.738E-02 2.421E+09 4.309E+10 1.568E-13 2.161E-11 9.678E-01 

29 4.087E-02 9.160E+08 4.401E+10 7.413E-14 2.168E-11 9.711E-01 

30 3.183E-02 5.613E+08 4.457E+10 1.596E-13 2.184E-11 9.783E-01 

31 2.606E-02 1.112E+09 4.568E+10 2.241E-14 2.187E-11 9.793E-01 

32 2.418E-02 6.291E+08 4.631E+10 2.755E-15 2.187E-11 9.794E-01 

33 2.188E-02 1.383E+09 4.770E+10 1.133E-14 2.188E-11 9.799E-01 

34 1.503E-02 2.564E+09 5.026E+10 4.811E-14 2.193E-11 9.821E-01 

35 7.102E-03 2.913E+09 5.317E+10 2.591E-14 2.195E-11 9.832E-01 

36 3.355E-03 2.744E+09 5.592E+10 9.658E-15 2.196E-11 9.836E-01 

37 1.585E-03 4.746E+09 6.066E+10 7.983E-15 2.197E-11 9.840E-01 

38 4.540E-04 2.703E+09 6.337E+10 2.664E-16 2.197E-11 9.840E-01 

39 2.144E-04 2.968E+09 6.633E+10 4.256E-16. 2.197E-11 9.840E-01 

40 1.013E-04 4.055E+09 7.039E+10 9.046E-16 2.197E-11 9.841E-01 

41 3.727E-05 5.124E+09 7.551E+10 2.018E-15 2.198E-11 9.842E-01 

42 1.068E-05 3.024E+09 7.854E+10 1.943E-15 2.198E-11 9.842E-01 

43 5.043E-06 3.900E+09 8.244E+10 3.900E-15 2.198E-11 9.844E-01 

44 1.855E-06 2.754E+09 8.519E+10 4.234E-15 2.199E-11 9.846E-01 

45 8.764E-07 2.573E+09 8.776E+10 5.774E-15 2.199E-11 9.849E-01 

46 4.140E-07 6.927E+09 9.469E+10 2.842E-14 2.202E-11 9.861E-01 

47 l.OOOE-07 3.042E+10 1.251E+11 3.094E-13 2.233E-11 1.OOOE+00
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Table 4.15. Flux and dpa spectra at 1/4-T of upper weld (0 = 00) 

Group Cumulative Group Cumulative dpa 
Group Energy flux flux dpa rate dpa rate fraction 

(MeV) (n/cm2.S) (n/cm2.s) (dpa s1) (dpa s-1 ) 

1 1.733E+01 1.005E+06 1.005E+06 2.935E-15 2.935E-15 2.097E-04 
2 1.419E+01 4.387E+06 5.391E+06 1.161E-14 1.454E-14 1.039E-03 
3 1.221E+01 1.747E+07 2.286E+07 4.208E-14 5.663E-14 4.046E-03 
4 1.OOOE+01 3.667E+07 5.953E+07 8.137E-14 1.380E-13 9.860E-03 
5 8.607E+00 6.542E+07 1.250E+08 1.365E-13 2.745E-13 1.962E-02 
6 7.408E+00 1.525E+08 2.774E+08 2.963E-13 5.708E-13 4.079E-02 
7 6.065E+00 2.194E+08 4.968E+08 3.914E-13 9.622E-13 6.875E-02 
8 4.966E+00 4.041E+08 9.009E+08 6.348E-13 1.597E-12 1.141E-01 
9 3.679E+00 3.063E+08 1.207E+09 4.197E-13 2.017E-12 1.441E-01 

10 3.012E+00 2.428E+08 1.450E+09 3.087E-13 2.325E-12 1.662E-01 
11 2.725E+00 3.019E+08 1.752E+09 3.849E-13 2.710E-12 1.937E-01 
12 2.466E+00 1.595E+08 1.911E+09 1.870E-13 2.897E-12 2.070E-01 
13 2.365E+00 4.646E+07 1.958E+09 5.092E-14 2.948E-12 2.107E-01 
14 2.346E+00 2.306E+08 2.189E+09 2.400E-13 3.188E-12 2.278E-01 
15 2.231E+00 6.280E+08 2.817E+09 6.494E-13 3.838E-12 2.742E-01 
16 1.920E+00 7.717E+08 3.588E+09 6.276E-13 4.465E-12 3.190E-01 
17 1.653E+00 1.165E+09 4.753E+09 9.441E-13 5.409E-12. 3.865E-01 
18 L.353E+00 2.343E+09 7.097E+09 1.313E-12 6.722E-12 4.803E-01 
19 1.003E+00 1.743E+09 8.839E+09 6.388E-13 7.361E-12 5.260E-01 
20 8.208E-01 8.243E+08 9.664E+09 4.624E-13 7.823E-12 5.590E-01 
21 7.427E-01 3.338E+09 1.300E+10 1.206E-12 9.030E-12 6.452E-01 
22 6.081E-01 2.681E+09 1.568E+10 7.891E-13 9.819E-12 7.016E-01 
23 4.979E-01 3.334E+09 1.902E+10 1.322E-12 1.114E-11 7.960E-01 
24 3.688E-01 3.975E+09 2.299E+10 8.217E-13 1.196E-11 8.547E-01 
25 2.972E-01 4.052E+09 2.704E+10 8.125E-13 1.277E-11 9.128E-01 
26 1.832E-01 4.163E+09 3.121E+10 5.869E-13 1.336E-11 9.547E-01 
27 1.111E-01 2.474E+09 3.368E+10 3.199E-13 1.368E-11 9.776E-01 
28 6.738E-02 1.945E+09 3.563E+10 1.259E-13 1.381E-11 9.866E-01 
29 4.087E-02 5.005E+08 3.613E+10 4.050E-14 1.385E-11 9.895E-01 
30 3.183E-02 1.742E+08 3.630E+10 4.952E-14 1.390E-11 9.930E-01 
31 2.606E-02 1.241E+09 3.754E+10 2.503E-14 1.392E-11 9.948E-01 
32 2.418E-02 6.868E+08 3.823E+10 3.007E-15 1.393E-11 9.950E-01 
33 2.188E-02 1.108E+09 3.934E+10 9.076E-15 1.393E-11 9.957E-01 
34 1.503E-02 1.294E+09 4.063E+10 2.427E-14 1.396E-11 9.974E-01 
35 7.102E-03 1.822E+09 4.245E+10 1.621E-14 1.397E-11 9.986E-01 
36 3.355E-03 1.358E+09 4.381E+10 4.781E-15 1.398E-11 9.989E-01 
37 1.585E-03 2.410E+09 4.622E+10 4.053E-15 1.398E-11 9.992E-01 
38 4.540E-04 1.048E+09 4.727E+10 1.033E-16 1.398E-11 9.992E-01 
39 2.144E-04 1.311E+09 4.858E+10 1.880E-16 1.398E-11 9.992E-01 
40 1.013E-04 1.879E+09 5.046E+10 4.193E-16 1.398E-11 9.992E-01 
41 3.727E-05 2.314E+09 5.277E+10 9.114E-16 1.399E-11 9.993E-01 
42 1.068E-05 1.228E+09 5.400E+10 7.892E-16 1.399E-11 9.994E-01 
43 5.043E-06 1.324E+09 5.532E+10 1.324E-15 1.399E-11 9.995E-01 
44 1.855E-06 7.115E+08 5.604E+10 1.094E-15 1.399E-11 9.995E-01 
45 8.764E-07 4.707E+08 5.651E+10 1.056E-15 1.399E-11 9.996E-01 
46 4.140E-07 3.311E+08 5.684E+10 1.359E-15 1.399E-11 9.997E-01 
47 1.OOOE-07 4.036E+08 5.724E+10 4.104E-15 1.400E-11 1.OOOE+00
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Table 4.16. Flux and dpa spectra at 3/4-T of upper weld (0 = 0*) 

Group Cumulative Group Cumulative dpa 

Group Energy flux flux dpa rate dpa rate fraction 

(MeV) (n/cm2.s.) (n/cm2.s) (dpa.s-1 ) (dpa-s 1 ) 

I 1.733E+01 1.671E+05 1.671E+05 4.883E-16 4.883E-16 1.035E-04 

2 1.419E+01 7.043E+05 8.714E+05 1.864E-15 2.352E-15 4.985E-04 

3 1.221E+01 2.554E+06 3.425E+06 6.152E-15 8.504E-15 1.802E-03 

4 1.0OOE+01 5.205E+06 8.630E+06 1.155E-14 2.005E-14 4.250E-03 

5 8.607E+00 8.690E+06 1.732E+07 1.814E-14 3.819E-14 8.094E-03 

6 7.408E+00 1.831E+07 3.563E+07 :.3.557E-14 7.376E-14 1.563E-02 

7 6.065E+00 2.495E+07 6.058E+07 4.451E-14 1.183E-13 2.507E-02 

8 4.966E+00 4.473E+07 1.053E+08 7.027E-14 1.885E-13 3.996E-02 

9 3.679E+00 3.560E+07 1.409E+08 4.877E-14 2.373E-13 5.030E-02 

10 3.012E+00 2.889E+07 i.698E+08 3.671E-14 2.740E-13 5.808E-02 

11 2.725E+00 3.767E+07 2.075E+08 4.803E-14 3.221E-13 6.826E-02 

12 2.466E+00 2.056E+07 2.280E+08 2.409E-14 3.462E-13 7.336E-02 

13 2.365E+00 6.592E+06 2.346E+08 7.225E-15 3.534E-13 7.489E-02 

14 2.346E+00 3.387E+07 2.685E+08 3.525E-14 3.886E-13 8.237E-02 

15 2.231E+00 9.650E+07 3.650E+08 9.978E-14 4.884E-13 1.035E-01 

16 1.920E+00 1.400E+08 5.050E+08 1.139E-13 6.023E-13 1.277E-01 

17 1.653E+00 2.302E+08 7.352E+08 1.865E-13 7.888E-13 1.672E-0l 

18 1.353E+00 6.261E+08 1.361E+09 3.508E-13 1.140E-12 2.415E-01 

19 1.003E+00 5.839E+08 1.945E+09 2.140E-13 1.354E-12 2.869E-01 

20 8.208E-01 2.534E+08 2.199E+09 1.421E-13 1.496E-12 3.170E-01 

21 7.427E-01 1.475E+09 3.673E+09 5.330E-13 2.029E-12 4.300E-01 

22 6.081E-01 1.264E+09 4.938E+09 3.721E-13 2.401E-12 5.088E-01 

23 4.979E-01 1.661E+09 6.599E+09 6.585E-13 3.059E-12 6.484E-01 

24 3.688E-01 2.470E+09 9.069E+09 5.105E-13 3.570E-12 7.566E-01 

25 2.972E-01 2.276E+09 1.134E+10 4.564E-13 4.026E-12 8.533E-01 

26 1.832E-01 2.553E+09 1.390E+10 3.599E-13 4.386E-12 9.296E-01 

27 1.111E-01 1.380E+09 1.528E+10 1.784E-13 4.564E-12 9.674E-01 

28 6.738E-02 1.003E+09 1.628E+10 6.494E-14 4.629E-12 9.812E-01 

29 4.087E-02 2.471E+08 1.653E+10 2.000E-14 4.649E-12 9.854E-01 

30 3.183E-02 8.533E+07 1.661E+10 2.426E-14 4.674E-12 9.905E-01 

31 2.606E-02 7.772E+08 1.739E+10 1.567E-14 4.689E-12 9.939E-01 

32 2.418E-02 4.679E+08 1.786E+10 2.049E-15 4.691E-12 9.943E-01 

33 2.188E-02 6.595E+08 1.852E+10 5.401E-15 4.697E-12 9.954E-01 

34 1.503E-02 5.683E+08 1.908E+10 1.066E-.14 4.707E-12 9.977E-01 

35 7.102E-03 7.278E+08 1.981E+10 6.473E-15 4.714E-12 9.991E-01 

36 3.355E-03 4.895E+08 2.030E+10 1.723E-15 4.716E-12 9.994E-01 

37 1.585E-03 7.618E+08 2.106E+10 1.281E-15 4.717E-12 9.997E-01 

38 4.540E-04 3.109E+08 2.137E+10 3.065E-17 4.717E-12 9.997E-01 

39 2.144E-04 3.510E+08 2.173E+10 5.033E-17 4.717E-12 9.997E-01 

40 1.013E-04 4.622E+08 2.219E+10 1.031E-16 4.717E-12 9.997E-01 

41 3.727E-05 5.283E+08 2.272E+10 2.081E-16 4.717E-12 9.998E-01 

42 1.068E-05 2.654E+08 2.298E+10 1.705E-16 4.718E-12 9.998E-01 

43 5.043E-06 2.545E+08 2.324E+10 2.545E-16 4.718E-12 9.999E-01 

44 1.855E-06 1.198E+08 2.336E+10 1.842E-16 4.718E-12 9.999E-01 

45 8.764E-07 6.566E+07 2.342E+10 1.473E-16 4.718E-12 9.999E-01 

46 4.140E-07 2.682E+07 2.345E+10 1.101E-16 4.718E-12 1.OOOE+00 

47 1.OOOE-07 1.245E+07 2.346E+10 1.267E-16 4.718E-12 1.OOOE+00



'61 

Table 4.17. Flux and dpa spectra 'for 3* cavity dosimeters 

Group Cumulative Group Cumulative dpa 
Group Energy flux flux . dpa rate dpa rate fraction 

(MeV) (n/cm2.s) (n/cm2.s).- (dpa-s') (dpa s-1) 

1 1.733E+01 1.412E+05 l.412E+05 4.126E-16 4.126E-16 1.157E-04 
2 1.419E+01 5.744E+05 7.157E+05 1.520E-15 1.933E-15 5.418E-04 
3 1.221E+01 2.014E+06 2.730E+06 4.852E-15 6.784E-15 1.902E-03 
4 1.OOOE+01 4.002E+06 6.732E+06 8.881E-15 1.566E-14 4.392E-03 
5 8.607E+00 6.410E+06 1.314E+07 1.338E-14 2.904E-14 8.142E-03 
6 7.408E+00 1.280E+07 *2.594E+07 2.487E-14 5.391E-14 1.511E-02 
7 6.065E+00 1.676E+07 4.270E+07 2.990E-14' 8.381E-14 2.350E-02' 
8 4.966E+00 2.845E+07 7.115E+07 4.469E-14 1.285E-13 3.603E-02 
9 3.679E+00 2.210E+07 9.324E+07 3.027E-14 1.588E-13 4.451E-02 

10 3.012E+00 1.781E+07 1.111E+08 2.264E-14 .1.814E-13 5.086E-02 
11 2.725E+00 2.288E+07 1.339E+08 2.917E-14 2.106E-13 5.904E-02 
12 2.466E+00 1.278E+07 1.467E+08 1.498E-14 2.256E-13 6.323E-02 
13 2.365E+00 4.453E+06, 1.512E+08 4.880E-15 2.304E-13 6.460E-02 
14 2.346E+00 2.211E+07 1.733E+08 2.302E-14 2.535E-13 7.106E-02 
15 2.231E+00 5.884E+07 2.321E+08 6.084E-14 3.143E-13 8.811E-02 
16 1.920E+00 9.154E+07 3.237E+08 7.445E-14 3.887E-13 1.090E-01 
17 1.653E+00 1.530E+08' 4.766E+08 1.240E-13 5.127E-13 .'1.437E-01 
18 1.353E+00 4.352E+08 9.118E+08 2.438E-13 7.565E-13 2.121E-01 
19 1.003E+00 4.422E+08 1.354E+09 1.621E-13 9.186E-13 2.575E-01 
20 8.208E-01 1.938E+08 1.548E+09 i.087E-13 1.027E-12 .2.880E-01 
21 7.427E-01 1.110E+09 2.657E+09 4.010E-13 1.428E-12 4.004E-01 
22 6.081E-01 9.817E+08 3.639E+09 2.889E-13 1.717E-12 4.814E-01 
23 4.979E-01 l.105E+09 4.744E+09 4.380E-13 2.155E-12 6.042E-01 
24 3.688E-01 1.893E+09 6.637E+09- 3.913E-13 2.547E-12 7.139E-01 
25 2.972E-0i 1.950E+09 8.587E+09 3.910E-13 2.938E-12 8.235E-01 
26 1.832E-01 2.134E+09 1.072E+10 3.009E-13 3.238E-12 9.079E-01 
27 1.111E-01 1.163E+09 1.188E+10 1.503E-13 3.389E-12 9.501E-01 
28 6.738E-02 8.340E+08 1.272E+10 5.402E-i4 3.443E-12 9.652E-01 
29 4.087E-02 2.642E+08 1.298E+10' 2.138E-14 3.464E-12 9.712E-01 
30 3.183E-02 1.610E+08 1.314E+10 4.577E-14 3.510E-12 9.840E-01 
31 2.606E-02 6.762E+08 1.382E+10 1.363E-14 3.524E-12 9.878E-01 
32 2.418E-02 4.213E+08 1.424E+10 1.845E-15 3.525E-12 9.884E-01 
33 2.188E-02 6.616E+08 .1.490E+10 5.419E-15 3.531E-12 9.899E-01 
34 1.503E-02 7.161E+08 1.562E+10 1.343E-14 3.544E-12 9.936E-01 
35 7.102E-03 6.879E+08 1.631E+10 6.118E-15 3.550E-12 9.954E-01 
36 3.355E-03 5.582E+08 1.686E+10 1.965E-15 3.552E-12 9.959E-01 
37 1.585E-03 8.323E+08 1.770E+10 1.400E-15 3.554E-12 9.963E-01 
38 4.540E-04 4.161E+08 1.811E+10 4.102E-17 3.554E-12 9.963E-01 
39 2.144E-04 4.074E+08 1.852E+10 5.843E-17 3.554E-12 9.963E-01 
40 1.013E-04 5.016E+08 i.902E+10 1.119E-16 3.554E-12 9.964E-01 
41 3.727E-05 '5.617E+08 1.958E+10 2.213E-16 3.554E-12 9.964E-01 
42 1.068E-05 3.020E+08 1.989E+10 1.941E-16 3.554E-12 9.965E-01 
43 5.043E-06 3.456E+08 2.023E+10 3.456E-16- 3.555E-12 9.966E-01 
44 1855E-06 2.186E+08 2.045E+10 3.360E-16 3.555E-12 9.967E-01 

.45 8.764E-07 1.833E+08 2.063E+10 4.114E-16 3.556E-12 9.968E-01 
46 4.140E-07 3.384E+08 2.097E+10'' 1.389E-15 3.557E-12 9.972E-01 
47 1.OOOE-07 9.922E+08 2.196E+10 1.009E-14. 3.567E-12 1.OOOE+00
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Table 4.18. Flux and dpa spectra for 90 cavity dosimeters 

Group Cumulative Group Cumulative dpa 

Group Energy flux flux dpa rate dpa rate fraction 

(MeV) (n/cm2*s) (n/cm2.s) (dpa-s- 1) (dpas-1 ) 

1 1.733E+01 1.310E+05 1.310E+05 3.827E-16 3.827E-16 1.048E-04 

2 1.419E+01 5.329E+05 6.639E+05 1.410E-15 1.793E-15 4.908E-04 

3 1.221E+01 1.855E+06 2.519E+06 4.469E-15 6.262E-15 1.714E-03 

4 1.000E+01 3.688E+06 6.207E+06 8.183E-15 1.444E-14 3.954E-03 

5 8.607E+00 5.920E+06 1.213E+07 1.235E-14 2.680E-14 7.337E-03 

6 7.408E+00 1.198E+07 2.411E+07 2.328E-14 5.008E-14 1.371E-02 

7 6.065E+00 1.593E+07 4.003E+07 2.841E-14 7.849E-14 2.149E-02 

8 4.966E+00 2.762E+07 6.765E+07 4.338E-14 1.219E-13 3.337E-02 

9 3.679E+00 2.165E+07 8.930E+07 2.967E-14 1.515E-13 4.149E-02 

10 3.012E+00 1.731E+07 1.066E+08 2.200E-14 1.735E-13 4.751E-02 

11 2.725E+00 2.239E+07 1.290E+08 2.855E-14 2.021E-13 5.533E-02 

12 2.466E+00 1.248E+07 1.415E+08 1.463E-14 2.167E-13 5.933E-02 

13 2.365E+00 4.182E+06 1.457E+08 4.584E-15 2.213E-13 6.059E-02 

14 2.346E+00 2.072E+07 1.664E+08 2.157E-14 2.429E-13 6.649E-02 

15 2.231E+00 5.445E+07 2.208E+08 5.630E-14 2.992E-13 8.191E-02 

16 1.920E+00 8.503E+07 3.059E+08 6.915E-14 3.683E-13 1.008E-01 

17 1.653E+00 1.466E+08 4.524E+08 1.188E-13 4.871E-13 1.334E-01 

18 1.353E+00 4.066E+08 8.591E+08 2.278E-13 7.149E-13 1.957E-01 

19 1.003E+00 4.162E+08 1.275E+09 1.525E-13 8.675E-13 2.375E-01 

20 8.208E-01 2.165E+08 1.492E+09 1.214E-13 9.889E-13 2.707E-01 

21 7.427E-01 1.031E+09 2.523E+09 3.727E-13 1.362E-12 3.728E-01 

22 6.081E-01 9.949E+08 3.518E+09 2.928E-13 1.654E-12 4.529E-01 

23 4.979E-01 1.098E+09 4.616E+09 4.351E-13 2.089E-12 5.720E-01 

24 3.688E-01 1.801E+09 6.416E+09 3.722E-13 2.462E-12 6.739E-01 

25 2.972E-01 2.251E+09 8.667E+09 4.514E-13 2.913E-12 7.975E-01 

26 1.832E-01 2.369E+09 1.104E+10 3.340E-13 3.247E-12 8.890E-01 

27 1.111E-01 1.379E+09 1.242E+10 1.783E-13 3.425E-12 9.378E-01 

28 6.738E-02 1.008E+09 1.342E+10 6.526E-14 3.491E-12 9.556E-01 

29 4.087E-02 3.487E+08 1.377E+10 2.822E-14 3.519E-12 9.634E-01 

30 3.183E-02 2.322E+08 1.400E+10 6.601E-14 3.585E-12 9.814E-01 

31 2.606E-02 5.817E+08 1.459E+10 1.173E-14 3.597E-12 9.846E-01 

32 2.418E-02 4.272E+08 1.501E+10 1.871E-15 3.598E-12 9.852E-01 

33 2.188E-02 8.267E+08 1.584E+10 6.771E-15 3.605E-12 9.870E-01 

34 1.503E-02 9.493E+08 1.679E+10 1.781E-14 3.623E-12 9.919E-01 

35 7.102E-03 8.626E+08 1.765E+10 7.672E-15 3.631E-12 9.940E-01 

36 3.355E-03 7.236E+08 1.837E+10 2.547E-15 3.633E-12 9.947E-01 

37 1.585E-03 1.055E+09 1.943E+10 1.775E-15 3.635E-12 9.952E-01 

38 4.540E-04 5.344E+08 1.996E+10 5.268E-17 .3.635E-12 9.;952E-01 

39 2.144E-04 5.087E+08 2.047E+10 7.295E-17 3.635E-12 9.952E-01 

40 1.013E-04 6.231E+08 2.110E+10 1.390E-16 3.635E-12 9.952E-01 

41 3.727E-05 6.956E+08 2.179E+10 2.740E-16 3.636E-12 9.953E-01 

42 1.068E-05 3.759E+08 2.217E+10 2.416E-16 3.636E-12 9.954E-01 

43 5.043E-06 4.347E+08 2.260E+10 4.347E-16 3.636E-12 9.955E-01 

44 1.855E-06 2.800E+08 2.288E+10 4.303E-16 3.637E-12 9.956E-01 

45 8.764E-07 2.390E+08 2.312E+10 5.364E-16 3.637E-12 9.958E-01 

46 4.140E-07 4.684E+08 2.359E+10 1.922E-15 3.639E-12 9.963E-01 

47 1.OOOE-07 1.333E+09 2.492E+10 1.356E-14 3.653E-12 1.OOOE+00



V 63 

Table 4.19. Flux and dpa spectra for 27* cavity dosimeters 

Group Cumulative Group Cumulative dpa 
Group Energy flux flux dpa rate dpa rate fraction 

(MeV) - (n/cm2.s) (n/cm 2.s) (dpa-s') (dpa s1) 

1 1.733E+01 1.070E+05 1.070E+05 3.125E-16 3.125E-16 1.212E-04 
2 1.419E+01. 4.353E+05 5.422E+05 1.152E-15 1.464E-15 5.679E-04 
3 l.221E+01 1.470E+06 2.013E+06 3.542E-15 5.006E-15 1.942E-03 
4 1.000E+01 2.888E+06 4.900E+06 6.407E-15 1.141E-14 4.427E-03 
5 8.607E+00 4.566E+06 9.466E+06 9.530E-15 2.094E-14 8.123E-03 
6 7.408E+00 9.104E+06 1.857E+07 1.769E-14 3.863E-14 1.498E-02 
7 6.065E+00 1.192E+07 3.049E+07 2.127E-14 5.990E-14 2.323E-02 
8 4.966E+00 2.029E+07 5.078E+07 3.187E-14 9.178E-14 3.559E-02 
9 3.679E+00 1.566E+07 6.644E+07 2.145E-14 1.132E-13 4.391E-02 

10 3.012E+00 1.239E+07 7.882E+07 1.574E-.14 1.290E-13 5.002E-02 
11 2.725E+00 1.604E+07 9.486E+07 2.045E-14 1.494E-13 5.795E-02 
12 2.466E+00 8.849E+06 1.037E+08 1.037E-14 1.598E-13 6.197E-02 
13 2.365E+00 2.882E+06 1.066E+08 3.159E-15 1.629E-13 6.320E-02 
14 2.346E+00 1.438E+07 1.210E+08 1.497E-14 1.779E-13 6.901E-02 
15 2.231E+00 3.805E+07 1.590E+08 3.935E-14 2.173E-13 8.427E-02 
16 1.920E+00 5.859E+07 2.176E+08 4.765E-14 2.649E-13 1.027E-01 
17 1.653E+00 1.013E+08 3.189E+08 8.205E-14 3.470E-13 1.346E-01 
18 1.353E+00 2.782E+08 5.970E+08 1.559E-13 5.028E-13 1.950E-01 
19 1.003E+00 2.843E+08 8.813E+08 1.042E-13 6.070E-13 2.354E-01 
20 8.208E-01 1.519E+08 l.033E+09 8.520E-14 6.922E-13 2.685E-01 
21 7.427E-01 7.066E+08 1.740E+09 2.554E-13 9.476E-13 3.675E-01 
22 6.081E-01 6.879E+08 2.428E+09 2.024E-13 1.150E-12 4.460E-01 
23 4.979E-01 7.681E+08 3.196E+09 3.045E-13 1.454E-12 5.641E-01 
24 3.688E-01 1.248E+09 4.443E+09 2.579E-13 1.712E-12 6.641E-01 
25 2.972E-01 1.610E+09 6.054E+09 3.229E-13 2.035E-12 7.894E-01 
26 1.832E-01 1.707E+09 7.761E+09 2.407E-13 2.276E-12 8.827E-01 
27. 1.111E-01 1.013E+09 8.774E+09 1.310E-13 2.407E-12 9.336E-01 
28 6.738E-02 7.503E+08 9.525E+09 4.860E-14 2.456E-12 9.524E-01 
29 4.087E-02 2.633E+08 9.788E+09 2.131E-14 2.477E-12 9.607E-01 
30 3.183E-02 1.770E+08 9.965E+09 5.032E-14 2.527E-12 9.802E-01 
31 2.606E-02 4.192E+08 1.038E+10 8.451E-15 2.536E-12 9.835E-01 
32 2.418E-02 3.057E+08 1.069E+10 1.339E-15 2.537E-12 9.840E-01 
33 2.188E-02 6.067E+08 1.130E+10 4.969E-15 2.542E-12 9.859E-01 
34 1.503E-02 7.224E+08 1.202E+10 -1.355E-14 2.556E-12 9.912E-01 
35 7.102E-03 6.619E+08 1.268E+10 5.888E-15 2.561E-12 9.934E-01 
36 3.355E-03 5.614E+08 1.324E+10 1.976E-15 2.563E-12 9.942E-01 
37 1.585E-03 8.241E+08 1.407E+10 1.386E-15 2.565E-12 9.948E-01 
38 4.540E-04 4.209E+08 1.449E+10 4.149E-17 2.565E-12 9.948E-01 
39 2.144E-04 4.008E+08 1.489E+10 5.748E-17 2.565E-12 9.948E-01 
40 1.013E-04 4.921E+08 1.538E+10 1.098E-16 2.565E-12 9.948E-01 
41 3.727E-05 5.508E+08 1.593E+10 2.170E-16 2.565E-12 9.949E-01 
42 1.068E-05 2.985E+08 1.623E+10 1.918E-16 2.565E-12 9.950E-01 
43 5.043E-06 3.461E+08 1.658E+10 3.461E-16 2.566E-12 9.951E-01 
44 1.855E-06 2.232E+08 1.680E+10 3.431E-16 2.566E-12 9.953E-01 
45 8.764E-07 1.909E+08 1.699E+10 4.284E-16 2.567E-12 9.954E-01 
46 4.140E-07 3.723E+08 1.736E+10 1.528E-15 2.568E-12 9.960E-01 
47 1.OOOE-07 1.010E+09 1.837E+10 1.028E-14 2.578E-12 1.OOOE+00
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Fig. 4.9. Iso-flux (4 > 1 MeV) contour at lower weld location in 
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5. LEPRICON ADJUSTMENT CALCULATIONS 

Adjustment is often a significant part of determining reactor pressure 

vessel fluences. For example, the final ORNL result for the fluence at 

the lower weld for cycle 9 of HBR Unit 2 included a 22% increase in the 

original calculation of the flux above 1 MeV.
5 This modification was 

due to a "consolidation" of the measured dosimeter activities and the 

transport calculations, using the LEPRICON adjustment code.
6 The 

Westinghouse result for this fluence is about 20% higher than the final 

ORNL result.2 4 While the cause of this difference has not been fully 

investigated, variations in the adjustment procedures are a leading 

candidate for the difference since similar cross sections and geometric 

models were used.  

The 22% adjustment mentioned above resulted from two main factors.  

About 6% was from an out-of-roundness correction that inferred a 

decrease in the downcomer thickness of about 6 mm (0.2 in.) from its 

nominal value. Most of the rest of the adjustment came from changes to 

the iron inelastic cross section. The calculation of cycle 9 with 

updated iron cross sections indicates that the increase 
in fluence 

obtained using the newer cross sections is about the same as was 

inferred from the adjustment of the iron inelastic cross section. This 

implies that little nuclear data adjustment is needed with the new iron 

cross sections, at least in the energy range above 3 MeV. If these 

conclusions are extrapolated to the present cycle 10 calculations, it is 

expected that the unadjusted results would be fairly 
accurate at the 

lower weld, with perhaps a 6 or 7% increase for out-of-roundness.  

The LEPRICON adjustment module has been updated to accept calculations 

made with the updated iron cross sections (Fu evaluation) as well as the 

older cross sections. Thus, LEPRICON can also be applied to the 

calculations described in this report. However, the adjustment is not 

expected to modify the current nuclear data much, since 
only the iron 

data above 3 MeV was modified significantly previously, and the new 

cross sections used in this analysis should remove this adjustment. The 

LEPRICON adjustment procedure also includes 37 "clean" benchmark 

experiments as well as the measurements from the reactor being analyzed.  

These benchmark experiments prevent the nuclear data from being changed 

significantly no -matter what reactor measurements are 
included, since 

the benchmark measurements have low uncertainties that tend to severely 

constrain the modifications to cross sections.  

It appears that if the new Fu iron data are utilized in the transport 

calculations, then in practice the only way that the reactor 

measurements will significantly affect the LEPRICON adjustment is 

through the bias factors built into the procedure or by changing the 

iron data below 3 MeV. It should be pointed out that the benchmark 

experiments have no effect on the adjustment of the bias factors.
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Thus, when LEPRICON is given measurements and calculations that 
disagree, the bias factors are the main mechanisms available to 
reconcile the disagreement, utnless considerable uncertainty is assumed 
in the iron cross section data between 1 and 3 MeY.  

Although the main purpose of the present study was to obtain a 
"reference" set of results based on transport calculations, the impact 
of a possible least-squares adjustment on the analysis has also been 
examined. The LEPRICON code was utilized, however, the present version 
of LEPRICON routinely considers only one cavity location at a time.  
This means that even though measurements were made at four different 
azimuthal locations, a simultaneous adjustment was not performed.  
Therefore for cycle 10, only four reactor measurements are available for 
inclusion in the adjustment. In contrast, 12 measurements were included 
for cycle 9-six at the downcomer location .and six in the cavity.  

For cycle 10, the calculations.and measurements shown in this report for 
the iron and nickel dosimeters are in fair agreement, while the 238U and 237Np dosimeters are not. To demonstrate a range of adjustments 
predicted by LEPRICON, two adjustment calculations were performed for 
the measurements at an azimuth of 3 degrees. The iron measurement was 
assigned an uncertainty of 6.16%, the same value used for the cycle 9 
analysis. The nickel measurement was a gradient wire instead of a foil 
with an. uncertainty of 12%. Since the 238U measurements were quite 
questionable, an uncertainty of 50% was used. For the 237Np 
measurements two uncertainties, 5% and 20%, were assumed. The 5% number 
covers the possibility that the measured value is a ccurate and there is 
something inconsistent with the calculation, while the 20% uncertainty 
allows the possibility that the.measurement is poor. The adjusted 
dosimeter values for these cases are shown in Table 5.1. For the 20% 
case, the adjusted values are close to the calculated values for the 
'fission detectors. That is, the discrepancies have been reconciled by 
moving the experimental values much more than the calculated values. In 
the 5% case, the adjustment procedure changes the bias factors 
significantly in order to make the calculation better match the 237Np 
measurement. The flux adjustments at the inside of the vessel and in 
the cavity for these two cases are shown in Tables 5.2 and 5.3. The 
adjustments for the 20% case indicate that the flux greater than 1 MeV 
increases about 10% at the inside of the vessel. This is about what was 
expected based on the .cycle 9 results. However, the 5% case has large 
adjustments of about 25%, which significantly affect the flux. Thus the 
projected fluence is strongly dependent on whether or not the 237 Np 
measurement is believable.  

The adjustments in the 5% case were mostly caused by the out-of
roundness bias factor and, .to a lesser degree, the water density bias 
factor. Both of these bias factors reduce the amount of water in the 
downcomer. The bias factor for uncertainty in the concrete composition 
also played a major role in the adjustment, but it changes only the 
fluxes in the cavity and not the fluxes at the inside of the vessel.
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Tables 5.4 and 5.5 give the individual contributions to the flux 

adjustment for group 12 (0.907 to 0.608 MeV). The adjustment assigned 

to the flux synthesis is perhaps too low since partial length shield 

assemblies are present. The fact.that the iron cross section data in 

the range of 1-3 MeV was not adjusted indicates that the uncertainties 

in this group data were small or the sensitivities to this data, which 

are built into LEPRICON, are low. It is known that the Np reaction rate 

is sensitive to the flux in.this energy range.  

If the values'in either of these sets of parameters (i.e., the cross 

section co-variances or sensitivities) are inaccurate, then the 

adjustment may be missing the actual cause of the discrepancy 
in the 

calculation of the Np reaction rate.  

The question of whether the 
237Np dosimeter is undercalculated when the 

new iron cross sections are used is still an open one. The fact that 

LEPRICON changes the amount of water in the downcomer does not mean that 

this is definitely the problem, but only that of the factors used in the 

LEPRICON calculations, these changes reconcile the experiments and 

measurements while minimizing the changes made in a least-squares sense.  

The only correct way to address the apparent disagreement is tofirst 

determine if the disagreement is real., and if it is, find out what is 

causing the problem. The previous ORNL cycle 9 analysis performed by 

Maerker has omitted the Np measurement, while Westinghouse has included 

it. A more accurate set of Np measurements based on foils as well as 

SSTRs needs to be made in some future HBR cycle so that this issue can 

be resolved. Only then can a realistic adjustment be made with 

confidence.  

Because some questions still remain concerning the appropriate 

adju'stment procedure for this case, this report has only 
emphasized the 

reference (i.e., unadjusted) transport calculations.
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Table 5.1. Adjustment of dosimeter values at 30 from LEPRICON 
for uncertainties in the 237Np measurement 

of 5% and 20% 

Response Calculated Experimental Adjusted Adjusted 
(20%) (5%) 

54Fe(n,p) 4.180-17 4.80-17 4.749-17 5.096-17 5 Ni(n,p) 6.256-17 6.87-17 7.166-17 7.768-17 238U(n,f) 2.575-16 3.90-16 2.877-16 3.238-16 237Np(n,f) 4.999-15 7.69-15 5.695-15 6.878-15 

Table 5.2. LEPRICON flux adjustments for a Np 
uncertainty of 20% 

A 
C 

Group High Low Vessel 
number energy energy surface Cavity 

(MeV) (MeV) () 

1 19.640 11.050 13.5379 10.2482 
2 11.050 8.187 7.2046 -2.9866 
3 8.187 6.065 8.2081 1.7947 
4 6.065 4.066 15.2068 21.2809 
5 4.066 3.012 15.0558 20.4389 
6 3.012 2.592 14.4639 19.0892 
7 2.592 2.123 14.2410 18.5761 
8 2.123 1.827 10.9361 10.3268 
9 1.827 1.496 10.3393 8.4636 

10 1.496 1.225 10.3178 8.2533 
11 1.225 0.907 11.2256 10.2841 
12 0.907 0.608 14.3131 18.0625 
13 0.608 0.369 14.3950 19.5644 
14 0.369 0.213 14.3106 19.0289 
15 0.213 0.111 14.2696 19.8688 

aA - transport fluxes after adjustment by LEPRICON; C = original 
calculated transport fluxes.
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Table 5.3. LEPRICON flux adjusted for a 
237Np uncertainty of 5% 

A -la 
C 

Group High Low Vessel 

number energy energy surface Cavity 

(MeV) (MeV) (%) (%) 

1 19.640 11.050 24.3011 20.4349 

2 11.050 8.187 16.1162 2.3801 

3 8.187 6.065 16.0752 4.3814 

4 6.065 4.066 25.7919 31.0451 

5 4.066 3.012 26.1254 30.0195 

6 3.012 2.592 26.0937 28.9884 

7 2.592 2.123 26.3439 29.5378 

8 2.123 1.827 24.1838 26.1245 

9 1.827 1.496 24.2650 25.0384 

10 1.496 1.225 24.5168 25.4045 

11 1.225 0.907 26.3360. 29.9750 

12 0.907 0.608 30.8265 40.7285 

13 0.608 0.369 30.4421 49.1991 

14 0.369 0.213 29.7098. 46.1786 

15 .0.213 0.111 29.5342 51.0801 

aA= transport fluxes after adjustment by LEPRICON; C = original 

calculated transport fluxes.
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Table 5.4. Contributions to the flux adjustment for Group 12 

for a 237Np uncertainty of 20% 

Change at Change in 
Nuclear data or 'bias factor vessel surface the cavity 

(%) (%) 

235U fission spectrum 3.8523 3.8523 

Iron inelastic cross section 0.2091 0.5428 

Pressure vessel out-of-roundness 6.3907 6.9320 

Water density variations 2.3443 2.5459 

3-D flux synthesis 1.2857 1.5125 

Steel density variations 0.2310 1.3576 

Cavity concrete backing 1.3194 

Total 14.3131 18.0625
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Table 5.5 Contributions to the flux adjustment for Group 12 
for a 237Np uncertainty of 5% 

Change -at Change in 

Nuclear data or bias factor vessel surface the cavity 

23 5U fission spectrum 4.5280 4.5280 

Iron inelastic cross section -0.6542 -1.6984 

Pressure vessel out-of-roundness, 17.0900 18.2319 

Water density variations 6.5841 7.2458 

3-D flux synthesis 3.0103 3.5416 

Steel density variations 0.283 

Cavity concrete backing 7.7235 

T40.7285 

Total-1.6986



6. SUMMARY AND CONCLUSIONS 

The transport calculations of HBR cycle 10 were some of the first to use 
the new iron cross-section data based on the recent Fu evaluation, and it 
is of interest to determine the accuracy of cavity-dosimetry-results 
obtained from these calculations., Since cavity dosimetry will.play an important role in establishing the future HBR RPV fluence, this information 
is important in assessing the reliability of-the projected flux levels 
obtained by combining.measured cavity dosimetry results with transport 
calculations. It was found that the reference transport calculations (with 
no adjustments) are able to predict the .measured 54Fe and 58Ni- cavity 
dosimeter activities within about 10-20%. The U238 calculated results are 
about 35 to 50% lower than the measured values, but it is believed that 
most of this discrepancy is caused by.problems with the measurements-most 
likely a calibration inconsistency with the SSTRs (e.g., an error in the 
fission deposit masses). The calculated 23 Np results are 35 to 40% lower 
than the measured values at the 30 and 9 azimuths, -and again there seems 
to be some inconsistency in the various z"Np dosimeter measurements at 
different cavity positions (e.g., .the 2 7*position). -However, transport 
calculations by Westinghouse using ENDF/B-IV iron cross sections (i.e., the data in the SAILOR library) give consistent C/E ratios for s4Fe, 58Ni, and Np, which are all about 40%-lower-than the-measured results. On the other hand, the calculations here. give C/Es only about 15% lower for 54Fe and 58Ni, but the 237Np results are substantiallylower. Thus, it appears 
that the new Fu iron data will improve the agreement between calculations 
and measurements of the s4Fe and 58Ni dosimeters in the cavity, but the computed Np results will remain too low .Unfortunately at this time it cannot be concluded that these results indicate a further modification is needed in the iron data (e.g., .reduction in the cross section in the range 1 to 3 MeV), because of questions about the reliability of the 217Np 
measurements. This issue certainly needs to be resolved if the 237Np cavity measurements -are going toibe included in the adjustment of the flux 
spectrum for HBR. Because of its low threshold, the 237Np has a large 
effect on the adjusted fast flux and dpa levels. -

The calculated 235 J dosimetry results are about 45% lower than the measurements, but there is a large uncertainty in the experimental values, so this discrepancy should cause-no concern at this time. The seCo dosimeter calculations are also about 40% lower than the measurements, on the average. Because Westinghouse-places a low uncertainty on these measurements and because of the large uncertainties in the calculated 
thermal flux, the measured s"Co dosimeter activities should be used to establish the thermal flux level in the cavity.  

The reference calculation of the axial variation of the 54Fe and sNi gradient wire activities in the cavity generally show -fairly good agreement with the measured distributions,-'but there seems to be a tendency to underestimate the fast flux:near -the midplane at 30 and 90. This indicates that the two-channel synthesis method is able to reasonably treat the asymmetries introduced by the presence of the PLSA elements.
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The values for the fast flux at the three cavity dosimeter capsules were 

computed to be 9.12E8, 8.52E8, and 5.97E8 n/cm
2*s at.the 3*, 90, and 27* 

positions, respectively. The corresponding dpa rate values are 3.57E-12, 

3.65E-12, and 2.58E-12.  

The transport calculations show that the PLSAs cause the flux above 1.0 MeV 

incident on the lower weld of the RPV to peak at around 24*, while the peak 

flux at the midplane and upper weld elevations peak near 0* azimuth. The 

maximum fast fluence rate occurs at the midplane and is computed to be 

3.79E10 n/cm2*s, or 1.20E18 n/cm2 per year. The peak value at the lower 

weld is 1.57E10 n/cm2.s, or 4.97E17 n/cm2 per year. The peak dpa rates at 

the midplane and lower weld are 6.18E-11 and 2.52E-11 dpa/s, respectively.  

The azimuthal variation of the 0-T.fast flux is substantially different at 

the lower weld elevation than at the core midplane, due to the PLSA 

elements on the core flats. Calculations show that at the lower weld 

elevation, the ratio of the peak fast flux (at 24*) to the minimum (at -0*) 

for 0-T is equal to 3.0. However, at the midplane, the peak flux (at 0*) 

to minimum flux (at 45*) ratio is 3.7. Thus, the PLSAs have flattened the 

azimuthal shape by reducing the flux near 0* at the lower weld. The ratio 

of the peak flux at the lower weld to the peak flux at the midplane is 

equal to 0.41-this is a much smaller value than seen in earlier cycles 

because of the addition of the PLSA elements.  

The ratio of the fast flux at 1/4-T to that at 0-T is equal to 0.52, while 

the ratio of the 3/4-T to 0-T value is 0.097. The corresponding dpa values 

are 0.;62 and 0.20. These ratios, which are based on calculations performed 

using the Fu evaluation for iron, are expected to be different 
from values 

obtained with the original SAILOR data, because of the difference in the 

flux attenuation properties of the different cross section data.  

There are some major differences in the results obtained from the transport 

calculations here and those reported by Westinghouse in Reference 3. In 

the cavity, the fast flux computed and adjusted by Westinghouse at the 30 

and 9* dosimetry positions is about 30-40% higher than the reference 

(unadjusted) values, and their flux at 27* is about 20% higher. 
This 

indicates not only a significant difference in the absolute magnitudes, but 

also in the relative azimuthal variation. The flux incident on the RPV 

also is different in the two sets of calculations. The peak flux at the 0

T midplane location (at 0*) is about 25% lower in the ORNL calculation.  

At the' lwer weld elevation, the ORNL flux is about 30% lower at the peak 

azimuth location, which occurs at 24*. Thus, the reference ORNL transport 

calculations seem to generally indicate.a lower fluence accumulation rate 

than reported by Westinghouse.  

At this time, the causes of the discrepancies in the ORNL and Westinghouse 

results are still being examined. Certainly, the different iron cross

section data used in the transport calculations will introduce differences.  

Variations in the DOT models and source representations could also have an 

impact. However, it appears that the largest discrepancy between the two
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sets of results is because of the least-squares adjustment and normaliza
tion procedure utilized by Westinghouse, which incorporates the cavity 
dosimeter measurements directly with their transport calculations to obtain 
the final estimate for the fluxes. If both organizations use the same 
SAILOR cross section data, then the basic ORNL and Westinghouse transport 
calculations appear to agree reasonably well (within -10%) prior to the 
adjustment. 12 In particular, it seems that the measured dosimeter 
activities are pulling up the Westinghouse transport calculations for 0(>l 
MeV) by about 40% through the adjustment procedure. Since the reference 
ORNL results used the Fu iron data and are not adjusted, the discrepancy 
with the Westinghouse results essentially reflects the ORNL C/E values for 
the Np dosimeters in the cavity, at least at 3* and 90. That is, the 
reference (unadjusted) ORNL transport calculations underestimate these Np 
activities by about 40%, therefore if the reference ORNL transport results 
are adjusted assuming a small (5%) uncertainty in the'Np measurements, the 
adjusted flux values will then agree closely with the Westinghouse results, 
due mainly to adjustments made to the spectrum in the energy range of 1-3 
MeV. Because of the lack of confidence at this time in the reliability of 
the cycle 10 Np measurements, this data was not used to adjust the 
referenced results.  

A number of recommendations are suggested based on the results of this 
work. Among these are the following: 

(a) Perhaps most important is the need to obtain highly accurate cavity 
dosimetry for HBR. It is recommended that both activation foils as 
well as SSTR data, for 238U and 237Np be taken in some future cycle, 
and that these data be used in conjunction with in-vessel dosimetry 
to provide a reliable set of experimental results for a "definitive" 
comparison with transport calculations.  

(b) The impact of recent, modifications in the iron inelastic cross 
section ab6ve 3 MeV on the cavity dosimetry analysis needs to be 
examined in more detail. It appears that the Fu evaluation used in 
this study causes high energy threshold reactions like 54Fe (n,p) and 
58Ni (n,p) to increase, while the 237Np (n,f) reaction rate (which has 
a lower threshold and thus is more similar to the fast flux response) 
changes only a small amount. This introduces a bias into the various 
dosimeter results that has not been observed in previous analysis 
based on ENDF/B IV iron data. The.recently released ENDF/B VI iron 
data should be processed and tested to see if a similar effect 
occurs. Comparison of calculated .and measured energy-spectra in 
simple benchmark configurations (e.g., one dimensional iron spheres) 
should be performed to 'identify the energy ranges where discrepancies 
occur 'in the flux.  

(c) Sensitivity studies should be performed to estimate the impact of 
uncertainties in the iron cross sections below 3 MeV on cavity 
dosimetry calculations. If this data is found to be significant, 
then a cross section re-evaluation effort should be supported.
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(d) It is clear from comparing ORNL and Westinghouse results that 

variations in adjustment methodologies can cause substantial 

differences in predicted RPV fluence levels, especially when cavity 

dosimetry is used in the adjustment. A fundamental and systematic 

study of adjustment techniques based on cavity dosimetry 
should be 

undertaken to establish consistency and to benchmark the various 

approaches.  

(e) The two-channel synthesis approximation seems to give "acceptable" 

accuracy for this reactor configuration, but it is difficult to 

quantify the impact on HBR results because of uncertainties 
in the 

experimental measurements. There seems to be a tendency for the 

approximation to underestimate the midplane flux and there 
are also 

differences in the azimuthal variation of the computed and measured 

dosimeter activities within the cavity. It is recommended that at 

least one full blown, three-dimensional transport calculation be 

performed for one cycle of HBR in order to provide a 
benchmark 

solution.  

(f) Although not a major concern in the present work, substantial 
errors 

were observed in the calculated and measured thermal reaction rates.  

The causes of these discrepancies have not been identified.  

Many of the above recommendations will impact not only 
the H. B. Robinson 

analysis but also other reactors that will utilize cavity dosimetry to 

project RPV fluence.
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