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SECTION 1.0 

INTRODUCTION 

In the assessment of the state of embrittlement of light water 

reactor pressure vessels, an accurate evaluation of the neutron 

exposure of the materials comprising the beltline region of the 

vessel is required. This exposure evaluation must, in general, 

include assessments not only at locations of maximum exposure at 

the inner diameter of the vessel, but, also, as a function of 

axial, azimuthal, and radial location throughout the vessel wall. 

A schematic of the beltline region of a typical reactor- pressure 

vessel is provided in Figure 1-1. In the example shown, the 

beltline region is constructed of six (6) shell plates, six (6) 

longitudinal welds, and one (1) circumferential weld. Each of 

these thirteen materials must be considered in the overall 

embrittlement assessments of the beltline region. 

In order to satisfy the requirements of lOCFRSO Appendix G for 

the calculation of pressure/temperature limit curves for normal 

heatup and cooldown of the reactor coolant system, fast neutron 

exposure levels must be defined at depths within the vessel wall 

equal to 25 and 75 percent of the wall thickness for each of the 

materials comprising the beltline region .. These locations are 

commonly referred to as the 1/4T and 3/4T positions in the vessel . 
wall. The 1/4T exposure levels are also used in the 

determination of upper shelf fracture toughness as specified in 

lOCFRSO Appendix G. In the determination of values of RT~s for 

comparison with the applicable pressurized thermal shock 

screening criterion, maximum neutron exposure levels experienced 
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• by each of the beltline materials are required. These maximum 
levels will, of course, occur at the vessel inner radius. 

Furthermore, in the event that a probabalistic fracture mechanics 

evaluation of the pressure vessel is performed or if an 

evaluation of thermal annealing and subsequent material re
embrittlement is undertaken, a complete embrittlement profile is 

required for the entire volume of the pressure vessel beltline. 

The determination of this embrittlement profile, in turn, 

necessitates the evaluation of neutron exposure gradients 

throughout the entire beltline. 

The purpose of this report is to describe the approach used by 

Westinghouse to determine best estimate fast neutron exposures of 

Light Water Reactor (LWR) pressure vessels; and to. establish the 

uncertainties associated with those exposure projections. The 

overall methodology derives from the guidance provided in ASTM 

• Standard E853 "Analysis and Interpretation of Light Water Reactor 

Surveillance Results"; and, is dependent on a blend of plant 

specific neutron transport calculations and available measured 

data to produce an accurate assessment of the pressure vessel 

exposure while minimizing the uncertainty associated with that 

assessment. 

• 

The overall exposure evaluation methodology is based on the 

underlying philosophy that, in order to minimize the 

uncertainties associated with vessel exposure projections, plant 

specific.neutron tr~nsport calculations must be supported by 

benchmarking of the analytical approach, comparison with power 

reactor surveillance capsule and reactor cavity industry wide 

data bases, and, ultimately, by plant specific surveillance 

capsule and reactor cavity data bases. That is, as a progression 

is made from the use of a purely analytical approach tied to 

experimental benchmarks to an approach that makes use of industry 
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and plant specific power reactor measurements to remove potential 

biases in the analytical method, knowledge regarding the neutron 

environment applicable to a specific reactor vessel is increased 

and the uncertainty associated with vessel exposure projections 

is minimized. 

In subsequent sections of this report, the methodologies used by 

Westinghouse to perform calculations of the neutron environment 

within the reactor geometry are described and comparisons of 

calculations with measurements from benchmark facilities as well 

as from power reactor irradiations are provided. The methods 

utilized in the evaluation of neutron dosimetry from both 

internal surveillance capsule and ex-vessel reactor cavity 

irradiations are also described; and the procedures used to 

combine measurements with calculations to produce the final best 

estimate exposure of the reactor vessel are discussed . 
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FIGURE 1-1 
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SECTION 2.0 

ANALYTICAL METHODOLOGY 

2.1 General Discussion 

In the Westinghouse methodology, fast neutron exposure 

calculations for the reactor and reactor cavity geometry are 
carried out using a combination of both forward and adjoint 
discrete ordinates transport techniques. Depending on the 

particular situation, the analysis would follow one of the two 

paths indicated in Figure 2-1; i.e., a stand-alone plant specific 

forward calculation or a reference forward calculation coupled 

with plant and fuel cycle specific adjoint computations. In 

general, these two approaches can produce equivalent results. 

The choice of one method over the other depends on many factors 

including the degree of variability in core neutron s·ource from 

cycle to cycle, the stability of material compositions and 

reactor geometry, and the cost of the overall analysis. 

In the forward approach, plant specific geometry and plant 

specific neutron source information are utilized in a single 

forward calculation to produce absolute results throughout the 

reactor geometry. The advantage of this approach is that results 

in terms of exposure rates and energy spectra are obtained at all 
. -

mesh intervals included in the reactor model. The disadvantage 

associated with this technique is that a suitable time averaged 

neutron source including effects of spatial distribution, fission 

spectrum, and neutron yield per fission must be defined for the 

entire irradiation period for which the calculation is intended 

to be applicable. For core source distributions that vary 
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significantly from cycle to cycle, multiple forward calculations 
may be required to properly treat irradiation history corrections 
for surveillance capsule and/or reactor cavity dosimetry, thus, 
increasing the cost and effort required to complete the overall 

evaluation. 

In the adjoint approach, a reference forward calculation based on 

plant specific geometry and a representative core source is 

employed to define the relative energy distribution of neutrons 

and gamma rays for use as input to neutron dosimetry evaluations 

as well as for use in relating the results of location specific 

adjoint evaluations to other key positions within the pressure 

vessel wall. In conjunction with this reference forward 

comput~tion, a series of adjoint calculations establish the means 

to compute absolute exposure rates using fuel cycle specific core 

power distributions . 

The advantage of the adjoint approach is that the neutron source 

can easily and inexpensively be evaluated on a plant specific 

cycle by cycle basis. The treatment of the source can employ 

cycle specific fuel burnups to define the effects of plutonium 

fissioning on the fission spectrum and the neutron yield per 

fission and, thus, treat these important effects in a more 

accurate manner than can be achieved by averaging these impacts 

over many years of operation. Furthermore, the results of the 

adjoint computations provide accurate cycle by cycle neutron flux 

levels at dosimetry_ locations that can be used directly in the 

irradiation history corrections for sensors irradiated over many 

fuel cycles. The disadvantage of the adjoint technique is that 

absolute results are obtained only at the specific adjoint source 
locations and no spectral information is derived directly from 

the evaluation. Hence, the adjoint results must be coupled with 

the aforementioned reference forward calculation to establish 
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spectral variations as well as to complete the mapping of the 
irradiation environment throughout the beltline region. 

2.2 Plant Specific Forward Calculations 

Plant specific forward transport calculations are generally 

carried out in R,9 geometry using the DOT two-dimensional 

discrete ordinates code [1] and the SAILOR cross-section library 

[2]. The SAILOR library is a 67 group coupled neutron-gamma ray 

ENDF/B-IV based data set produced specifically for light water 

reactors. In these analyses, anisotropic scattering is treated 

with a P3 expansion of the cross-sections and the angular 

discretization is modeled with an S8 order of angular quadrature. 

In most cases, indexing of the R,9 calculation to a particular 

axial elevation is accomplished using an axial factor obtained 

directly from the axial core power distribution averaged over the 

applicable irradiation period. Thus, 

<I> (R,0,Z) = <I> (R,0) F(Z) 

where F(Z) is the relative axial power distribution associated 

with the irradiation period. 

The general procedure described in the preceding paragraph is 

employed for all routine LWR analysis. In certain instances, 

however, complexities may arise that require a more rigorous 

treatment of the input variables in the discrete ordinates 

calculations. In the case when critical vessel materials are 

located near or beyond the axial core boundaries, the use of the 
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axial core power distribution function to scale the R,9 transport 

results breaks down and an explicit R,Z discrete ordinates 

calculation may be required. 

2.2.1 Geometric Modeling 

A plan view of a typical PWR geometry at the core midplane 

elevation is shown in Figure 2-2. Since light water reactors 

generally exhibit 1/8 core symmetry only a 0-45 degree sector is 

depicted. In addition to the core, reactor internals, pressure 

vessel, and the primary biological shield, the model also 

includes explicit representations of surveillance capsules and 

support structures, the pressure vessel cladding, and the 

insulation located external to the vessel. 

A description of a typical Westinghouse surveillance capsule 

attached; to the the!mal shield is shown in Figure 2-3. Other 

reactor vendor designs may include capsules of somewhat different 

geometry and attachment location; i. e., on the pressure vessel 

wall vs the thermal shield. However, in any case the dosimetry 

evaluations would proceed in the same fashion . 
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From a neutronic standpoint the inclusion of the surveillance 
capsules and associated support structure in the analytical model 

is significant. Since the presence of the capsules and structure 

has a marked impact on the magnitude of the neutron flux as well 
•. 

as on the the relative neutron and gamma ray spectra at dosimetry 

locations within the capsules, a meaningful evaluation of the 

environment internal to the capsules can be made only if these 

perturbation effects are properly accounted for in the analysis. 

Typical locations for placement of reactor cavity neutron sensor 

sets are also depicted in Figure 2-2. In contrast to the 

relatively massive structures associated with the internal 

·surveillance capsules, the small aluminum capsules used in.the 

Westinghouse reactor cavity measurement programs are designed to 

minimize perturbations in the neutron flux and, thus, to provide 

free field data at the measurement locations. Therefore, 

explicit modeling of these small capsules in the transport model 

is not required. 

It should be. noted that, although the example cited in this 

section is based on a 1/8 core symmetry model, the method itself 

is generally applicable even when such R,0 symmetry does not 

exist. The only change in the approach would be the use of a 

larger model in the calculation. 

In developing an analytical model of the reactor geometry shown 

in Figures 2-2 and 2-3, nominal design dimensions are normally 
. . 

employed for the various structural components. In some cases 

as-built dimensions are available; and, in those instances, the 
more accurate as-built data would be used for model development. 

However, for the most part as-built dimensions of the components 
in the beltline region of the reactor are not available, thus, 

dictating the use of the design dimensions. Likewise, water 
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temperature and, hence, coolant density in the reactor core and 

downcomer regions of the reactor are normally taken to be 

representative of nominal full power operating conditions. 

Sensitivities of the analytical results to tolerances in the 

internals dimensions as well as to fluctuations in water 

temperature are discussed and quantified in Section 2.4. The 

reactor core itself is treated as a homogeneous mixture of fuel, 

cladding, water, and miscellaneous core structures such as fuel 

assembly grids, guide tubes, etc. 

The R,9 geometric mesh description of the reactor model shown in 

[
Figure 2-2 is normally accomplished using from to radial ]t. 
intervals and to azimuthal intervals depending on the 

overall size of the reactor and on the complexity required to 

model the baffle region surrounding the reactor core, the 

internal surveillance capsules, and the details of the reactor 

cavity. Mesh sizes are chosen to assure that proper convergence 

of th~ inner iterations is achieved on a ·pointwise basis. The 

pointwise inner iteration flux convergence criterion utilized in 

the R,9 calculations is set at a value of 0.001. 

The mesh selection process results in smaller spatial mesh in · 

areas exhibiting steep gradients, in material zones of high 

cross-section {Lt), and at material interfaces. In the modeling 

(of internal surveillance capsules, a minimum set of radial by ] t 
azimuthal mesh are employed within the test specimen array to 

assure t~at suff ici~nt information is produced for use in the 

assessment of fluence gradients within the materials test 

specimens as well as in the determination of gradient corrections 

for neutron sensors. Also, in modeling the stainless steel 

baffle region at the periphery of the core, a relatively fine 

spatial mesh is required to adequately describe this rectilinear 
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component in R,9 geometry. In performing this X,Y to R,9 

transition, care is taken to preserve both the thickness and 

volume of the steel region in order to accurately address the 

shielding effectiveness of the component. 

2.2.2 Core Source Distribution 

For analyses using a plant specific forward transport 

calculation, the spatial variation of the neutron source 

distribution is generally obtained from a burnup weighted average 

of the respective power distributions from individual fuel 

cycles. These spatial distributions include pinwise gradients 

for all fuel assemblies on the periphery of the reactor core an~· 

typically include a uniform or flat distribution for fuel 

assemblies interior to the core. The spatial component of the 

neutron source is transposed from X,Y to R,e geometry by 

overlaying the mesh schematic to be used in the transport 

calculation on the pin by pin array and then computing the 

[appropriate relative source applicable to each R,9 mesh interval.]~ 

The energy distribution of the source is determined by selecting 

a core burnup representative of conditions averaged over the 
. -

irradiation period under consideration and an initial fuel 

assembly enrichment characteristic of the core designs utilized 

over the applicable period. From this average burnup, a fission 

split by isotope including U-235, U-238, Pu-238, Pu-239, Pu-240, 

and Pu-241 is derived; and, from that fission split, composite 

values of energy release per fission, neutron yield per fission, 
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• and fission spectrum are determined. These composite values are 

then combined with the R,9 spatial distribution to produce the 

overall absolute neutron source for use in the transport 

calculations. 

2.3 Plant Specific Adjoint Calculations 

The implementation of the adjoint transport approach for the 

calculation of the neutron environment within the reactor 

geometry requires the use of a single reference forward 

calculation coupled with several location specific adjoint 

analyses. The reference forward calculation provides the 

relative energy distribution of neutrons and gamma rays for use 

as input to neutron dosimetry evaluations as well as for relating 

measurement results to key locations within the pressure vessel 

• wall. A series of adjoint calculations, on the other hand, 

establish the means to compute absolute exposure rate values 

using fuel cycle specific core power distributions; thus, 

enabling a direct comparison with all dosimetry results obtained 

over the operating history of the reactor. 

• 

As in the case of a plant specific forward calculation, all 

adjoint analyses are carried out using an S8 order of angular 

quadrature and the P3 scattering cross-section approximation from 

the SAILOR library. Adjoint source locations are normally chosen 

at each azimuthal lpcation containing cavity dosimetry (typically 

o, 15, 30, and 45 degrees) as well as at the corresponding 

azimuths on the pressure vessel inner radius. In addition, 

adjoint calculations are usually carried out for sources 

positioned at the geometric center of each internal surveillance 

capsule . Again, these calculations are run in R,9 geometry to 
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• provide neutron source distribution importance functions for the 

exposure parameter of interest; in this case, ¢ (E > 1.0 MeV). 

The importance functions generated from these individual adjoint 

calculations provide the basis for absolute exposure projections 

and comparison with measurement. When combined with fuel cycle 

specific neutron source distributions, these importance functions 

yield absolute calculations of fast neutron exposure at the 

locations of interest for each fuel cycle; i.e., a direct 

comparison with measurement at surveillance capsule and cavity 

dosimetry lo~ations plus a direct relation among the measurement 

points and positions on the vessel inner radius. The cycle 

dependent data is then easily integrated to provide f luence 

projections over the operating lifetime of the pressure vessel. 

• 2.3.1 Geometric Modeling 

• 

In the performance of the adjoint transport calculations using 

the DOT discrete ordinates code, the R,9 modeling procedures are 

identical to those described in Section 2.2.1. That is, the same 

spatial finite difference model is utilized with both types of 

calculation. Like the plant specific forward analysis, pointwise 

flux convergence of 0.001 is specified for the inner iteration 

process in the adjoint DOT calculations. 

2.3.2 Core Source Distribution 

Having the library of importance functions from the ·adjoint 

transport ca~culations and appropriate cycle specific neutron 

source distributions, the cycle dependent neutron exposure at 

each adjoint source location can be calculated as: 
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<P(R,9) 

where: q, ( R, 9) 

JR fe JE l(R,0,E) S(R,0,E) R dR de dE 

= Neutron flux (E > 1.0 MeV) at radius, R, 

and azimuthal angle, 9. 

I (R,9,E) = Adjoint importance function at radius, R, 

azimuthal angle, 9, and neutron source 

energy, E. 

S (R,9,E) = Neutron source strength at core location 

R,9 and energy E. 

It is important to note that the cycle specific neutron source 

distributions, S(R,9,E), utilized with the adjoint importance 

functions I(R,9,E) permit the use not only of cycle dependent 

spatial variations of fission rates within the fuel, but, also 

allow the effects of differing neutron yield per fission, energy 

release per fission, and fission spectrum that are introduced by 

the build-in of plutonium isotopes to be accounted for on an 

assembly by assembly and cycle by cycle basis. This flexibility 

removes the necessity to define an average source distribution 

applicable to several cycles of operation that is inherent in the 

use of a single forward transport calculation, thus, permiting 

burnup effects to be treated in a more accurate fashion. 

Although the adjoint functions used in these analyses are based 

on a response function defined by the threshold neutron flux (E > 

1.0 MeV), sensitivity studies have shown that, while changes in 

the neutron source distribution in the reactor core significantly 
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• impact the magnitude and spatial distribution of the neutron 
field external to the core, changes in the relative neutron 
energy spectrum are of second order. Thus, for a given location 

the exposure parameter ratios such as [dpa/sec]/[¢ (E > 1.0 MeV)] 
are insensitive to changing core source distributions. In the 

application of these adjoint functions to pressure vessel 

evaluations, therefore, calculation of iron atom displacement 

rates (dpa/sec), neutron flux (E > 0.1 MeV), and individual 

dosimeter reaction rates are computed on a cycle specific basis 
by using appropriate ratios from the reference forward 

calculation in conjunction with the cycle specific ¢ (E > 1.0 
MeV) solutions from the individual adjoint evaluations. 

2.4 Uncertainties in the Analytical Results 

• The uncertainty associated with calculated exposure rates and 

integrated exposures can be conveniently subdivided into two 

broad categories. The first category involves biases or errors 

that may be present due .to inadequacies in the method itself or 

in the basic nuclear data input to the calculation. These 

potential biases are addressed via validation of the analytical 

technique through comparison with measurements from controlled 

benchmark experiments, from power reactor surveillance capsule 

and reactor cavity measurement data bases, and, ultimately, from 

plant specific surveillance capsule and cavity irradiations. The 

use of t~ese analytjcal/measurement comparisons to effectively 

remove potential biases from analytical predictions results in 

best estimate projections of vessel exposure; and is discussed in 

Sections 2.5 and in Sections 5.1 and 5.2 of this report. 

• 
The second category of uncertainty in the analysis of vessel 
exposure involves variations that may exist in reactor 
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dimensions, coolant temperature, neutron source strength and 

source distribution, as well as in other parameters that may vary 

from reactor to reactor or fuel cycle to fuel cycle. This 

category of uncertainty is most easily addressed via sensitivity 

studies performed for each of the variables important to the 

overall evaluation. 

For the Westinghouse methodology, several sensitivity studies 

have been carried out to test the effect of variations in reactor 

geometry and neutron source definition on the calculated vessel 

exposure based on the analytical approach outlined in Sections 

2.2 and 2.3. These studies are not all inclusive, but do 

encompass the major contributors to uncertainties in the 

analyt~cal approach. Important input parameters addressed in 

these studies include the following: 

Geometry and Material Density 

- stainless steel reactor internals 

- water annuli 

- reactor pressure vessel 

- core periphery modeling 

- dosimetry positioning (capsule/cavity) 

Core Neutron Source 

- peripheral assembly source magnitude 

- peripheral assembly burnup 

- axial power distribution 

- relative spatial distribution of the source 

As noted earlier in this section, the effects of transport cross

section errors and uncertainties as well as biases introduced by 

methods approximations are obtained by direct comparisons with 

measured data rather than via a series of analytical studies . 
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2.4.1 Geometric Modeling and Material Density 

As noted in Section 2.2, the Westinghouse analytical methodology 

generally makes use of nominal design dimensions of components to 

establish the reactor geometry and average full power coolant 

temperature to determine water density in the core and downcomer 

regions. Sensitivity of the projected fast neutron exposure of 

the pressure vessel to each of these variables has been addressed 

via independent parametric studies. 

In most Westinghouse designed reactors, thickness tolerances on 

the stainless steel reactor internals components (core baffle, 

core barrel, thermal shield/neutron pad) are typically specified 

as ± in. or tighter. Corresponding tolerances placed on the ~ 

inner radius of these steel components is normally limited to ± 
in. surveillance capsules mounted on the thermal shield or 

neutron pad are centered at a nominal radial and azimuthal 

location that is typically specified with a tolerance of ± 
in. In general, for reactor cavity dosimetry applications, 

sensor set locations are easily determined to within + in. or 

better relative to design locations. 

To determine the potential impact of the reactor internals 

manufacturing and assembly tolerances on the analytical 

prediction of the fast neutron exposure of the pressure vessel, 

calculations were performed for cases representing minimum 

shielding between tpe reactor core and the pressure vessel (i.e., 

all components at minimum thickness) and for maximum shielding 

between the core and the pressure vessel (i.e., all components at 

maximum thickness) . These extreme conditions were then compared 

to the nominal calculation to establish an upper bound 

uncertainty in the use of nominal vs as-built internals 
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dimensions. The resultant uncertainty in the calculated exposure 

[of the pressure vessel is ± % • J t 
The sensitivity of the calculated vessel exposure to fluctuations 

in water temperature was likewise determined via a parametric 

study in which water temperature and, hence, coolant density was 

varied over a range of several degrees F relative to nominal 

conditions. The results of this study indicate that a bounding 

[uncertainty of + % results from a temperature variation of ± 10 ]t 
degrees F. A + 10 degree fluctuation in water temperature would 

exceed variations expected during normal operation of the plant 

[over a given fuel cycle. Thus, the projected % ·uncertainty is JC 
considered to represent a conservative upper bound estimate. 

The modeling of the rectilinear core baffle in R,9 geometry 

represents another potential source of uncertainty in the 

geometric modeling of the reactor. The sensitivity of the 

solution to the modeling approach used by Westinghouse was 

determined by a direct comparison of the results of an R,9 

computation with those of an X,Y calculation in which the baffle 

region and core periphery were modeled explicitly. The 

comparisons of interest were taken at various .locations external 

to the core baffle. Results of these calculations, in general 

agreed within the pointwise flux convergence criterion, thus, 

demonstrating the adequacy of the modeling approach. Therefore, 

the bounding analytical uncertainty associated with this modeling 

[approxim~tion is ta~en to be less than ± %. 

It should- be noted that the X,Y vs R,0 comparisons described in 

the preceding paragraph, address not only the adequacy of the 

geometric modeling of the core periphery, but, also d~monstrat~ 

the adequacy of the transformation of the core neutron source 

from pin powers to the R,0 DOT model . 
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• The inner radius and thickness of the reactor vessel itself are 
extremely important parameters in the determination of the 

exposure of the pressur~ vessel wall both from an analyti~al 

standpoint and from the viewpoint reactor cavity dosimetry 

interpretation. Therefore, sensitivity studies on both vessel 

inner radius and vessel thickness have been performed. 

Reactor vessels ordered by Westinghouse typically specify an 

inner radius with tolerance bounds of In. and In. 

Corresponding tolerances on vessel thickness are usually 

specified at ± In. relative to nominal design dimensions. 

Parametric evaluations of vessel inner radius indicate that 

radius variations of + In. in vessel inner radius result in a 

change in calculated vessel fast neutron exposure of + %. A 

inch variation in vessel inner radius, on the other hand, 

results in an impact of less than % in calculated vessel 

• exposure. 

• 

The sensitivity of fast neutron exposure gradients to variations 

in vessel thickness impacts the uncertainties associated with the 

comparison of calculated results with measurements made in the 

reactor cavity; and, when cavity measurements are employed to 

verify vessel exposure computations, this thickness induced 

uncertainty translates to a corresponding uncertainty at the 

vessel inner radius. Due to the importance of this particular 

phase of the uncertainty evaluations and because of current 

generic issues pertaining to the calculated attenuation through -carbon steel with ENDF/B-IV vs ENDF/B-VI iron cross-sections, the 

uncertainty in the attenuation slope associated with vessel 

thickness variations was derived from measured results obtained 

in the PCA 12/13 benchmark configuration rather than from a 

parameter study using ENDF/B-IV cross-sections • 
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The variation in the ratio of ~ (E > 1.0 MeV) at the pressure 

inner radius to that in the reactor cavity external to the vessel 
as derived from the published PCA data may be summarized as 
follows: 

~ THICKNESS 

1/16 In. 

1/8 In. 

3/16 In. 

SLOPE CHANGE (%) 

2.3 

4.5 

6.7 

Based on this tabulated data set, a specified tolerance of ± 1/8 

In. results in an associated uncertainty in the attenuation slope 

across the pressure vessel of + 5%. 

Uncertainties associated with the positioning of dosimetry are 

extremely important in the evaluation of comparisons of 

calculation with measurement and the subsequent determination of 

biases factors applicable to a given plant. As noted above, 

surveillance capsules have a tolerance of ± in associated ~ 

with the positioning of dosimetry; whereas, a liberal positioning 

error of ± in. has been assigned to cavity dosimetry sets. 

These positioning tolerances apply in both the radial and 

azimuthal directions. Parameter studies using these tolerance 

levels result in positioning uncertainties of ± % for 

surveillance capsules and ± % for cavity sensors. 

In developing the above uncertainties, the parametric studies . 
assumed that, in the case of the surveillance dosimetry, 

displacement of the sensors either introduced or removed carbon 

steel from the area between the reactor core and the sensors. In 

the case of cavity dosimetry, the displacement takes place in 

air, thus, resulting in a significantly lower impact. It should 

further be noted that positioning uncertainties at locations in 
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some cavities where a high degree of neutron streaming exists can 

result in an increased uncertainty relative to dosimeter 

positioning. For cases where significant streaming is indicated 

by the transport calculations, the additional uncertainty is 

determined on a case by case basis. 

2.4.2 Core Neutron Source 

In addition to the sensitivity of the transport calculation to 

tolerances in the geometric model, several studies have also been 

carried out to establish the sensitivity to the strength and 

spatial distribution of the neutron source within the reactor 

core. In particular investigations were carried out to determine 

the sensitivity of calculated results to the absolute source 

strength in fuel assemblies on the core periphery, the pin by pin 

spatial distribution of neutron source on the core periphery, the 

burnup of peripheral fuel assemblies, and the axial power 

distribution used in the flux synthesis procedure. It should be 

noted that the impacts of changing fission spectra, energy 

release per fission, and neutron yield per fission are 

encompassed in the parametric variation of fuel assembly burnup. 

In regard to the absolute power level of peripheral fuel 

assemblies, the self-attenuation afforded by the core materials 

results in the neutron environment external to the core being 

dominated by these edge assemblies. Adjoint transport -evaluations have demonstrated that 90-95% of the external 

environment results from neutrons born in these locations. 

Therefore, the uncertainties associated with the absolute power 

level in the peripheral assemblies is directly dependent on the 

·uncertainties in the power production of those assemblies. Based 

on comparisons of calculated vs measu+ed (derived from in-core 
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flux maps) peripheral power distributions for Westinghouse 

reactors a bounding uncertainty for peripheral power magnitude 

[has been determined to be± %. ]~ 

In a fashion similar to the peripheral assembly power, the 

uncertainty in the axial power distribution averaged over the 

irradiation period, translates directly to an uncertainty in the 

calculated neutron environment external to the core. over the 

course of a given fuel cycle, the variation in the axial peaking 

[factor at maximum flux locations is typically %. That is, the]C 

maximum axial peaking factor may change from a value of 

fapproximately at beginning of cycle to at end of cycle,]t 

[yielding a cycle average peaking factor of . In order to 

bound the uncertainty associated with this cycle average value, a 

[variation of ± % is taken to be applicable. This uncertainty Jt 
value is liberal enough to encompass the entire change in axial 

shape over the course of the fuel cycle. 

Sensitivity studies involving source parameters such as fission 

spectrum, neutron yield per fission and energy release.per 

fission were performed via an evaluation of the sensitivity of 

the calculated fast neutron flux at the pressure vessel inner 

radius to the burnup of assemblies on the periphery of the 

reactor core. These burnup studies encompass significant 

perturbations in these source parameters due to the build-in of 

plutonium isotopes as the assembly burnup increases. 

For the studies in question, burnup was varied from an assembly 

average of 3000 MWD/MTU to 45000 MWD/MTU. The results of this 

evaluation indicated that the net change in vessel flux is 

fapproximately in the burnup range of ]~ 
L and in the burnup range of 

The total increase in calculated flux at a burnup of 
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[about relative to that based on a burnup of 

%. 

The values quoted in the preceding paragraph are typical of light 

water reactors. ·Actual values will vary slightly depending on 

reactor core configuration, core loadings, and point of interest 

on the vessel wall. However, these smaller changes are of second 

order and, therefore, the data discussed above provide an 

adequate evaluation of the sensitivity of the neutron flux at the 

pressure vessel and at dosimetry locations to these particular 

parameters. 

In the assignment of an overall sensitivity to fuel assembly 

burnup a liberal approach was utilized. It was first assumed 

[that the sensitivity to burnup effects was ;Jt 
i.e., the largest value obtained from the sensitivity study. It 

was then further assumed that from the plant specific core design 

[information, a uncertainty exists in the calculated JC. 
fuel assembly burnup. This is clearly a conservative evaluation, 

particularly at low to intermediate levels of burnup. Combining 

these two values yields a bounding sensitivity to fission 

spectrum, neutron yield per fission, and energy release per 

[fission of ± % • Jc. 
core management studies on Westinghouse designed fuel cycles 

indicate that uncertainties in the relative pin powers in 

(peripheral fuel ass~mblies can be on the order of % • ] C 

Translating this core design uncertainty to vessel exposure 

(results in a + % uncertainty in vessel exposure. ] c 
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2.4.3 Summary of Analytical Sensitivity studies 

The results of analytically based sensitivity studies of 

geometric and source distribution input parameters may be 

summarized as follows: 

VESSEL IR CAPSULE CAVITY C 

R,e Modeling 

Internals Dimensions 

Vessel Inner Radius 

Vessel Thickness 

Water Temperature 

Peripheral Assembly Source Strength 

Axial Power Distribution 

Peripheral Assembly Burnup 

Spatial Distribution of the Source 

Capsule Dosimetry Positioning 

cavity Dosimetry Positioning 

TOTAL 

When combined these individual sensitivities result in a net 

impact on the calculated flux levels in the vicinity of the 

pressure vessel of ± For positions in the reactor cavity, 

[the additional sensitivity to vessel thickness ( %) must be 

included resulting in a net sensitivity for locations external 

the pressure vessel of ± %. The uncertainty evaluated at the 

[
dosimete+ locations_ within internal surveillance capsules is ± 
%. 

These uncertainties due to potential variations in design and 

operating parameters for individual reactors must, of course be 

combined with biases resulting from methods and cross-section 
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errors to determine the total uncertainty in the calculated 

results. 

2.5 Benchmarking Studies 

2.5.1 General Discussion 

In the exposure evaluation methodology employed by Westinghouse, 

the analytical procedures described in Sections 2.1 through 2.3 

and the uncertainty evaluations discussed in Section 2.4 are 

central to the determination of the integrated neutron exposure 

of light water reactors. Calculated neutron energy spectra are 

used in the evaluation of dosimetry results from both internal 

surveillance capsule locations and external reactor cavity 

measurement positions. Analytically determined spatial gradients 

within the reactor geometry form the basis for the extrapolation 

of integrated exposure measurements from capsule or cavity to 

critical locations within the pressure vessel wall. In the 

absence. of measured data, the analytical methodology represents a 

stand-alone procedure that is required to provide not only 

relative information regarding neutron energy spectra and spatial 

gradients, but, also, to establish the absolute magnitude of the 

neutron exposure within the pressure vessel. 

In recogniti~n of the crucial role played by reactor physics 

computations, ASTM Standard Practice E853, "Analysis and -
Interpretation of Light Water Reactor Surveillance Results" 

requires that the transport methodology used in the performance 

of these calculations be benchmarked and qualified for 

application to LWR configurations. In the development of the 

Westinghouse methodology, the benchmarking and qualification 

studies are based on a series of calculation/measur~ment 
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comparisons for configurations exhibiting increased levels of 
complexity; i.e., the PCA benchmark facility, the VENUS benchmark 
facility, and power reactor surveillance capsule and cavity 
dosimetry data bases. 

The PCA (Pool Critical Assembly) experiments documented in 

References 3, 4, and 5 provide a well characterized, clean 

geometry benchmark against which neutron transport techniques may 

be tested. The nature of the PCA configuration permits the 

benchmarking of basic discrete ordinates modeling techniques and 

neutron transport cross-sections in a water/steel environment 

similar to that observed within a light water power reactor. 

The VENUS experiments described in Reference 6 also qualify as a . . 

controlled benchmark. However, in contrast to the slab geometry 

of the PCA, the core consists of pin type fuel assemblies arrayed 

in a fashion designed to simulate an the irregular shape of a PWR 
reactor core. In addition, the VENUS mockup includes cylindrical 

stainless steel components external to the core. Thus, along 

with the test of basic nuclear data, comparisons of calculations 

and measurements for the VENUS facility provide the additional 

benefit of a verification of the R,e modeling approach used in 

LWR analyses. 

Final verification of the analytical approach used in neutron 

exposure evaluations occurs via comparison· with measurements 

obtained from power reactor surveillance capsule and cavity 
-dosimetry data bases. These comparisons define the effects of 

long term irradiations with multiple core power distributions as 

well as provide insight into biases and uncertainties that exist 

due to construction and operational variables characteristic of a 

commercial plant . 
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• 2.5.2 PCA Mockup Comparisons 

The benchmarking studies used in the evaluation of the 
Westinghouse analytical methodology were based on an analysis of 

the PCA 12/13 experimental configuration. A schematic 

description of this configuration is provided in Figures 2-4 and 

2-5. A plan view of the PCA reactor and pressure vessel 

simulator showing materials characteristic of the core axial 

midplane is shown in Figure 2-4; whereas, a section view through 

the center of the mockup is depicted in Figure 2-5. 

The 12/13 configuration was chosen as the arena for the 

analytical/experimental comparisons due to the geometric 

similarity of this particular mockup to the thermal shield

downcomer-pressure vessel designs that are typical of most 

pressurized water reactors. Of particular note in regard to the 

• areas of similarity are the 12 cm. water gap on the core side of 

the thermal shield, the 13 cm. water gap between the thermal 

shield and the pressure vessel simulator, the 6 cm. thick 

stainless steel thermal shield, the 22.5 cm. thick low alloy 

steel pressure vessel, and the simulated reactor cavity {void 

box) positioned behind the pressure vessel mockup. From the 

viewpoint of fast neutron attenuation, the 12/13 experimental 

configuration results in a reduction factor for fast neutron flux 

(E > 1.0 MeV) of approximately 103 between the reactor core and 

the inner wall of the pressure vessel; and a corresponding 

reduction factor of about 30 from the inner surface to the outer 

• 

-
surface of the pressure vessel. These similarities in geometry 

and the n·eutron attenuating properties of the reactor 
configurations provide additional confidence that judgements made 

regarding the analytical/experimental comparisons in the 
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benchmark mockup can be related to the analyses performed for 

operating power reactors. 

During the PCA experiments, measurements were taken at several 

locations within the mockup to provide traverse data extending 

from the reactor core outward through the pressure vessel 

simulator. The specific measurement locations applicable to the 

12/13 location were as follows: 

LOCATION ID Y(cm) 

Core Center AO -20.so 

Thermal Shield Front Al 11. 98 

Thermal Shield Back A2 22.80 

Pressure Vessel Front A3 29.71 

Pressure Vessel 1/4T A4 39.Sl 

Pressure Vessel 1/2T AS 44.67 

Pressure Vessel 3/4T A6 S0.13 

Void Box A7 S9.13 

It should be noted that all of the measurements were obtained on 

the lateral centerline of the mockup at the axial midplane 

elevation. 

Data from locations A4, AS, and A6 internal to the pressure 

vessel simulator establish a means for verification of calculated 

neutron flux magnitude and, perhaps more importantly, calculated 

flux gradient within the pressure vessel wall itself. Since 
. -measurements at operating power can at best provide data in the 

downcomer- region interior to the vessel wall or in the reactor 

cavity exterior to the vessel wall, these PCA data points 

establish a key set of comparisons to aid in the accurate 

determination of embrittlement gradients within the pressure 

vessel of operating power plants; and provide valuable 
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information to be used in extrapolating power reactor 

surveillance capsule and cavity dosimetry masurements to 

positions within the pressure vessel wall. 

Comparison of analytical predictions with measurements at the A4, 

A5, and AG locations of the 12/13 configuration are provided in 

Table 2-1. These comparisons are provided on two levels. The 

first comparison relates calculated reaction rates for the Ni-58 

(nrp), U-238 (n,f), and Np-237 (n,f) reactions directly with the 

individual foil measurements. The second comparison relates the 

calculated flux (E > 1.0 MeV) with the recommended flux values 

derived from the least squares adjustment of the measured foil 

data. A comparison of the calculated and measured fast neutron 

attenuation through the pressure vessel simulator is also 

depicted graphically in Figure 2-6 . 

From the data provided in Table 2-1, it is noted that the 

agreement among the various calculations and measurements is 

excellent. The agreement for the individual foil reactions 

ranged from 2.5 - 10.6 %, while the comparison with the derived 

fast neutron flux ranged from 3.4 - 7.7 %. It should be noted 

that this level of agreement is consistent with the la 

uncertainties associated with the measurements themselves. 

From these comparisons it is concluded that, given an accurate 

representation of the core neutron source and reactor geometry, 

the basic transport methodology currently in use at Westinghouse -will produce accurate representations of neutron flux magnitude, 

energy spectrum, and exposure gradients within light water 

reactor pressure vessels • 
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2.5.3 VENUS Comparisons 

A complete Westinghouse analysis of the VENUS benchmark 

experiments documented in Reference 6 was reported in Reference 

7. As noted earlier, the VENUS benchmark represents an increase 

in complexity relative to PCA in that the reactor geometry, 

rather than being a slab configuration using MTR type fuel 

assemblies, more closely resembles an actual PWR internals 

configuration and makes use of a low enriched uranium core in a 

pin type geometry. As is the case with the PCA mockup, both 

the VENUS geometry and the neutron source distribution were well 

characterized, thus providing a test of the basic transport 

methodology. 

A plan view of the VENUS configuration showing reactor dimensions 

and measurement locations is shown in Figure 2-7. As can be 

noted from Figure 2-7, the mockup consists of a rectangular core 

baffle surrounded by a cylindrical core barrel and a simulated 

thermal shield/neutron pad. Measurements were obtained 

throughout the mockup as indicated in Figure 2-7. 

Comparisons of analytical prediction with measurement are 

provided in Tables 2-2 through 2-4. In general, the data listed 

in these tables exhibit calculation to measurement ratios ranging 

from approximately 0.8 to 1.04 with an observed tendency to 

underpredict as distance from the core increases. There is 

excellent agreement in the prediction of the azimuthal behavior 

of the system . 
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2.5.4 Power Reactor Comparisons 

In addition to the benchmarking comparisons discussed in Sections 

2.5.2 and 2.5.3, results of neutron transport calculations have 

and will continue to be compared with an ever increasing data 

base of dosimetry results from internal surveillance capsules as 

well as from reactor cavity irradiations. These comparisons form 

the basis for the determination of methods biases discussed in 

Section 2.4. 

over the course of the operating lifetime of power reactors, 

surveillance capsules are periodically withdrawn to provide 

materials data as well as neutron dosimetry applicable to the 

specific reactor. These dosimetry results afford the opportunity 

for power reactor benchmarking as noted earlier in this section . 

In Table 2-5, a summary of comparisons of plant specific neutron 

transport calculations with measurements obtained from internal 

surveillance capsules is provided for a variety of Westinghouse 

reactors. From this surveillance capsule data base, it is seen 

that at the surveillance capsule locations calculated values 

using the current radiation transport methodology tend to be 

biased low relative to measurement by about 12%. 

In Table 2-6 a similar comparison of analytical prediction with 

measurement is provided for a number of data points obtained from 

reactor cavity neutron dosimetry. From this cavity dosimetry 

data base it is likewise seen that at the cavity sensor locations 

calculated values using the current radiation transport 

metyhodology are biased low relative to measurement by about 11%. 

This observation is fully consistent with the comparisons from 

the surveillance capsule data base • 
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TABLE 2-1 

COMPARISON OF CALCULATED AND MEASURED SENSOR REACTION RATES AND 

¢ (E > 1.0 MeV) WITHIN THE PCA 12/13 PRESSURE VESSEL SIMULATOR 

LOCATION CALCULATED MEASURED CLM 

Ni-58 (n,g) REACTION RATE (rgsLnucleus) 

A4 S.S2E-33 S.69E-33 0.97 

AS 2.18E-33 2.25E-33 0.97 

A6 8.45E-34 7.99E-34 1. 06 

U-238 (n If l REACTION RATE (rgsLnucleus) 

A4 1. 73E-32 1. 69E-32 1. 02 

A5 7.56E-33 7.36E-33 1. 03 

A6 3.22E-33 3.llE-33 1. 04 

Ng-237 (n I fl REACTION RATE (rgsLnucleus) 

A4 1. 20E-31 1.17E-31 1. 03 

AS 6.72E-32 6.17E-32 1.09 

A6 3.6SE-32 3.30E-32 1.11 

<b (E > 1. 0 MeV) (nLcm2-sec) 

A4 4.SlE-08 4.36E-08 1. 03 

AS 2.18E-08 2.08E-08 1. OS 

A6 l.OlE-08 9.39E-09 1. 08 
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COMPARISON OF CALCULATED AND MEASURED EQUIVALENT FISSION FLUX 
IN THE STEEL REGIONS OF THE VENUS MOCKUP 

... -2J7 (n,f) f .P. -·-~I 2Jll (n.f) F .P. 

VENIS 
LOCATION 

INtER BAFFLE 

(-1. •2) 0 • II 1° 

c-1. -1) 0 • 4~.o· 

OUTER BAFFLE 

(-21. •2) 

(-21, -2) 

(-29. -71 
(-29, -121 

(-21. -14) 

(-22. -14) 

( -t1. - 14) 

COAE BAJIREL 

0 • 0.1• 

e • 1.1• 

8 • Ui.8° 

e • 24.1• 

e • 21.2• 

e • J4 .o• 
0 • 40.2° 

C-J7. •2) 8 • 0.1• 

(-37, -51 0 • 10.8• 

c-J!i, -12) e. 21.1• 

c-34. -1!11) e • 25.6" 

(-JJ, -111 e • 211.1• 

(-JI. -20) ·o • 33.1° 

t-21. -20 e • 41.0• 

(-26. -26) 0 • 4!11.0" 

NEUTRON PAO 

CALC 

2.51•9 

J.07•1 

1.03•9 

9.78•11 

7 .91•11 

4.76•11 

4.95•1 

9.46•1!1 

I .!115•9 

I. llii•8 

1.04•1 

1.06•1 

9.J007 

11.37•7 

7.02•7 

5. 4407 

5. 3207 

(A• lii2.I 8 • 21.1°) 9.liiO•lii 

(R • 62.I 8 • 45.0°) lii.15•6 

EXP 

2.52•9 

2.95•9 

I. 10•9 

1.21•11 

4.91•11 

5.011•11 

9.67•11 

1.60•9 

1.21•8 

1.12•8 

1.23•8 

I. Oll•ll 

9.511•1 

1.60•1 

6. 26•1 

Iii .08•7 

C/E 

1.02 

1.04 

0.94 

0.!16 

0.97 

0.97 

0 911 

0.91 

0.96 

0.93 

0.86 

0.116 

0.81 

0.92 

0.111 

0.117 

CALC 

I 114•9 

2.22•9 

7.50•11 

1. 13•11 

5.75•11 

J. 37•11 

J. 51•11 

6.112•11 

I. 10•9 

8.7!11•7 

7.52•7 

l.31•1 

6. 15t7 

5.53•7 

4. 90•1 

4.0ll•l 

4.05•1 

6.J2•6 

4 56•6 

NOTE: Not .OJuated ror photoreectlon. •ee also Table l-11 

Read 2.511•9 as 2 !ii M 109 

EXP C/E 

I 91•9 0 96 

2.28•9 0.91 

1 96•8 

7.37•11 

6 12•8 

J 64•11 

7.26•11 

I 15•9 

1.00•11 

8.12•1 

11.65•1 
0

1.23•7 

6.76•1 

6.01•7 

4. 7211 

4.l!i•l 

0 94 

0 97 

0.94 

0.96 

0 94 

0.96 

0.1111 

0.86 

0 115 

0 115 

0 112 

0.112 

0.116 

0.115 

Nl-511 (n,p) Co-511 

CALC 

I 55•9 

.1111•9 

6.43•11 

6. 11•8 

4 92•8 

2.114•8 

2 97•8 

5 80•11 
9.]4•11 

7.71•7 

6.42•7 

6.09•7 

5 OOtl 

4 !110•7 

4. 16•7 

3.66t7 

3.67•7 

5.2l•6 

3.93•6 

EXP 

I. 51 •9 

1.112•9 

6. lll•ll 

6 06•11 

4.91•8 

2.93•11 

J.01•8 

5 12•8 
9. ]1•8 

9.0ltl 

l.46•1 

5.47•7 

4.114•1 

C/E 

I .OJ 

I .OJ 

1.01 

I 01 

0 99 

0 97 

0 97 

01 

I 00 

0.116 

0.112 

0 16 

0.16 

ln·ll5 (n,n') ln·ll'!l9 

CALC 

I 1111•9 

2 26•9 

1 6J•ll 

1. 25•8 

5.85•11 

l.45•8 

3.59•11 

6 95•11 

I. 13•9 

11.11•1 

7.63•7 

1. 50•7 

6.37<7 

!i.7]•7 

!i.00•7 

4.09•7 

4.05•7 

IXP C/E 

I 90•9 0 99 

2.J0•9 0 911 

1 lll•ll 

1. ]7 •11 

5.!18•8 

] 52•11 

l.64•11 

1. 16•11 

I. 18•9 

9.12•7 

II 40•1 

5 60•7 

4.55•7 

0 97 

0 911 

0 911 

0 911 

0 !19 

0 !11 

0 !16 

0.90 

0.119 

0 119 

0 119 

6.SJ•lii 8.119•6 0 7J 

4.66•6 5.95•1ii 0.71 
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TABLE 2-3 

COMPARISON OF CALCULATED AND MEASURED EQUIVALENT FISSION FLUX 
IN THE WATER REGIONS OF THE VENUS MOCKUP 

!!!-237 !n, r ~ f.P. U-2311 (n r I f.P. Nt-511 (n,p) Co-511 In- I 15 (n.n·) In 
VENJS 

LOCATION CALC EXP C/E CALC EXP C/E CALC EXP C/E CALC EXP 

CENJER HOLE 

(•2.5, •2.5) I .50•9 I. 21•9 I. J5t9 0.90 I. IJ•9 I. 1Jt9 1.00 1.19•9 I. 24 •9 

WATER GAP I 

(- "· -16) I .01•9 1 .64•8 8. 18•8 0 93 6.115•11 7 .67tll II 07tll 
(-II. - Ill) 4 .75•11 4 .112•11 0.99 J. 9J•ll J 74•11 J .116•8 4 08•8 
1-20. -20) 2. ]6•11 2. 4J•ll 0 97 2 09•11 2.30•8 0. 91 2 08•8 2 02•8 2 14•8 
(-22, -22) I. 22•11 .30•11 0.94 I 14•8 I. 18•8 I .08•11 I 17•8 
(-24, -24) 1. 20•7 6 55•7 7.34•7 0.89 6. 71•7 6.26•7 6 80•7 

llATER GAP II 

( 10. 75°) J.05•7 J.64•7 0.84 2 36•7 J.02•7 o. 711 2.20•7 2 34•7 2 85•7 
(Ui.63°) J. 10•7 J.112•7 0.81 2. 34'7 2.90•7 0 Ill 2. 16•7 2.JJ•7 2 .80•7 
(21.14") J.OJ•7 2.25•7 2.911•7 0 76 2 05•7 2 25•7 2 . 72•7 
125 .62• I 2 111•7 J.JJ•7 0.84 2 .04•7 2.51t7 0.111 .114•7 2.05•7 2 46•7 
(211.111•) 2.59•7 3.20•7 0.111 .89•7 2.311•7 0. 79 71•7 I. 90•7 2 .JJ•7 
(JJ.119°) 2.20•7 2.59•7 0.85 .67•7 2.08•7 0.80 .55t1 I .66•7 1.91•7 
(J7 .44") I .911t1 2.44•7 0.111 .55•7 I. 97•7 0 79 I. 47•7 I 52•7 
{40.99°) 1.14•7 • . 47t7 1.4]•7 I 44t1 . 73•7 
(45.00°) 1.77•7 2.22•7 O.llO . 44t1 I .11t1 0.81 1.40•7 I. 40• 7 1.64•7 

NOTE: Not adjusted for photoreactton, see also Tab.le J-9. 

Read 1.50•9 aa 1.50 x 10
9 

•-fhe ...... ur ... nta hev• be•n r•vtaed. but thll ne~ .. asure .. nta have not yet been releaaed. 

• 

tl!i• 

C/E 

0 96 

0.95 
0 95 
0 94 
0 92 
0 92 

0.82 
0 Bl 
0 8l 
0 SJ 
0 112 
0 84 

0 IJ 
0.85 
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TABLE 2-4 

COMPARISON OF CALCULATED AND MEASURED EQUIVALENT FISSION FLUX 
ALONG A 45 DEGREE TRAVERSE ·IN THE VENUS MOCKUP 

~-237 ~n,f) F.P. U-2311 In.fl F P. Nl-!ill ln.e! Co-511 ln-1 l!i (n.n') In-I I~• 
VENJS 

lOCAl ION CALC EXP ClE CALC DP C/E CALC EXP ClE CALC UP C/l 

CENJUI HOLE 

c •2. !i. • 2 .!i) 1.50•• 1.21•9 I 35•9 0.90 I. 13•9 I. 13•9 I 00 I. 19•9 I 24•9 0 96 

INNER IAFHE 

( -1. - I) 3.07•9 2.95•9 1.04 2.22•9 2.28•9 0.97 1.811•9 1.82•9 I .OJ 2.26•9 2 30•9 0 911 

3/0 FUEL 

(-3.5. -3.5) 4.211•9 4 .21•9 1.02 3 67•9 3 53•9 3.60•9 
(-5.5. -6.5) 4.!i6•9 4.59•9 0.99 l 96•9 l 114•9 3 1111•9 
( -9. !i. -9 !i) 4. 37•9 4.34•9 1.01 l. 711•9 l 66•9 l 70•9 
(-12.!i. -12. 5) l.2!i•9 3.50•9 0.93 2 70•9 2 !'14•9 2 .67•9 

"' WATER GAP I 
I 
w 

(-1'. -16) 1.01•9 7.64•11 11.111•11 0.93 6 115•11 7.67•11 
~ 

11.07•11 on 
( - II. - Ill) 4. 7!'1•11 4.92•8 0.99 3.93•11 J 74•11 J 116•11 4 011•11 0 95 
(-JO. -20) 2.36•8 2.43•11 0 97 2.09•11 2.30•11 0.91 2.011•11 2.02•11 2 14•11 0 94 
c -22. -22) 1. 22•11 1.30•11 0.94 1.14•8 1.111•11 1.011•11 I 17•11 0 92 
(-24, -24) 1. 20•7 • 6.!i!i•7 7.37•7 0.89 6.71t7 6.26•7 6.80•7 0.92 

COllE IAllREL 

C-25, -26) 5.32•7 6.08•7 0.117 4.05•7 4.75•7 0.115 3.67•7 4 .114'7 0.76 4.0!i•7 4. 55•7 0.119 

WAJEll GAP 11 

CR•!i!i. 2!i!i) 1. 77•7 2.22•7 0.80 1.44'7 I. 77•7 0.81 1.40'7 1.40•7 1.64•7 0 ll!i 

M::UlllON PAO 

(R•52.768) 6.7!i•6 4.56•6 J.93•6 4.66•6 !i.95•6 0 711 

HDlf: Not 9C1Juatecl for photoreact1on, aee also Tables 3-11 and 3-9. 

Read 1.!i0•9 ae l.!iO IC 109 

•-Jheae .. aa ...... nta have been revised, but the new .. aaure .. nts have not yet been raleaaad. 
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TABLE 2-5 

COMPARISON OF CALCULATED AND MEASURED ¢ (E > 1.0 MeV) 
FOR 31 INTERNAL SURVEILLANCE CAPSULE DOSIMETRY SETS 

Plant/Capsule 
Al 
Bl 
Cl 
Dl 
El 
Fl 
Gl 
Hl 
Il 
Jl 
J2 
Kl 
K2 
Ll 
L2 
Ml 
M2 
M3 
Nl 
N2 
N3 
01 
02 
03 
Pl 
P2 
P3 
Ql 
Q2 
Q3 
Q4 

Neutron Flux (n/cm2-sec) 

CALCULATED 
9.25E+10 
l.08E+ll 
9.25E+l0 
9.58E+10 
9.44E+10 
l.07E+ll 
9.23E+10 
9.51E+l0 
9.51E+10 
9.32E+l0 
8.94E+l0 
8.33E+10 
9.21E+10 
9.52E+10 
8.34E+10 
1.lOE+ll 
6.64E+10 
1.lOE+ll 
1. 31E+ll 
l.19E+ll 
7.66E+10 
6.15E+10 
6.77E+10 
5.94E+10 
5.64E+10 
5.96E+10 
5.41E+10 
6.45E+10 
7.04E+10 
7.26E+10 
6.33E+10 

MEASURED 
1. OlE+ll 
1. 34E+ll 
l.06E+ll 
l.OlE+ll 
l.05E+ll 
l.24E+ll 
9.47E+10 
l.09E+ll 
l.09E+ll 
1. 30E+ll 
l.OlE+ll 
l.04E+ll 
l.lOE+ll 
l.16E+ll 
9.05E+10 
1. 43E+ll 
8.56E+l0 
1. 46E+ll 
1. 61E+ll 
1. 42E+ll 
8.27E+10 
6.92E+l0 
7.30E+10 
6.28E+10 
6.47E+l0 
6.84E+10 
4.99E+10 
7.47E+10 
8.43E+10 
7.12E+10 
5.78E+10 

C/M 
0.92 
0.81 
0.87 
0.95 
0.90 
0.86 
0.98 
0.87 
0.87 
0.72 
0.89 
0.80 
0.84 
0.82 
0.92 
0.77 
0.78 
0.75 
0.81 
0.84 
0.93 
0.89 
0.93 
0.95 
0.87 
0.87 
1. 08 
0.86 
0.84 
1. 02 
1.10 

Data Set Average C/M 0.88 ± 0.09 la 

2-32 



• 

• 

• 

TABLE 2-6 

COMPARISON OF CALCULATED AND MEASURED¢ (E > 1.0 MeV) 
FOR 32 REACTOR CAVITY DOSIMETRY SETS 

Plant/Capsule 
Rl 
R2 
R3 
R4 
RS 
R6 
R7 
RS 
Sl 
S2 
S3 
S4 
SS 
S6 
S7 
SS 
Tl 
T2 
T3 
T4 
TS 
T6 
T7 
TS 
Ul 
U2 
U3 
U4 
Vl 
V2 
V3 
V4 

Neutron Flux (n/cm2-sec) 

CALCULATED 
6.S6E+OS 
6.14E+OS 
4.0lE+OS 
2.7SE+OS 
S.6SE+OS 
5.25E+OS 
2.97E+OS 
2.40E+OS 
6.62E+OS 
6.44E+OS 
6.60E+OS 
4.92E+OS 
5.07E+OS 
4.64E+OS 
4.23E+OS 
3.39E+OS 
S.36E+OS 
4.44E+OS 
3.33E+OS 
2.04E+OS 
5.2SE+OS 
4.44E+OS 
3.S3E+OS 
2.S6E+OS 
4.76E+OS 
4.16E+OS 
3.70E+OS 
2.40E+08 
1. 73E+09 
1.45E+09 
1.12E+09 
9.2SE+OS 

MEASURED 
S.13E+OS 
6.75E+OS 
3.7SE+OS 
2.99E+OS 
6.49E+OS 
6.37E+OS 
3.2SE+OS 
3.17E+OS 
S.22E+OS 
6.37E+OS 
6.99E+OS 
5.41E+OS 
6.65E+OS 
5.S2E+OS 
4.02E+OS 
3.70E+OS 
5.51E+08 
4.57E+OS 
3.5SE+OS 
2.34E+OS 
6.39E+OS 
S.lOE+OS 
4.34E+08 
2.79E+08 
S.S3E+OS 
5.12E+08 
4.39E+OS 
2.94E+OS 
1.S7E+09 
1.69E+09 
1. 23E+09 
1.lOE+09 

C/M 
O.S4 
0.91 
1. 06 
0.92 
O.S7 
O.S2 
0.91 
0.76 
O.Sl 
1. 01 
0.94 
0.91 
0.76 
o.so 
1. 05 
0.92 
0.97 
0.97 
0.93 
O.S7 
0.82 
O.S7 
0.8S 
0.92 
O.S6 
0.81 
O.S4 
O.S2 
0.93 
O.S6 
0.91 
O.S4 

Data Set Average C/M O.S9 ± 0.07 la 
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FIGURE 2-1 

FLOW CHART FOR WESTINGHOUSE ANALYTICAL METHODOLOGY 
FORWARD TBANSPOBT APPROACH 

PLANT SPECIFIC TIME AVERAGED 
REACTOR GEOMETRY NEUTRON SOURCE 

PLANT SPECIFIC 
~ FORWARD ·I+--

TRANSPORT CALCULATION 

! -

TIME AVERAGED 
NEUTRON FLUX, SPECTRA 

AND SPATIAL DISTRIBUTION· 

AD.JOINT TlWfSPORT APPROACB 

PLANT SPECIFIC 
REACTOR GEOMETRY 

LOCATION SPECIFIC 
ADJOINT 

TRANSPORT CALCtJLATIOH 

CYCLE SPECIFIC l HmJ'l'ROH SOURCE 

I 
--

LOCATION SPECIFIC 

NEUTRON ·soORCE 

IMPORTANCE FUHCTIONS 

! 
LOCATION SPECIFIC 

AND CYCLE SPECIFIC 
NEUTRON FLUX 

2-34 



• 

• 

• 

0 

FIGURE 2-2 

TYPICAL PWR REACTOR GEOMETRY 
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• FIGURE 2-3 

TYPICAL SURVEILLANCE CAPSULE GEOMETRY 
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• FIGURE 2~4 

PCA 12/13 CONFIGURATION - X,Y GEOMETRY 
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FIGURE 2-6 

COMPARISON OF CALCULATED AND MEASURED RELATIVE~ (E > 1.0 MeV) 
WITHIN THE PCA 12/13 PRESSURE VESSEL SIMULATOR 
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FIGURE 2-7 

VENUS MOCKUP GEOMETRY 
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SECTION 3.0 

DETERMINATION OF MEASURED REACTION RATES 

3.1 General Discussion 

Measured results from evaluations of internal surveillance 

capsule and ex-vessel reactor cavity dosimetry programs at 

operating power plants are a fundamental part of the overall 

Westinghouse exposure evaluation methodology. These measured 

data provide industry and plant specific data bases which permit 

biases to be removed from calculated results and, further, allow 

the uncertainties in the final vessel exposure projections to be 

minimized . 

An integral part of the measurement process is the determination 

of the reaction rates in each of the sensors comprising the 

multiple foil capsule or cavity dosimetry sets. These reaction 

rates are, in turn, input to the dosimetry evaluation procedures 

described in Section 4.0 to derive measured exposure parameters 

in terms of¢ (E > 1.0 MeV), ¢ (E > 0.1 MeV), and dpa. 

The determination of the individual reaction rates, involves 

laboratory counting procedures, decay corrections to account for 

the operating histo:y of the reactor, and corrections for 

competing reactions within the sensors. Each of these facets of 

the reaction rate determinations are discussed in this section . 
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3.2 Counting Procedures 

Internal surveillance capsule and ex-vessel reactor cavity 

dosimetry packages typically consist of comprehensive multiple 

foil sensor sets including radiometric monitors (RM) and, in the 

case of the reactor cavity, solid state track recorders. In 

general sensor sets employed in Westinghouse dosimetry programs 

include materials in which the following reactions can be 

measured: 

REACTOR CAVITY SURVEILLANCE CAPSULE 

cu-63 (n,a) Co-60 Cu-63 (n,a) Co-60 

Ti-46 (n Ip) Sc-46 

Fe-54 (n, p) Mn-54 Fe-54 (n Ip) Mn-54 

Ni-58 (n Ip) Co-58 Ni-58 (n,p) Co-58 

U-238 (n If) Cs-137 (Cd) U-238 (n If) Cs-137 (Cd) 

Np-237 (n, f) Cs-137 (Cd) Np-237 (n If) Cs-137 (Cd) 

Co-59 (n,)') Co-60 Co-59 (n,)') Co-60 

Co-59 (n, ')') Co-60 (Cd) Co-59 (n, ')') Co-60 (Cd) 

U-235 (n If) Cs-137 

U-235 (n, f) Cs-137 (Cd) 

Similar sensor set designs are also utilized by other vendors of 

LWR reactor dosimetry programs. 

Following irradiati,pn, the specific activity of each of the 

irradiated radiometric sensors is determined at the Westinghouse 

Waltz Mill Analytical Services Laboratory using the latest 

version of ASTM counting procedures for each reaction. In 

particular, the following standards are applicable to the 

radiometric sensors utilized in LWR programs: 

3-2 



• 

• 

• 

E523 Standard Test Method for Measuring Fast 

Neutron Reaction Rates by Radioactivation of 

Copper 

E526 

E263 

E264 

E704 

E705 

E481 

El005 

E181 

Standard Test Method for Measuring Fast 

Neutron Reaction Rates by Radioactivation of 

Titanium 

Standard Test method for Measuring Fast 

Neutron Reaction Rates by Radioactivation of 

Iron 

Standard Test Method for Measuring Fast 

Neutron Reaction Rates by Radioactivation of 

Nickel 

Standard Test Method for Measuring Reaction 

Rates by Radioactivation of Uranium-238 

Standard Test Method for Measuring Reaction 

Rates by Radioactivation of Neptunium-237 

Standard Test Method for Measuring Neutron 

Fluence Rate by Radioactivation of Cobalt and 

Silver 

.standard Method for Application and Analysis 

of Radiometric Monitors for Reactor Vessel 

Surveillance 

Standard General Methods for Detector 

Calibration and Analysis of Radionuclides 
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Following sample preparation and weighing, the specific activity 

of each sensor is determined by means of a lithium drifted 

germanium, Ge(Li), gamma spectrometer. In the case of the 

multiple foil sensor sets, these analyses are performed by direct 

counting of each of the individual sensors, or, as is sometimes 

the case with U-238 and Np-237 fission monitors from internal 

surveillance capsules, by direct counting preceded by dissolution 

and chemical separation of cesium from the sensor. 

In the case of reactor cavity dosimetry irradiations, gradient 
chains or wires are often included along with the multiple foil 

sensor sets. For these gradient measurements, individual sensors 

are obtained by cutting the chains into a series of segments to 

provide data at appropriate intervals over the extent of the 

beltline region of the pressure vessel. The determination of 

sensor specific activities in these segments then precedes in the 

same fashion as for individual foils from the multiple foil sets. 

The use of solid state track recorders (SSTR) for the measurement 

of fission reaction rates is common practice in reactor cavity 

dosimetry programs. The evaluation of these sensors following 
J 

irradiation is performed in accordance with ASTM standard E854 

"Standard Test Method for Application and Analysis of Solid State 

Track Recorder (SSTR) Monitors for Reactor surveillance". 

In those evaluations, all track recorders are scanned either 
: . . 

manually or with the Westinghouse STC Automated Track Scanner to 

determine the total number of fissions that occured-during the 

course of the irradiation of the sensor sets. This scanning 
results in an integral quantity representative of the entire 

irradiation and,therefore, requires no radioactivity decay 

corrections to determine sensor reaction rates . 
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3.3 Irradiation History Corrections 

Having.the measured specific activities, the operating history of 
the reactor, and the physical characteristics of the sensors, 
reaction rates referenced to full power operation are determined 
from the following equation: 

where: 

R 

A 

R 

A 

= Measured specific activity (dps/gm) 
= Reaction rate averaged over the irradiation 

period and referenced to operation at a core 
power level of P~ (rps/nucleus) 

= Number of target element atoms per gram of 
sensor 

F = Weight fraction of the target isotope in the 
sensor material 

Y = Number of product atoms produced per reaction 
~ = Average core power level during irradiation 

period j (MW) 
P~f = Maximum or reference power level of the reactor 

(MW) 
= Calculated ratio of ¢ (E > 1.0 MeV) during 

irradiation period j to the time weighted 
av:rage ¢ (E > 1.0 MeV) over the entire 
irradiation period 

= Decay constant of the product isotope ( sec-1
) 

= Length of irradiation period j (sec) 
= Decay time following irradiation period j (sec) 
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and the summation is carried out over the total number of monthly 
intervals comprising the irradiation period. 

In the above equation, the ratio (~]/[PrerJ accounts for month by 

month variation of power level within any given fuel cycle as 

well as over multiple fuel cycles. For the sensor sets utilized 

in surveillance capsule and reactor cavity irradiations, the 

half-lives of the product isotopes are long enough that a monthly 

histogram describing reactor operation has proven to be an 

adequate representation for use in radioactive decay corrections 

for the reactions of interest in the exposure evaluations. The 

ratio ~' which can be calculated for each fuel cycle using the 

adjoint transport technology described in Section 4.0, accounts 

for the change in sensor reaction rat~s caused by variations in 

flux level induced by changes in core spatial distributions from 

fuel cycle to fuel cycle. For a single cycle irradiation such as 

is common with cavity dosimetry S is normally taken to be 1.0. 

However, for multiple cycle irradiations, particularly those 

employing low leakage fuel management, the additional ~ 

correction must be employed. This additional correction can be 

quite significant for internal surveillance capsules that have 

been irradiated for many cycles in a reactor that has 

transitioned from non-low leakage to low leakage fuel management. 

Since SSTR sensors are integrating devices not susceptible to 

radioactive decay of a product isotope, measurements of fissions 

per target atom, A, are converted directly to reaction rates -using the following relationship: 
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R 
A 

E 
P. 

J t. 
pref 

J 

where the denominator in the above equation represents the total 

effective full power seconds of reactor operation during the 

irradiation of the solid state track recorders. 

3.4 Corrections to Reaction Rate Data 

Prior to using the measured reaction rates in the dosimetry 

evaluation procedures described in Section 4.0, additional 

corrections are made to the U-238 foil and/or SSTR measurements 

to account for the presence of U-235 impurities in the sensors as 

well as to adjust for the build-in of plutonium isotopes over the 

course of the irradiation. These corrections are location and 

fluence dependent and are derived from a combination of 

calculated data from the plant specific evaluations described in 

Section 2.0 and, when available, measurements made with U-235 

solid state track recorders. 

In addition to the corrections made for the presence of U-235 in 

the U-238 fission sensors, corrections are also made to both u-
238 and Np-237 sensors to account for gamma ray induced fission 

reactions occuring over the course of the irradiation. These 

photo-fission corrections are, likewise, location dependent and 

are based on the plant specific transport calculations described 

in Section 2.0 . 
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Typical corrections to the measured fission rates at capsule and 

cavity sensor locations are as follows: 

CAPSULE CAVITY 

U-235 Impurity 8-12% 8-15% 

Pu Build-in 7-20% <1% 

U-238 (n,1) 4-6% 3-5% 

Np-237 (n,1) 1-2% <1% 

It should be noted that the corrections listed are typical values 

and should not be utilized with a plant specific sensor set. 

Rather, these corrections must be evaluated for each sensor set 

based on actual plant specific geometry and irradiation history. 

3.5 Reaction Rate Uncertainties 

The overall uncertainty associated with the measured reaction 

rates to be used in the evaluation of exposure parameters 

includes components due to the basic measurement process, the 

irradiation history corrections, and the corrections for 

competing reactions in the fission sensors. A matrix of the 

uncertainties associated with the reactions of interest to LWR 

dosimetry is as follows: 
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DECAY COMPETING NET 

COUNTING CORRECTION REACTIONS UNCERTAINTY 

cu-63 (n,a) 3% 2% 0% 4% 

Ti-46 (n,p) 3% 4% 0% 5% 

Fe-54 (n,p) 3% 2% 0% 4% 

Ni-58 (n,p) 3% 4% 0% 5%. 

U-238 (n, f) 5% 3% 4% 7% 

Np-237 (n, f) 5% 3% 1% 6% 

Co-59 (n,'Y) 3% 4% 0% 5% 

U-235 (n, f) 5% 3% 1% 6% 

In developing this uncertainty tabulation, the counting component 

is derived from the expected accuracy using the appropriate ASTM 

standards. The component due to irradiation history includes the 

effects of short vs long product half lives, the product yield in 

the fission monitors, and target abundance in the sensor 

material. The uncertainties due to competing reactions were 

based on the assumption that the error in the calculated 

correction using the plant specific transport results could be as 

high as 25% and the resultant uncertainty in the net reaction 

rate is then 25% of the total correction. 

In addition to the use of the ASTM standards in the evaluation of 

sensor reaction rates, over the course of the last 15 years these 

procedures have been tested via round robin counting exercises . 
included as a part of the NRC sponsored Light Water Reactor 

Surveilla·nce Dosimetry Improvement Program (LWR-SDIP) as well as 

by evaluation of f luence counting standards provided by the 

National Institute of Science and Technology (NIST). Each of 

these counting exercises involved evaluation of neutron sensors 

typical of those used in light water reactor measurement 
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programs. The results of these studies demonstrated that the 

Westinghouse procedures do, in fact, produce measured reaction 

rates within the la uncertainties specified in the above 

tabulation. 

A further consistency check on the measured reaction rates from 

surveillance capsule and reactor cavity irradiations is obtained 

from an examination of the several location and reactor dependent 

data bases built up over many years of performing reactor 

dosimetry. Examples of these data bases are provided in Section 

2.0 of this report. The plant data included in these data bases 

also lend support to the reaction rate uncertainties specified 

above • 
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SECTION 4.0 

DETERMINATION OF MEASURED EXPOSURE RATES AND INTEGRATED EXPOSURES 

4.1 General Discussion 

The use of passive neutron sensors such as those included in LWR 

internal surveillance capsules and reactor cavity dosimetry sets 

does not yield a direct measure of the energy dependent neutron 

flux at the measurement location. Rather, the activation or 

fission process is a measure of the integrated effect that the 

time- and energy- dependent neutron flux has on the target 

material over the course of the irradiation period. An accurate 

assessment of the desired exposure rates averaged over the 

irradiation period and, hence, the time integrated exposures 

experienced by the sensor sets may be developed from the 

measurements only if the sensor characteristics and the 

parameters of the irradiation are well known. In particular, the 

following variables are of interest: 

1 - The measured reaction rate for each sensor, 

2 - The energy response of each sensor, 

3 - The neutron energy spectrum at the sensor set location. 

In Section 3.0, a detailed discussion pertaining to the 

determin~tion of sepsor reaction rates from measured specific 

activities, the physical characteristics of the individual 

sensors, and the irradiation history experienced by the sensor 

sets was provided. In this section, the methodology used by 

Westinghouse to combine the measured reaction rates with 

dosimetry cross-sections and calculated neutron energy spectra to 

derive exposure rates and integrated exposures in terms of fast 
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neutron fluence (E > 1.0 MeV), fast neutron fluence (E > 0.1 

MeV), and iron atom displacements are described, typical results 

are presented, and the uncertainties associated with the derived 

results are discussed. 

~he derivation of fast neutron exposure rates from a set of 

measured reaction rates has historically proceeded along one of 

two avenues. One common method, referred to as the spectrum 

average cross-section approach, employs a calculated neutron 

energy spectrum at the sensor set locations to determine a 

spectrum averaged reaction cross-section for each sensor included 

in the dosimeter set. These calculated spectrum average cross

sections are, in turn, used to compute appropriate exposure rates 

from individual sensors; and, an evaluation of the desired 

exposure rates characteristic of the irradiation is obtained via 

an average of the individual sensor results. The uncertainties 

associated with the exposure rates derived using this approach 

are usually determined from elementary statistics as the standard 

deviation of the mean. This approach, of course, yields its most 

accurate results when the calculated spectrum used to compute 

spectrum average cross-sections is close to the actual spectrum 

experienced by the sensor set. 

The second common approach used in the evaluation of multiple 

foil dosimetry sets utilizes a least squares adjustment procedure 

to produce a best fit of the calculated spectrum at the sensor 

set location to the measured reaction rates from all sensors. In 

this methodology, uncertainties in the derived exposure rates are 

dependent on the resultant fit of the calculated spectrum to the 

measured data; and include a combination of the uncertainties in 

measured reaction rates, sensor cross-sections, and the trial 

spectrum. As in the case of the spectrum averaged cross-section 

approach, best results are generally achieved when the trial 
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spectrum closely approximates the actual spectrum experienced by 

the sensors. However, when foil coverage is sufficient, the 

impact of differences between the trial spectrum and the actual 

spectrum on derived exposure rates is normally less severe when 

the adjustment method is employed. 

In the dosimetry evaluation methodology used by Westinghouse, 

these two approaches to sensor set evaluation are viewed as 

complimentary. The least squares adjustment approach is 

considered to be the prime methodology for the determination of 

exposure rates and associated uncertainties from sensor set 

reaction rates. However, evaluations using spectrum average 

cross-sections are also considered as an additional check on the 

adjustment results as well as an indicator of the appropriateness 

of the trial spectrum input to the adjustment procedure . 

4.2 Least Squares Adjustment Approach 

4.2.1 Discussion of the Methodology 

The use of least squares adjustment methodology in _he evaluation 

of light water reactor dosimetry is addressed in ASTM Standard 

E944-89 "Application of Neutron Spectrum Adjustment Methods in 

Reactor Surveillance". In that guide, the recommended approach 

to be used in the application of adjustment methods to determine 

best estimates of neutron exposure parameters and their 
. ~ 

associated uncertainties is described and a list of several 

avaiiable· computer codes capable of performing the adjustment 

function is provided. 

In the Westinghouse methodology, least squares adjustments are 

performed using the FERRET code [8], available from the Radiation 
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Shielding Information Center (RSIC) at the Oak Ridge National 

Laboratory as RSIC Prag. No. PSR-145. The FERRET code is also 

included among those listed in ASTM Standard E944. 

The FERRET approach uses measured reaction rate data, sensor 

reaction cross-sections, and a calculated trial spectrum as input 

and proceeds to adjust the group fluxes from the trial spectrum 

to produce a best fit (in the least squares sense) to the 

measured reaction rate data. The "measured" exposure parameters, 

[flux (E > 1.0 MeV), flux (E > 0.1 MeV), and dpa], along with the 

associated uncertainties are then obtained from the adjusted 

spectrum. 

In the FERRET evaluations, a log-normal least squares algorithm· 

weights the trial spectrum, reaction cross-sections, and measured 

reaction rate data in accordance with the assigned uncertainties 

and correlations. In general, the measured values, f, are 

linearly related to the flux, ¢, by some response matrix A: 

f (s,11) =~A ~s) ,h («) 
J i L.J ig 'fl g 

g 

where i indexes the measured values belonging to a single data 

set s, g designates the energy group, and a delineates spectra 

that may be simultapeously adjusted. For example, 
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relates a set of measured reaction rates ~ to a single spectrum 

¢g by the multigroup cross-section a~. The log-normal approach 

automatically accounts for the physical constraint of positive 

fluxes, even with large assigned uncertainties in the input data. 

In the least squares adjustment, the continuous quantities (i.e., 

spectra and cross-sections) are approximated in a multi-group 

format consisting of 53 energy groups. The trial input spectrum 

is converted to the FERRET 53 group scheme by first expanding the 

input group structure into a 620 group scheme using a SPLINE 

procedure for interpolation in regions where group boundaries do 

not coincide. This 620 group spectrum is then re-collapsed into 

the 53 group structure used in FERRET. This modification to the 

group structure of the input spectrum is performed using the 

SAND-II code [9] . 

The sensor set reaction cross-sections, obtained from the ENDF/B

V dosimetry file, are also collapsed from the 620 group format to 

the FERRET 53 group structure using the SAND-II code. In this 

instance, the trial spectrum, as expanded into 620 groups, is 

employed as a weighting function in the cross-section collapsing 

procedure. Reaction cross-section uncertainties in the form of a 

53 X 53 covariance matrix for each sensor reaction are also 

constructed from the information contained on the ENDF/B-V data 

files. These matrices include energy group to energy group 

uncertainty correlations for each of the individual reactions. 

However, correlatiops between cross-sections for different sensor 

reactions are not included. The omission of this additional 

uncertainty information does not significantly impact the results 

of the adjustment . 
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Due to importance of providing a trial spectrum that exhibits a 

relative energy distribution close to the actual spectrum at the 

sensor set locations, the neutron spectrum input to the FERRET 

evaluation is obtained from a plant specific calculation for the 

reactor in question. While the 53 X 53 group covariance matrices 

applicable to the sensor reaction cross-sections are developed 

from the ENDF/B-V data files, the covariance matrix for the input 

trial spectrum is constructed from the following relation: 

where Ru specifies an overall fractional normalization 

uncertainty (i.e., complete correlation) for the set of values. 

The fractional uncertainties Rg specify additional random 

uncertainties for group g that are correlated with a correlation 

matrix given by: 

P ,=(1-0)o ,+ee -n gg gg 

where: 

The first term in the correlation matrix equation specifies 

purely random uncertainties, while the second term describes 

short range correlations over a group range 1 (9 specifies the 
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strength of the latter term). The value of o is 1 when g = g' 

and o otherwise. 

The reaction rates input to the least squares adjustment 

procedure are obtained using the procedures discussed in Sec~ion 

3.0. The uncertainties associated with these measurements 

include both statistical (counting) and systematic components. 

The systematic component of the overall uncertainty accounts for 

counter efficiency, counter calibrations, irradiation history 

corrections, and corrections for competing reactions in the 

individual sensors. 

The least squares adjustment approach in general and the FERRET 

code in particular have been widely applied throughout the 

nuclear industry. The approach has been used to establish 

fundamental exposure rate data included in the previously 

described PCA benchmark compilation that is used extensively in 

the qualification of neutron transport analysis methodologies. 

This dosimetry evaluation approach has also been employed to 

establish a surveillance capsule dosimetry data base for use in 

the development of embrittlement trend curves for light water 

reactor applications (10]. 

4.2.2 Specific Assignment of Input Uncertainties 

4.2.2.1 Reaction Rates 

A detailed discussion of the uncertainties associated with the 

determination of reaction rates from internal surveillance 

capsule and reactor cavity sensor sets was provided in Section 

3.0. Although the actual uncertainties for a specific set of 

measured data will vary somewhat based on the parameters of the 
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irradiation and the statistics involved in the counting 
procedure, the following tabulation is typical of the 

uncertainties expected in this reactor cavity and surveillance 
capsule irradiations: 

cu-63 (n,a) 4% 
Ti-46 (n,p) 5% 

Fe-54 (n,p) 4% 

Ni-58 (n,p) 5% 

U-238 (n, f) 7% 

Np-237 (n If) 6% 
Co-59 (n,-y) 5% 
U-235 (n, f) 6% 

These tabulated uncertainties are representive of the la 

variation in the measurement results . 

4.2.2.2 Dosimetry Cross-Sections 

As noted in Section 4.2, the dosimetry cross-sections as well the 

uncertainties associated with these cross-sections are taken 

directly from the ENDF/B-V data files. Data from those files, as 

collapsed into the FERRET group structure, are provided in Tables 

4-1 and 4-2 for fast neutron reactions important to reactor 

vessel dosimetry. In Table 4-1 the groupwise reaction cross

sections are tabula~ed, while the associated group cross-section 

uncertainties are listed in Table 4-2 . 
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4.2.2.3 Trial Spectrum 

In performing the least squares adjustment approach to determine 

the exposure parameters at the measurement locations, the 

calculated neutron energy spectrum at the location of the sensor 

sets is utilized as the initial trial spectrum in the iterative 

procedure. However, the uncertainties associated with that input 

spectrum are liberalized in order to permit the measured reaction 

rates and dosimetry cross-sections to drive the solution; and, 

hence, to permit adjustment of the input spectrum to fit the 

measured data for all practical applications. 

In the least squares adjustment procedure, therefore, the 

specific assignment of uncertainties in the input spectrum are as 

follows: 

Flux Normalization Uncertainty 

Flux Group Uncertainties 

(E > 0.0055 MeV) 

(0.68 ev < E < 0.0055 MeV) 

(E < 0.68 eV) 

Short Range Correlation 

(E > 0.0055 MeV) 

(0.68 eV < E < 0.0055 MeV) 

(E <. 0.68 eV) 

Flux ~roup Correlation Range 

(E > 0.0055 MeV) 

(0.68 ev < E < o.0055 MeV) 

(E < 0.68 eV) 
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30% 

30% 

58% 

104% 

0.9 

0.5 

0.5 
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3 
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It should be noted that the uncertainties listed for the upper 

energy ranges extend down to the lower energy range. Thus, the 

58% group uncertainty in the second range is made up of a 30% 

uncertainty with a 0.9 short range correlation and a range of 6, 

and a second part of magnitude 50% with a 0.5 correlation and a 

range of 3. 

Again, uncertainties associated with the trial spectrum input to 

the least squares adjustment procedure are not intended to 

represent the expected uncertainty in an absolute plant specific 

computation. These analytical uncertainties are discussed in 

Section 2.0. Here the intent is to produce "measured 11 values of 

¢ (E > 1.0 MeV}, ¢ (E > 0.1 MeV}, and dpa in a fashion that is as 

independent as possible from the calculation. Thus, the input 

uncertainties on the trial spectrum are approximately twice those 

actually expected from an absolute calculation • 

4.2.3 Output Uncertainties 

Typical output la uncertainties in the "measured" exposure 

parameters at the location of the sensor sets may be summarized 

as follows: 

¢ {E > 1.0 MeV) 

¢ {E > 0.1 MeV) 

dpa 

6-10% 

12-16% 

10-14% 

The actual values associated with a particular sensor set will, 

of course, depend on the input uncertainties as well as on the 

type and number of reaction rates included in the sensor set. 

The larger uncertainties associated with¢ {E > 0.1 MeV) and dpa 

are caused by the importance of neutrons with energies below 1.0 
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MeV to the response of interest and the corresponding lack of 
sensor coverage in terms of energy response in these regions of 

the spectrum. The uncertainty ranges given above do, however, 

bound the values bormally obtained from surveillance capsule and 
cavity irradiations. 

It should be noted that the least squares adjustment approach 

using the FERRET code has been used by other evaluators with 

results consistent with those observed by westinghouse. Two 

examples of this consistency are worthy of note. 

The PCA pressure vessel mockup at ORNL is promoted as a key 

benchmark to be used in qualifying neutron transport techniques 

for use in Light Water Reactor applications. In Section 7.0 of 

NUREG/CR-3318, documenting the measurement results from the PCA, 

it is noted that all tif the fast neutron flux evaluations for 

that facility were performed using the least squares adjustment 

approach and, one of the evaluations was carried out using the 
FERRET code.· The remaining two independent evaluations were 

performed using the LSL-M2 and SENSAK adjustment codes. 

From the results published in NUREG-3318, it is noted that the 

three independent evaluations of the measured data yielded 

equivalent results with reported uncertainties in the measured 

neutron flux (E > 1.0 MeV) within the pressure vessel simulator 

in the range of 4-8% la. In keeping with the fact that the PCA 

was a controlled benchmark experiment these uncertainties are 

somewhat smaller th~n the 6-10% values typically observed by 

Westinghouse in Light Water Reactor applications. 

A second independent use of the least squares adjustment a.pproach 
in general and the FERRET code in particular can be found in 

NUREG/CR-3319 published in August 1985. That NUREG provided 
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documentation of a re-evaluation of the dosimetry data for 

surveillance capsules discharged from operating power reactors. 

-This re-evaluation, performed by an NRC contractor, was intended 

to provide a common basis for exposure values to be used in the 

assessment of embrittlement trend curves such as is provided in 

Regulatory Guide 1.99, Rev. 2. 

In performing these evaluations, the procedure utilizing a 

calculated trial spectrum, ENDF/B-V dosimetry cross-sections, and 

measured reaction rates was essentially identical to that 

currently used by Westinghouse in the evaluation of both 

surveillance capsule and cavity dosimetry sensor sets. The 

reported uncertainties associated with the updated dosimetry 

evaluations documented in NUREG/CR-3319 were in the range of 6-

10% la depending on the extent of multiple foil coverage included 

in the individual surveillance capsule sensor sets. Again, this 

range of output uncertainties is fully consistent with those 

observed by Westinghouse in power reactor dosimetry evaluations. 

4.3 Sensitivity studies 

In order to evaluate the effect of various input parameters on 

the results of the adjustment procedure several sensitivity 

studies were carried out using location dependent reaction rate 

data bases and location dependent trial spectra. In the first 

instance, a series of evaluations was performed to determine the 

sensitivity of the solution to the individual sensors included in 

the multiple foil package. In the second case, the sensitivity 

of the solution to the input trial spectrum was evaluated . 
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4.3.1 Sensitivity to Individual Sensor Reaction Rates 

The sensitivity of the output of the adjustment procedure to 

individual reaction rates is evaluated using reaction ~ates from 

an internal surveillance capsule data base. This reaction rate 

data is representative of a surveillance capsule mounted at the 

58.5 degree azimuthal location on the neutron pad of a 

Westinghouse 4-loop plant. The complete set of reaction rate 

data applicable to this capsule location is as follows: 

REACTION RATE 

(rps/nucleus) 

cu-63 (n, a) Co-60 5.69E-17 

Fe-54 (n,p) Mn-54 5.74E-15 

Ni-58 (n,p) Co-58 7.47E-15 

U-238 (n, f) Cs-137 (Cd) 3.31E-14 

Np-237 (n,f) Cs-137 (Cd) 2.96E-13 

Co-59 (n,-y) Co-60 5.03E-12 

Co-59 (n,-y) C0-60 (Cd) 2.53E-12 

The base case evaluation of this data set included this entire 

reaction rate set with the location specific trial spectrum used 

as input. Five additional least squares adjustments were also 

carried out in which each of the five threshold sensors were, in 

turn deleted from the evaluation. The resµlts of this reaction 

rate sensitivity study are depicted in Table 4-3. 

An examination of Table 4-3, indicates that of all foils included. 

in the sensor set packages the most significant impact on the 

derived results occurs when the Np-237 reaction is deleted from 

the data set. As expected, the impact on exposure parameters is 

largest for¢ (E > 0.1 MeV) where the neptunium response provides 
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most of the measured information in energy ranges of importance. 

The sensitivity of the Np-237 response shows up not only in the 

derived magnitude of the flux, but also is manifested in a 

[corresponding increase in the uncertainty from %. A JC 
somewhat smaller, but still significant impact is observed in the 

magnitude and uncertainty of the derived iron atom displacement 

rate (dpa) • 

In terms of the important ¢ (E > 1.0 MeV) variable, this 

sensitivity to missing reactions is greatly reduced. Although 

some sensitivity to the lack of the Np-237 sensor is observed, 

changes in the resultant magnitude of the fast neutron flux are 

within the specified la uncertainties. Nevertheless, the 

importance of including Np-237 fission monitors in surveillance 

capsule and reactor cavity multiple foil sensor sets is evident . 

4.3.2 Sensitivity to Input Trial Spectrum 

The sensitivity of the solution from the least squares adjustment 

procedure to the input trial spectrum was examined via the 

evaluation of two sets of surveillance capsule data and one set 

of reactor cavity measurements using three differing trial 

spectra as input. The complete matrix of analyses was as 

follows: 
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CASE No. ·SENSOR SET SPECTRUM 

lA CAPSULE 1 CAPSULE 1 

lB CAPSULE 1 CAPSULE 2 

lC CAPSULE 1 CAVITY 

2A CAPSULE 2 CAPSULE 1 

2B CAPSULE 2 CAPSULE 2 

2C CAPSULE 2 CAVITY 

3A CAVITY CAPSULE 1 

3B CAVITY CAPSULE 2 

3C CAVITY CAVITY 

In this matrix of evaluations, Cases lA, 2B, and 3C represent the 

best estimate approach for each data set. That is, in each of 

these evaluations the appropriate trial spectrum and reaction 

rate data set were matched as would be the case in a normal 

analysis. Furthermore, it ·should be noted that for the two 

internal surveillance capsule locations the trial spectra are 

close in relative shape while, for these cases, the cavity 

spectrum represents a totally unrealistic starting spectrum 

approximation. Likewise, for cavity sensor set evaluation the 

use of calculated spectra from internal surveillance capsules is 

inappropriate. 

The results of this parametric study on input trial spectrum are 

provided in Table 4-4. An examination of the data in Table 4-4 

indicates that in the derivation of ¢ (E > 0.1 MeV) and dpa from 

the measured reaction rates, the trial spectrum must be 

reasonably close to the actual spectrum in order to achieve 

meaningful results. This is, of course, due to the lack of foil 

coverage in the energy range below 1.0 MeV. When a totally 

inappropriate trial spectrum is employed changes in¢ (E > 0.1 

MeV) and dpa approach a factor of 2 relative to the best estimate 
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solution. This comparison, again, highlights the importance of 

using a location specific calculated trial spectrum in the 

dosimetry evaluations. 

Because of the excellent foil coverage above 1.0 MeV, the derived 

values of ¢ (E > 1.0 MeV) are much less sensitive to the input 

trial spectrum. In fact, the data in Table 4-2 indicate that for 

the cases examined the derived results are quite close for all 

spectra with changes in absolute value being within the typical 

la uncertainties associated with the least squares evaluation. 

These results lend confidence to the assertion that, for the 

derived flux (E > 1.0 MeV), the measured results using the least 

squares adjustment approach are essentially independent of the 

plant specific transport calculation applicable to the. sensor 

locati"on; and, therefore, provide a valid determination of biases 

that may exist in the calculated results • 
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• TABLE 4-1 

THRESHOLD DOSIMETER REACTION CROSS-SECTIONS ( cm2 ] FROM ENDF/B-V 
LOWER 

ENERGY 
(Me\/) Cue3(na) Ti-4e(np) F~(np) Nise(np) U23e(nt) Np237(n1) 

================================~~~aaa••••••z===============~•= 
1.49E+01 3.22E-2e 2.30E-25 2.42E-25 2.73E-25 1.2SE-24 2.59€-24 
1.35E+01 4.29E-2e 2.saE-25 3.eoE-2!5 4.18E-25 1.13E-24 2.3eE-24 
1.18E+01 4.e2e-2e 2.e;e-25 4.~-25 5.30E-2!5 1.00E-24 2.31 E-24 
1.00E+01 S.40E-2e 2.SQE-25 4.73E-25 5.78E-25 Q.85E-2S 2.35E-24 
e.e1e+oo 3.92E-2e 2.35E-25 4.nE-2!5 5.97E-2!5 9.93E-25 2.33E-24 
7.41E+OO 1.91E-2e 2.04E-25 4.7eE-2!5 !5.;QE-25 Q.goE-25 2.24E-24 
e.o7E+oo 9.31E-27 1.SSE-25 4.99E-2!5 5.94E-25 8.20E-25 1.93E-24 
4.97E+OO 2.93E-27 9.eoe-2e 4.26E-25 5.13E-2!5 5.58E-25 1.52E-24 
3.eeE+OO 4.47E-28 3.71E-28 3.03E-25 3.e:JE-2!5 5.45E-25 1.SSE-24 
2.97E+OO 2.97E-29 4.49E-27 1.90E-2!5 2.2ee-2s s.2ee-2s 1.eE-24 
2.23E+OO 1.eeE-30 4.e8E-29 1.ssae-2e 1.12E-2!5 S.37E-25 1.eQE-24 
1.74E+OO 7.92E-32 1.82E-31 2.12e-2e 3.e:JE-29 5.19E-2!5 1.e7E-24 
1.35E+OO 3.74E-34 9.eeE-33 3.2eE-27 1.35E-29 3.35E-25 1.e1E-24 
1.11e+oo 8.74E-29 4.SE-27 5.SQE-29 1.S!E-24 
e.21e-01 1.1QE-29 1.13E-27 1.see-2e 1.43E-24 
e.se-0.1 2.33E-30 7.79E-29 2.seE-27 1.10E-24 
4.ME-01 e.eoe-32 9.24E-30 e.;oe-29 e.ese-~s 
3.eeE-01 1.e7E-32 1.23E-30 2.QOE-28 3.0E-2!5 
3.0:2E-01 1.30E-32 9.91E-31 1.nE-28 1.33E-2!5 

• 1.e:JE-01 9.0E-33 e.eee-31 9.SQE-29 5.37E-21 
1.11e-01 5.48E-33 4.0E-31 7.58E-29 3.2eE-21 
9.74E-02 3.32E-33 2.45E-31 e.01E-29 2.2se-29 
4.oeE-02 . 2.01E-33 1.48E-31 e.17E-29 1.38E-29 
2.!SSE-02 1.24E-33 9.1E-32 7.42E-29 1.12E-29 
1.QSIE-02 8.59€-34 e.33E-32 8.eeE-29 1.14E-21 
1.!SOE-02 e.eoe-34 4.eeE-32 IUOE-29 1.15E-29 
9.12E-03 4.!SOE-34 3.31E-32 1.02e-28 1.19E-2t 
!5.!53E-03 2.73E-34 2.01E-32 7.29E-29 1.17E-2t 
3.38E-03 1.e!E-34 1.22E-32 1.iOE-29 9.S!E-27 
2.ME-03 8.e!E-33 8.31E-34 1.25E-2t 
2.40E-03 7.34E-33 1.1eE-33 8.73&-27 
2.0E-03 e.19€-33 2.38E-33 3.;E-27 
1.23E-03 4.--33 2.33E-28 2.32£-29 
7.GE-04 2.72E-33 8.39E-28 2.97E-2t 
4.&E-04 1.e!E-33 1.09E-27 2.78E-29 
2.79&-04 1.00E-33 1.eeE-29 3.eeE-29 
1.17£-04 C!l.07E-34 2.e1E-29 e.90E-2t 
1.01E-04 3.eeE-34 5.29€-30 5.2oe-29 
e.14E-05 2.23&-34 5.73E-29 2.79E-27 
3.73E-05 1.35E-34 1.17E-29 1.78E-29 
2.29E-05 2.15E-29 5.41E-2t 
1.37E-05 3.!0E-28 1.soe-21 
1u2e-oe 5.03E-31 3.3eE-27 
s.cwe-oe 1.19€-28 1.31E-29 
3.oee-oe e.oee-31 e.eoe-21 
1.eee-oe 4.91E-31 1.39E-27 
1.13E-oe 5.49E-31 1.33E-29 
e.eae-01 4-17 9.41E-31 1.~-27 • 4.14E-07 1.1eE-30 2.03E-29 
2.!51E-07 1.eoE-30 3.10E-27 
1.52E-07 2.00E-30 ,4.0!E-27 
St.24&-0I 2.!51E-30 5.79€-27 
o.ooe+oo 4.eeE-30 1.53E-• 



•• TABLE 4-2 

GROUP UNCERTAINTIES ['] IN THRESHOLD DOSIMETER CROSS-SECTIONS 
LOWER 

ENERGY 
( .... \1) Cue3(na) Ti4e(np) Fe54(np) NiSl(np) U238(n1) Nl)237(nt) 

=============3==================zaazasz3azs•=================•= 
1.49E+01 7.58E+OO 1.46E+01 6.S9E+OO 1.eoe+o1 e.ooe+oo 1.54E+01 
1.35E+01 7.54E+OO 1.19E+01 s.sae+oo 1.eoe+o1 7.03E+OO 1.48E+01 
1.1ee+o1 7.4SE+OO 9.00E+OO 5.e3E+OO 1.ae+o1 5.9SE+OO 1.42E+01 
1.00E+01 9.32E+OO e.ooe+oo 4.3eE+OO 1.12e+o1 4.ese+oo 1.34E+01 
e.e1e+oo 7.52E+OO 8.00E+OO 4.3eE+OO 7.07E+OO 3.95E+OO 1.27E+01 
7.41 E+OO e.oee+oo e.ooe+oo 3.saE+OO e.12e+oo 3.eeE+OO 1.20E+01 
e.07E+OO 9.!ee+OO e.ooe+oo 3.74E+OO 7.07E+OO 3.75E+OO 1.12E+01 
4.97E+OO 1.03E+01 e.ooe+oo 3.!0E+OO e.eee+oo 3.e3E+OO 1.03E+01 
3.ISeE+OO 1.33E:+01 e.ooe+oo 3.eae+oo e.eee+oo 3.47E+OO 9.90E+OO 
2.97E+OO 1.92E+01 3.57E+01 4.99E+OO 1.03E+01 3.30E+OO 9.90E+OO 
2.23E+OO 2.e7E+o1 e.e9E+o1 4.eQE+OO 1.03E+01 3.1SE+OO 9.90E+OO 
1.74E+OO 1.00E+02 1.00E+02 5.11E+OO 9.14E+OO 3.13E+OO 9.90E+OO 
1.3SE+OO 1.00E+02 1.00E+02 7.21E+OO 1.41E+01 5.30E+OO 9.90E+OO 
1.11E+OO 7.21 E+OO 1.41E+01 7.2!5E+OO 9.SlOE+OO 
e.21e-01 1.20E+01 1.4SE+01 9.41E+OO 9.90E+OO 
e.38E-01 1.S8E+o1 1.eoe+o1 1.18E+o1 9.90E+OO 
4.98E-01 1.56E+01 1.00E+02 1.40E+01 1.02E+01 
3.eeE-01 1.00E+02 1.00E+02 2.1ee+o1 1.1SE+o1 
3.02E-01 1.ooe+02 1.00E+02 3.!0E+01 1.29E+01 

• 1.l3E-01 1.ooe+02 1.00E+02 5.48E+01 1.soe+o1 
1.11E-01 1.ooe+02 1.00E+02 e.12E+o1 1.eoe+o1 
e.14E-02 1.00E+02 1.ooe+02 1.ooe+02 2.11e+o1 
4.oeE-02 1.ooe+02 1.ooe+02 1.00E+02 2.42E+01 
2.S!E-02 1.00E+02 1.ooe+02 1.00E+02 3.13E+01 
1.aee-02 1.ooe+02 1.ooe+02 1.00E+02 3.07E+01 
1.!0E-02 1.00E+02 1.ooe+02 1.00E+02 3.03E+01 
9.12E-03 1.ooe+02 1.ooe+02 1.00E+02 2.97E+01 
5.53E-03 1.00E+02 1.ooe+02 1.00E+02 2.88E+01 
3.38E-03 1.ooe+02 1.00E+02 1.00E+02 2.e1e+o1 
2.IE-03 1.00E+02 1.00E+02 2.7eE+01 
2.40E-03 1.00E+02 1.00E+02 2.73E+01 
2.0E-03 1.ooe+02 1.00E+02 2.71E+01 
1.23E-03 1.00E+02 1.00E+02 2.eee+o1 

. 7.48E-04 1.00E+02 1.00E+02 2.58E+01 
4.SE-04 1.00E+02 1.ooe+02 2.soe+o1 
2.7!E-04 1.00E+02 1.ooe+02 2.43E+01 
1.17£-04 1.ooe+02 1.00E+02 2.35E+01 
1.01E-04 1.ooe+02 1.00E+02 2.2ee+o1 
1.14&-05 1.ooe+02 1.00E+02 2.22e+o1 
3.73E-05 1.ooe+02 1.00E+02 2.19E+01 

. 2.aE-05 1.00E+02 2.1ee+o1 
1.37E-05 1.ooe+02 2.12E+01 
a.32£-oe 1.00E+02 2.09E+01 
s.OE-oe 1.ooe+02 2.oeE+01 
3.oeE-oe 1.00E+02 2.03E+01 
1.eee-oe 1.ooe+02 2.ooe+o1 
1.13E-oe 1.0QE+02 1.97E+01 
e.83E-o7 4-18 1.00E+02 1.;E+o1 

• 4.14&-07 1.ooe+02 1.90E+01 
2.51E-07 1.00E+02 1.97E+01 
1.•-01 1.ooe+02 1.ME+01 
1.2E-oe 1.ooe+02 1.e1e+01 
o.ooe+oo 1.00E+02 1.ooe+01 
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TABLE 4-3 

SUMMARY OF LEAST SQUARES ADJUSTMENT SOLUTION TO INDIVIDUAL 

SENSOR REACTION RATES 

EXPOSURE PARAMETER 

Flux [ n/ cm2-sec) 

¢ CE > 1. 0 MeVl ¢ CE > 0.1 MeV) dpa/sec 

Full Sensor Set 

No cu-63 (n,a) 

No Fe-54 (n,p) 

No Ni-58 (n,p) 

No U-238 (n t f) 

No Np-237 ( n, f) 

la UNCERTAINTY 

¢ (E > 1. 0 MeV) ¢ (E > 0.1 MeV) dpalsec 

Full Sensor Set 

No cu-63 (n, a) 

No Fe-54 (n,p) 

No Ni-58 (n,p) 

No U-238 (n, f) 

No Np-237 (n, f) 

4-19 
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CASE lA 

CASE lB 

CASE lC 

CASE 2A 

CASE 2B 

CASE 2C 

CASE 3A 

CASE 3B • CASE 3C 

• 

TABLE 4-4 

SENSITIVITY OF LEAST SQUARES ADJUSTMENT RESULTS 

TO THE INPUT TRIAL SPECTRUM 

EXPOSURE PARAMETER 

Flux [n/cm2-sec] 

¢ (E > 1.0 MeV) ¢ (E > 0.1 MeV) 

4-20 
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SECTION 5.0 

DETERMINATION OF THE BEST ESTIMATE PRESSURE VESSEL EXPOSURE 

5.1 Overall Approach 

As noted earlier in this report, the best estimate exposure of 

the reactor pressure vessel is developed using a combination of 

absolute plant specific neutron transport calculations based on 
the methodology.discussed in Section 2.0 and plant specific 

measurement data determined using the measurement techniques 

described in Sections 3.0 and 4.0. In particular, the best 

estimate vessel exposure is obtained from the following 

relationship: 

where: ¢Be8t Eat. = 

K = 

c/Jc0:. = 

<I> Best Est. K <l>calc. 

The best estimate fast neutron exposure at 

the location of interest. 

The plant specific measurement/calculation 

bias factor derived from all available 

surveillance capsule and reactor cavity 

• dosimetry data ~ 

The absolute calculated fast neutron exposure 

at the location of interest. 

The approach defined in the above equation is based on the 
premise that the measurement data represent the most accurate 
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plant specific information available at the locations of the 
dosimetry; and, further, that extrapolation from the measurement 
points to locations of interest within the vessel wall can be 

accomplished using relative ratios from the absolute transport 

calculations. 

The use of the measurement data on a plant specific bases 

essentially removes biases present in the analytical approach and 

mitigates the uncertainties that would result from the use of 

analysis alone. That is, at the measurement points the 

uncertainty in the best estimate exposure is dominated by the 

uncertainties associated with the measurement process. At other 

locations, additional uncertainty is incurred due to the 

extrapolation process, but, as is discussed in Section 5.2, the 

net uncertainties in projected values are well within ± 20% as 

required in the PTS rule . 

The acceptance of dosimetry data as the best available exposure 

information at the measurement locations is consistent with the 

philosophy set forth in Regulatory Guide 1.99, Rev. 2. In 

Section 2.0 of that guide a prescription is provided to compute 

plant specific chemistry factors based on least squares fits to 

plant specific materials properties measurements and plant 

specific dosimetry data. In Section 2.1 of the guide, it is 

further noted that using the plant specific data in this manner 

may result in a reduction in the margin term associated with the 

computed Charpy shift. Clearly, this approach recognizes the 

potential superiori1:y of the plant specific shift and f luence 

measurements vis a vis an overall industry data base and, 

.further, is fully consistent with the philosophy imbued in the 

best estimate fluence methodology described above • 
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It should be recognized that the M/C bias factor, K, can be 
considered in several ways depending on the amount and quality of 

the measured data .that is available for a specific plant. When 

no pl-ant specific measurements are available, the value of K is 
best obtained from the overall industry data base discussed in 
Section 2.5. However, as data are accumulated for a particular 

reactor a ~lant specific bias factor is developed. As noted in 

the preceding paragraph, Regulatory Guide 1.99, Rev. 2 suggests 

that two or more credible dosimetry data points are sufficient to 

generate plant specific trends. 

With the inclusion of reactor cavity dosimetry sets, the 

potential exists to accumulate sufficient data at several 
azimuthal locations to generate location dependent bias factors 

for specific reactors. The typical reactor cavity dosimetry 

program provides measured data at four or more azimuthal 

locations within the beltline region of the pressure vessel. At 

each of these azimuthal angles axial distribution data is 

provided at 0.5 -1.0 foot intervals over the height of the 

beltline. 

Due to this abundance of spatial gradient information obtained 

from a cavity dosimetry program, extrapolation of the 

measurements to the inner diameter of the reactor vessel can be 

done directly along radial traverses. No azimuthal or axial 

extrapolations are required. Thus, when sufficient measurement 

data have been collected, the use of azimuthally dependent M/C . 
bias factors becomes viable. 

5.2 Uncertainty in the Best Estimate Exposure 

The overall uncertainty in the best estimate exposure projections 

within the vessel wall depend on the individual uncertainties in 
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the measurement process, the uncertainty in the dosimetry 
location, and in the uncertainty in the calculated ratio of the 
neutron exposure at the point of interest to that at the 

measurement location. For the fast neutron flux (E > 1.0 MeV), 

these uncertainties projected from reactor cavity and 

surveillance capsule dosimetry may be summarized as follows based 

on the arguments presented in preceding sections of this report: 

CAVITY CAPSULE 

COMBINED UNCERTAINTY 8-11% 9-12% 

The uncertainties in measured flux derive directly from the 

results of the least squares adjustment evaluation of dosimetry 

data. The positioning uncertainties are taken from the 

parametric studies of sensor position discussed in Section 2.0. 

The uncertainties in the extrapolation ratio are based on the 

vessel thickness tolerance for the cavity data and on downcomer 

water density variations and vessel inner radius tolerances for 

the sur,veillance capsule measurements. 

In regard to the~interpretation and use of neutron dosimetry, 
particularly from the reactor cavity, for best estimate exposure 
projections applicable to the pressure vessel wall, questions 

have been raised concerning the adequacy of ENDF/B-IV iron 
inelastic scattering cross-sections and the subsequent impact on 
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dosimetry extrapolation. In particular, it has been suggested 
that the use of ENDF/B-VI cross-sections in the neutron transport 
calculations would result in an improvement in ·the accuracy of 

the computed results. 

In addressing this cross-section issue, it must be recognized 

that ENDF/B-VI cross-sections are not currently available for 

use. A significant amount of effort would be required to 

complete cross-section benchmarking studies and to generate a 
multi-group library for light water reactor applications. 

Therefore, at the present time, it is not possible to perform 

plant specific studies using the ENDF/B-VI iron cross-sections. 

Qualitative evaluations of the potential impact of the use of 

ENDF/B-VI data can, however, be performed using preliminary 

research studies published by other evaluators . 

In NUREG/CR-5648, a non-conservatism in vessel exposure 

projections attributed to the use of ENDF/B-IV iron cross

sections was noted for an analysis of Arkansas Nuclear Unit 1. 

In that evaluation, the use of ENDFB/VI Fe cross-sections 

resulted in a 9% increase in the calculated fast neutron flux at 

the pressure vessel inner radius and a 20% increase in the 

calculated flux at the outer radius of the pressure vessel. Note 

that this observation implies a 10% decrease in the ratio of the 

flux at the inner radius to that at the outer radius of the 

pressure vessel. That is, the calculated slope of the fast 

neutron flux through the pressure vessel wall using ENDF/B-IV 
c 

cross-sections is steeper than that calculated using the ENDF/B-

VI data base. This observation is illustrated in Figure 5-2. 

Since the extrapolation procedure utilized to relate cavity 

dosimetry measurements to the vessel inner radius requires 

normalization of the absolute plant specific calculation to the 

5-5 



• 

• 

• 

measurements in the cavity, it follows that the steeper 
attenuation slope (ENDF/B-IV) will result in a higher exposure 
projection at the vessel~ inner diameter. This conclusion is 

illustrated in Figure 5-3. 

Based on the illustrations shown in Figures 5-2 and 5-3 and the 

further assumption that the slope calculated using ENDF/B-VI iron 

cross-sections is accurate (this assumption must still be 

proven), it follows that the use of an ENDF/B-IV calculated 

attenuation slope to relate cavity dosimetry measurements to the 

exposure at the pressure vessel inner radius will add a small 

conservative bias to the exposure projections. In the case of 

the Arkansas Nuclear Unit 1 illustration, this conservatism would 

amount to approximately 10%. 

The issue of ENDF/B-IV vs ENDF/B-VI iron cross-sections may 

indeed add an additional conservative bias to pressure vessel 

exposures projected from reactor cavity dosimetry; and the 

removal of this conservatism should be addressed over the long 

term providing that ENDF/B-VI based libraries become commercially 

available. For the present, however, this issue in no way 

impacts the evaluation of cavity dosimetry at the measurement 

points and, at most, indicates that a small degree of 

conservatism may exist in the best estimate exposure at the 

pressure vessel inner radius. 

5.3 Typical Example of Best Estimate Exposure Determination 

The use of the exposure evaluation approach described in Section 

5.1 is best illustrated by use of a typical example. Consider 

the case of an operating reactor for which dosimetry evaluations 

are available from both internal surveillance capsule and reactor 
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cavity measurement programs. In this example, data has been 

obtained according to the following schedule. 

1. 2 EFPY 

2.2 EFPY 

4.4 EFPY 

CAPSULE 

x 
CAVITY 

x 
x 
x 

Each withdrawal of dosimetry from the reactor cavity produced 

measured data at four azimuthal locations on the reactor core 

midplane. The capsule withdrawal produced a single measurement 

point at the geometric center of the internal capsule. Thus, for 

the current evaluation, 13 measurement/calculation comparisons 

are available from which the plant specific bias factor, K, can 

be determined . 

The comparisons of calculated and measured fast neutron flux (E > 

1.0 MeV) for each of dosimetry sets from the example reactor are 

provided in Table 5-1. An examination of the data in Table 5-1 

shows that, for the 13 data points included in the evaluation the 

average C/M ratio is 0.864 ± 0.068 la. In this example, the la 

variation is approximately 8% relative to the average. 

Based on this data set the global plant specific bias factor 

applicable to the example reactor is given by: 

K 1.0 
C/M 

1.0 
0.864 
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Thus, the best estimate exposure of the pressure vessel for the 

example reactor becomes 

<I> Best Est. 1.16 <I> Cale. 

Comparisons of the best estimate calculation at several azimuthal 

angles at the pressure vessel inner radius with extrapolations 

from of the individual measurements to the inner radius locations 

is illustrated in Figure 5-1. The data depicted in Figure 5-1 

represent integrated exposure over the four cycles of 

irradiation; and demonstrate that the best estimate calculated 

results using the overall plant specific bias factor agree quite 

well with the extrapolated results of individual measurements . 

The example cited above utilized a single overall plant specific 

bias factor to adjust plant specific transport calculations on a 

global basis. The bias factor was generated based on 13 

measurement points currently available. As additional data are 

collected from surveillance capsule and reactor cavity 

irradiations, this global bias factor can be refined and the 

potential exists to develop location specific bias factors for 

each azimuthal angle containing dosimetry . 
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TABLE 5-1 

COMPARISON OF MEASURED AND CALCULATED EXPOSURE RATES FROM 

SURVEILLANCE CAPSULE AND CAVITY DOSIMETR¥ IRRADIATIONS 

FAST NEUTRON FLUX (E > 1.0 MeV) [n/crn2-secJ 

Measured Calculated Cl'.M 

Capsule (CY 1) 7.67E+10 6.63E+10 0.864 

Cavity 1 (CY 1) 3.16E+08 2.63E+08 0.832 

Cavity 2 (CY 1) 3.98E+08 3.83E+08 0.962 

Cavity 3 (CY 1) 7.25E+08 5.85E+08 0.807 

Cavity 4 (CY 1) 9.04E+08 6.53E+08 0.722 

Cavity 1 (CY 2) 2.92E+08 2.30E+08 0.788 

Cavity 2 (CY 2) 3.25E+08 2.89E+08 0.889 

Cavity 3 (CY 2) 6.44E+08 5.24E+08 0.814 

Cavity 4 (CY 2) 6.60E+08 5.64E+08 0.855 

cavity 1 (CY 4) 2.19E+08 2.05E+08 0.936 

Cavity 2 (CY 4) 2.86E+08 2.72E+08 0.951 

Cavity 3 (CY 4) 5.50E+08 5.09E+08 0.925 

cavity 4 (CY 4) 6.15E+08 5.43E+08 0.883 

AVERAGE C/M RATIO 0.864 

la VARIATION + 0.068 
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FIGURE 5-1 

NEUTRON FLUENCE (E > 1.0 MeV) AS A FUNCTION OF OPERATING TIME 

PRESSURE VESSEL INNER RADIUS 
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FIGURE 5-2 

COMPARISON OF ENDF/B-IV vs ENDF/B-VI ABSOLUTE FLUENCE PROFILES 

FROM NUREG/CR-5648 
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FIGURE 5-3 

COMPARISON OF ENDF/B-IV vs ENDF/B-VI NORMALIZED FLUENCE 

PROFILES FROM NUREG/CR-5648 
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