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May 29, 1996

RENORANDUN TO: James N. Tayloer
Executive Director for Operations

FRON: David L. Morrison, Director /s/ DLMorrison
0ffice of Muclear Regulatory Research
SUBJECT: RESOLUTION OF GENERIC SAFETY ISSUE 15, *RADIATION EFFECTS ON

REACTOR VESSEL SUPPORTS®

The purgosl of this memorandum is to document the resolution of Generic Safety
Issue 15 (6SI-18) "Radiation Effects on Reactor Vessel Supports.® 6S1-15 was
originally estabiished to evaluate the effects of neutrons of energies betwoen
0.1 and 1 Mev in addition to those of energies > 1 NeV. The issue was
determined to have a LOW priority at that time because the occupational dose
increases associated with this issue far outweighed the public risk reduction.
The prasent concern arose later over the fssue that neutron irradiation at
1ow-temperature and low-flux might embrittle reactor pressure vessel (RPY
supports more rapidly than predicted based on traditiomal trend bands. is
newer concern has been studied extensively, and the results are documented in
NUREG-1509, "Radiation Effects to Reactor Vessel Supports® (in publication).
The staff position 1s that the findings provide a sufficient basis for the
resolution of GSI-15, both for the current and for the original concerns, and
that no action need be taken by 1icensses concerning reactor vesse) sugports.
NUREG-1509 will be distributed to licensees and CP holders, and will also be
available through the NRC Public Document Room.

Background

The present concern for RPV support {ntegrity arose when the Oak Ridge
National Laboratory found that the High Flux Isotope Reactor snfll)
surveillance data exhibited excessive smbrittlsment in an environment thought
to be similar to operating reactor cavities. To evaluate the problem, GSI-15
was reprioritized to consider the issue of fracture resistance of RPY supports
in oporatl:: plants and to determine if the structural integrity of the
supports under Design Basis Accident conditions may have been compromised.
The studies addressed embrittlement of structural steels of the type used to
fabricate RPY supports exposed to low-flux, low-temperature conditions
simulating the HFIR environment; dosimetry experiments to measure and
characterize the HFIR neutron energy spectrum; studies of the neutron flux and
s rum in an operating reactor cavity; and structural analyses to determine
consequences of support failure. The work showed the unexpectedly high
embrittiement in HFIR to be caused by a relatively high gasma radiation dose
rather than a high thermal neutron dose as was originmally postulated. Thus, /4 /
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the experimental evidence showed first, that the excessive embrittiement in
the HFIR data could be attributed to \ong-term, Yow=temperature gammd
radiation and second, because the HFIR gamma radiation environment {s 100 to
3,000 times greater than that in an ogor|t1n| resctor cavity at the paak flux
p{nno vessel beltiine), it {s clear that the HFIR surveillance data are not
directly applicable to irv supports. Finally, based on the greater accuracy
of the datailed neutron and gasma radiation calculations and dosimetry
measurements, it could be shown that the radiaticn-induced embrittiement of
APV supports could be estimated from traditiona) trend curves and that the
level of radiation-induced increase in ombrittiement is not a cause for
concern for continuing plant integrity, for either the 40-year 1ife of
currently operating plants or for a 20-year 1icense renewa) period.
Furthermore, the original {ssue of embrittiement by neutrons of energies < 1
NeV was reconsidered in 1ight of the findings of the ?rnscnt study., It was
clearly determined that the present findings and conclusions encompass the
original issue and that no unresolved technical {ssues remain in this area.

Issue Resolution

The analysis conducted for resolution of 6$1-16 considered both the technical
findings, included in NUREG-1509, and considerations of cost/benefit for a
series of options (Refarence 1). One of those options, for reevaluation of
RPY supports and the taking of appropriate corrective action (if any), was
seen to be justified only at one extreme of the cost/benefit ratios. While it
was not clear how many plants would fit those conditions (although probably
very few) the reevaluation option was not justified because the radiation
embrittiement concern had besn essentially eliminated.

Asong the technical findings noted during work on 6SI-15 was the fact that
there would be significant variability among plants with respect to the issue
because of the great variety of RPY support designs, material properties, and
fuel management procedures that affect the neutron flux and spectrum in the
cavity. In order to encompass the uncertainties in the various analyses and
provide an overall, conservative assessment for this issue, severa) structural
analyses were conducted. These demonstrated that (1) even if postulating one
of four RPY supports were broken ina tygical PWR, the remiining intact
supports would carry the reactor vessel load even under SSE seismic loads and
(2) 1f a1l supports were assumed to be totally removed (i.e., broken), the
short span of piping between the vesse) and the shield wall could carry the
Toad of the vessel, In summary, analyses have virtually eliminated the
concern for both radiation oubritt\cunnt and for significant structural
consequences from 3 postulated RPY support failure.

The ACRS has reviewed the Staff’'s work on 6S1-18 and agrees with the
recosmandation of no action to be taken (Reforence 2).
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conclusion

Nith the issuance of NUREG-1509 and in consideration of the other referenced
édocuments developed in this study, Generic Safety Issue 18 is considered

resolved. For further information plesse contact Richard E.

(301-415-6758)..
Refarsnces

Johnson

1. N. R. Anderson, R. E. Lipinski and D. L. Kelly, *Supplement to Technical
Report, m—ssit-om. Costlnmﬂt Amalysis of 4s1-18:Radiation Effects

on Reactor Vessel Supports,
1998,

Lockhead 1daho Technologies Company, April

- W. J. Lindblad to J. W. Taylor, "Proposed Resolution of Generic Safety
Issue 18, 'Radiation Effects on Reactor Yesse! Supports,’® July 13,

1904.
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MEMORANDUM FOR: John T. Larkins, Executive Director
Advisory Committee on Reactor Safeguards

FROM: Joseph A. Murphy, Acting Director
Division of Safety Issue Resolution
Office of Nuclear Regulatory Research

SUBJECT: PROPOSED RESOLUTION OF GSI-15, "RADIATION EFFECTS ON REACTOR
: PRESSURE VESSEL SUPPORTS® :

Enclosed for ACRS review is the proposed resolution package for Generic Safety

Issue No. 15 (6SI-15), "Radiation Effects on Reactor Pressure Vessel
Supports.*®

6SI-15 was repricritized in December, 1988 and designated as a high priority
issue. The reprioritization was done as a result of reviews by the ACRS and
the NRC staff of data from surveillance specimens exposed in the HFIR reactor
at the Oak Ridge National Laboratory (ORNL). The ACRS reviewed the data and -
the report by ORNL that the steel samples had exhibited more rapid than
expected embrittliement. Noting that the environment in HFIR was sufficiently

similar to the operating conditions at reactor pressure vessel (RPV) supports,
the ACRS recommended revisiting GSI-15.

The concern regarding RPV support radiziion embrittlement was initiated by
Yirginia Electric and Power Company (VEPCO) as a Part 21 netification in a
March 28, 1978 letter to James 0’Reilly (NRC). GSI-15 was established to
address the concern that low-temperature, Tow energy neutron irradiation may
embrittle RPV supports more rapidly than expected. The issue was originally
classified as a candidate Unresolved Safety Issue (USI) in NUREG-0705. In
that document it was recommended that further studies be conducted before
making 2 decision regarding disposition of the issue. In November 1983, the
issue was evaluated and designated as LOW priority.

After the high priority designation was established, a Task Action Plan was
prepared to evaluate the possibility that RPV supports may be degraded and
subject to failure in the event of a design basis accident. The investigation
was designed to address the loss of integrity either from a loss of fracture

toughness or an increase of the ductile-brittle trans1t1on temperature
(commonly: NDT).

CF

In the course of completing the program proposed in the GSI-15 Task Action

Plan, several findings emerged which contributed to the technical resolution

of the issue. The technical findings and results of the staff evaluations are
documented in the Enclosed NUREG-XXXX and the staff’s Regulatory Analysis.

Based on the evaluation, the staff has concluded that the concern for

radiation embrittlement of RPV supports is minimal and no regulatory action is
required. However, some of the criteria which constitute conventional wisdom

can be called to question and licensees should be advised of the GSI-15

findings by the vehjcle of an NRC Information Notice (copy -enclosed). /q ;1/ /EDFSKQ/(
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The resolution of GSI-15 is being accomplished by 1ssu1ng a close-out -
memorandum, a Regulatory Analysis and a NUREG. Because no action on the part
of licensees is being requ1red NRR concurrence is not needed. However, RES
has drafted an IN and NRR is being asked to issue it to all licensees.
Because no new requirements are being proposed, the staff plans to send the
proposed resolution package to the CRGR for information, only.

The ACRS will be advised as to the NRR position on the proposed resolution as
soon as it is established.

Joseph A. Murphy, Acting Director
Division of Safety Issue Resolution
0ffice of Nuclear Regulatory Research

Enclosures: eﬁ;“*/ig%“4é°iL—

1). Memorandum to James M. Taylor from Eric S. Beckjord, "Resolution of
Generic Safety Issue 15, ‘Radiation Effects on Reactor Vessel
Supports®.” :

2). NUREG-XXXX, "Radiation Effects on Reactor Pressure Vessel Supports,"
Draft dated May __ , 1994.

3). Regulatory Analysis, "Resolution of Generic Safety Issue No. 15,
‘Radiation Effects on Reactor Vessel Supports’.*

4). NRC Information Notice 94-XX: GENERIC SAFETY ISSUE RESOLUTION -
RADIATION EFFECTS ON REACTOR VESSEL SUPPORTS.

5). NUREG/CR-6117, "Neutron Spectra at Different High Flux Isotope Reactor
(HFIR) Pressure Vessel Surveillance Locations," Oak Ridge National
Laboratory, December, 1993.
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[revision as of 5-2-94]

MEMORANDUM FOR:  James M. Taylor
Executive Director for Operations

FROM: Eric S. Beckjord, Director
Office of Nuclear Regulatory Research

SUBJECT: RESOLUTION OF GENERIC SAFETY ISSUE 15, "RADIATION EFFECTS ON
REACTOR VESSEL SUPPORTS" o

The purpose of this memorandum is to summarize the resolution of the
referenced generic safety issue.

Summafy

Generic Safety Issue 15 (GSI-15) was established to evaluate the concern that
Tow-temperature, low-flux neutron irradiation might embrittle reactor pressure
vessel (RPV) supports more rapidly than predicted based on traditional trend
bands. The RES staff has prepared a Regulatory Analysis (Enclosure 1) and
concluded that a sufficient basis exists for the resolution of GSI-15. A
proposed NRC Information Notice (IN 94-XX) and a supporting NUREG report
(NUREG-XXXX, to be published) were forwarded to NRR for issuance to all
holders of operating licenses and construction permits to inform them of the
technical findings and resolution of GSI-15. IN 94-XX and NUREG-XXXX were
issued to licensees and CP holders on XX, 1994,

Background

The concern for RPV supﬁort integrity increased when the Oak Ridge National
Laboratory found that the High Flux Isotope Reactor (HFIR) surveillance data
exhibited excessive embrittlement in an environment thought to be similar to
operating reactor cavities. To evaluate the problem, GSI-15 was activated to
determine the variable fracture resistance of RPV supports in operating plants
and the degree to which the structural integrity of the supports under Design
Basis Accident conditions may have been compromised. Initially, the study
addressed embrittlement of structural steels exposed to low-flux, low-
temperature conditions. Dosimetry experiments aimed at measuring the HFIR
neutron energy spectrum gave anomalous results; further work showed that the
cause was a relatively high gamma radiation dose. From the experimental
evidence, it was concluded that (1) the excessive embrittlement in the HFIR
data can be attributed to long-term, low-temperature gamma radiation; and (2)
because the HFIR radiation environment is significantly different from that in
the cavity of an operating reactor, including the fact that the HFIR y flux is
about 3,000 times greater than the peak y measurement at the beltline, the
HFIR surveillance data do not represent RPV support embrittlement and the
safety concern is minimal. ‘

2407140046 40622
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In the work on GSI-15 it was found that some RPV support steels may have as-
built transition temperatures so high as to leave essentially no margin for
increase by irradiation. Also, other components which would have to carry
higher loads in the event of RPV support failure may undergo some degradation,
including: (1) primary coolant piping; (2) Targe snubbers supporting primary
coolant lines; (3) steam generator and primary coolant pump supports (in
PWRs): and (4) PWR steam generator tubing. The degradation mode will differ
depending on the component but each, in its own way, may be vulnerable to
failure in a Design Basis accident. Therefore it is prudent to ensure that
there is adequate fracture resistance in the RPV supports, both for the
current licensing period and for those plants contemplating future license
renewal. It was suggested in IN 94-XX that reevaluation of RPV supports by
Ticensees may be warranted to ensure that the strength and fracture resistance
?redgdequate for all anticipated transients and Design Basis accident

oadings.

The option of requiring licensees to reevaluate RPV supports and take
indicated corrective actions was ruled out because such actions would not be
cost-effective. In the course of resolving GSI-15, a detailed cost-benefit
analysis was completed by INEL, the principal technical assistance contractor.
Costs and benefits varied widely. Although reevaluation could be justified at
one extreme of the cost/benefit ratio, the staff had insufficient information
to decide how many plants would fit those conditions (probably very few) and
with the radiation embrittlement concern largely eliminated, the requirement
could not be justified.

Description of Resolution

The GSI-15 technical findings and cost/benefit analysis do not support a
requirement that utilities reevaluate the integrity of their RPV supports.
Information Notice 94-XX and the accompanying NUREG-XXXX were sent to all
holders of licenses and construction permits transmitting that information and
the bases for resolution of GSI-15. 1IN 94-XX notes that addressees who wish
to avail themselves of the information in the notice can find in NUREG-XXXX an
engineering approach and criteria for RPV support reevaluation accepted by the
NRC. For example, by determining the NDT shift of the RPV support steels as a
function of operating time, one can ensure that the NDT never exceeds the
Towest support operating temperature. Such determinations would use the
initial NDT and a shift calculated on the basis of dpa for the full neutron
energy spectrum. Among the technical findings noted during work on GSI-15 was
the fact that plants will not be equally vulnerable because of the great
variety of RPV support designs and fuel management procedures. However,
irradiation of RPV supports will continue at some rate so long as the plant
operates. Although the massive pressure vessel effectively screens the
supports from y exposure, the neutron flux is significant. That is, neutron _ .
irradiation would be expected to induce some loss in fracture toughness but -
not nearly as much as the initial interpretation of the HFIR data suggested.
Support reevaluation may be particularly important for cases of license
renewal beyond the initial 40 years.
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Conclusion

With the issuance of Information Notice 94-XX and NUREG-XXXX, along with the
documents referenced therein, Generic Safety Issue 15 is considered resolved.
For further information, please contact Richard E. Johnson (301-492-3909).

Eric S. Beckjord, Director
Office of Nuclear Regulatory Research

ENCLOSURE:
REGULATORY ANALYSIS - Resolution
of Generic Safety Issue No. 15,
"Radiation Effects on Reactor
Vessel Supports”

Russell, NRR
Sheron, NRR
Thadani, NRR
Strosnider, NRR
. Heltemes, RES
Speis, RES
Murphy, RES
Serpan, RES

. Cherny, RES
Kadambi, RES
Norian, RES
Mayfield, RES
Taboada, RES
Johnson, RES

cc:
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1.ABSTRACT

The NRC Generic Safety Issue No. 15, (GSI-15), "Radiation Effects on Reactor
Pressure Vessel Supports,” was established to evaluate the concern that low-
temperature, Tow-flux-level neutron irradiation might embrittle reactor pressure
vessel supports to a significant degree and compromise plant saféty.

Evaluation of the surveillance samples from the High Flux Isotope Reactor (HFIR)
at the Oak Ridge National Laboratory (ORNL) led to the conclusion that the
embrittlement rates of some materials used for pressurized water reactor pressure
vessel (RPV) supports could be higher than expected. This disclosure raised a
concern that a brittle fracture of the RPV supports could occur during the
anticipated 1ife-span of the plant. Tests of specimens from the Shippingport
plant neutron shield tank (NST) failed to confirm the HFIR results. :

A later study by the ORNL demonstrated that gamma radiation contributed a
significant amount of the embrittlement in the HFIR surveillance specimens.
However, the shielding provided by the thick steel shell of the RPV ensures that
degradation of RPV supports from gamma irradiation is improbable or minimal.
There is a residual concern because some of the RPV supports were constructed of
steel which may have rather high nil ductility transition (NDT) temperatures so
close to the minimum operating temperature as to leave essentially no margin for
increase from irradiation.

This report (1) describes in some detail the technical findings resulting from
the work done in accord with the GSI-15 Task Action Plan and (2) was used, in
part. as the basis for technical resolution of the issue.



2. LIST OF ACRONYMS AND INITIALISMS

ACRS Advisory Committee on Reactor Safety

AIF Atomic Industrial Forum

AISC American Institute of Steel Construct1on

AOSC Averted on-site costs

ASME American Society of Mechanical Engineers

ASME Code ASME Boiler & Pressure Vessel Code, Section III, D1v1s1on 1

ASTM American Society of Testing and Mater1a1s

BNL Brookhaven National Laboratory '

BOL beginning of life

BTC Bolting Technology Council -

CMIR Certified Material Test Report

CP Construction Permit

CRGR Committee for Review of Generic Requirements

CSDS chemical shutdown system

CVN Charpy V-notch

dpa - displacements per atom

ECCS emergency core cooling system

EFPY effective-full-power-years

EOL end-of-life _

EPRI Electric Power Research Institute

GSI Generic Safety Issue

GL Generic Letter

HFIR High Flux Isotope Reactor

HSST Heavy Section Steel Technology

HSLA high-strength Tow-alloy (steel)

INEL Idaho National Engineering Laboratory

LBLOCA large break loss-of-coolant accident

LOCA loss of coolant accident

LST Towest service temperature

MPC Materials Properties Council

MTR materials test reactor

NDT nil-ductility-transition

NRC Nuclear Regulatory Commission

NRR Office of Nuclear Reactor Regulation (NRC)

NSSS : Nuclear Steam Supply System

OBE operating basis earthquake

ORNL Oak Ridge National Laboratory

ORR Oak Ridge (test) Reactor

RCL reactor coolant loop

RCP reactor coolant pump

RCS reactor coolant system

RES/DSIR Office of Nuclear Regulatory Research/Division of Safety Issue
Resolution

RPS reactor protection system

RPV reactor pressure vessel

SBLOCA small break 1oss-of-coolant accident -

SCC - stress-corrosion cracking

SG steam generator

SRP Standard Review Plan

SRSS square-root-sum-of-squares
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SSE safe shutdown earthquake
VEPCO Virginia Electric Power Company



3. EXECUTIVE SUMMARY

Generic Safety Issue No. 15, (GSI-15), "Radiation Effects on Reactor Pressure
Vessel Supports,” addresses the potential for embrittlement of reactor
pressure vessel (RPV) supports from exposure to Tow-temperature, Tow-flux-
level neutron radiation. The initial action came in 1978 as'a Part 21
notification by Virginia Power (at the time: VEPCO) that radiation might
reduce the integrity of the supports to a significant degree and compromise
plant safety. Although the potential for embrittlement was confirmed, GSI-15
was assigned a LOW priority. The issue was revitalized after ORNL reported
unexpectedly high measured ANDT from HFIR surveillance specimens. GSI-15 was
reprioritized and assigned a HIGH ranking. A Task Action Plan was. prepared to
evaluate the possibility that RPV supports may be degraded and subject to
failure in the event of a design basis accident. The investigation was
designed to address the loss of integrity using either the fracture toughness
reduction or the NDT increase (relative to the lowest operating temperature).

In the course of completing the program proposed in the GSI-15 Task Action
Plan, several findings emerged which contributed to the technical resolution
of the issue. At the start of the program, the RPV supports at the Trojan
plant had been identified as the most vulnerable to degradation. That
conclusion achieved consensus approval. Several analyses were done with the
expectation that if the Trojan supports could be shown to be acceptable the
result would envelope the industry. Different engineering approaches -and
various degrees of sophistication were employed by the analysts. Although
some confidence was drawn from the analyses to the extent that the issue did .
not appear to pose a serious safety threat, the results showed that there was
no s{ngée method, applicable to all reactors, by which GSI-15 could be
resolved. -

Concurrently, efforts were made to explain the post-irradiation irregularities
seen in the HFIR surveillance data by conducting other radiation experiments.
Archival material (the identical steel used to construct the HFIR pressure
vessel) was irradiated in test reactors along with samples of other, related,
steels. The observed ANDTs were not significantly different from the trend
band for low-temperature irradiation. Thus the steel tested in the HFIR
surveillance program was not the cause of the irregularity. The availability
of the neutron shield tank (NST) from the Shippingport plant afforded the
opportunity to test the same grade of steel (ASTM A 212-B) as that used in the
HFIR vessel after exposure to similar radiation conditions (low neutron flux
and Tow temperature). These data, too, did not differ much from the trend
band Teading one to look to the conditions in the HFIR for the solution.

One seemingly important variant in the HFIR environment was the reported
fifty-to-one ratio of thermal to fast neutron flux. Acting on that, with the
help of models advanced by theoreticians at two National Laboratories (ANL and
PNL), a new damage parameter was devised. It was a modification of the
displacements per atom (dpa) parameter to. include neutrons .of all energies,
not just those with E > 1 MeV. Replotting the HFIR data as functions of "dpa
mod" brought most of the relevant émbrittiemient data within a reasonably -
narrow scatter band along the 1ine of the established trend curve.
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The proof of the efficacy of the "dpa mod" exposure parameter, however, was
limited by the fact that the HFIR neutron energy spectrum had been determined
at a single location (at a capsule containing A 212-B steel). Calculations
were made for several other capsule Tocations but the results added more
confusion than resolution. To .condense the report to a minimum, the new
spectrum calculations found the 50-to-1 energy ratio in error by (roughly) a
factor of ten. That is, the thermal-to-fast neutron ratio was revised to the
order of 5-to-1. An experiment was designed to unravel the findings but it
further muddied the water: the dosimeters exhibited a variation by as much as
a factor of 17 in the fast neutron flux.

when checks of the measurements ruled out experimental error, a comprehensive
program of experiments and calculations was launched. The project was
conducted by a team drawn from the NRC, ORNL and outside consultants from
national laboratories, academia and industry. The results of the effort
provided enough evidence to suggest reasons for the greater than expected HFIR
surveillance data and for the dosimetry discrepancies noted above.

Key factors behind the reasons for the discrepancies are: (1) the annulus of
water in the HFIR attenuates neutrons but does little to gamma radiation; (2)
v radiation will result in atomic displacements (hence: embrittiement) but
will do more heating than damage; (3) because the HFIR specimens were kept at
a low temperature (about 50°C or 120°F), the damage done by y (and low-energy
neutrons) was retained; and (4) because the high-energy neutron flux was so
Jow, it took a long time (about 20 years) to accumulate a significant level of
neutron fluence of E > 1.0 MeV. Therefore, it is suggested that the
embrittlement of the HFIR surveillance specimens is a summation of the neutron
flux (over the entire energy spectrum) and the y radiation. The reported
variation in fast neutron flux values among the several dosimeters occurred
because those monitors sensitive to photofission or photoneutron reactions
exhibited additional radioactivity induced by the significant level of y flux.

The radiation environment in the HFIR was judged to be unique to that reactor.
The RPV supports of an operating reactor are shielded from y radiation by the
six to ten inches of steel interposed by the vessel shell. Therefore, no
significant y radiation embrittlement is expected in RPV supports.
Embrittlement predictions should employ the complete dpa parameter to include
any contribution from low-energy neutrons.

Limited surveys of RPV supports conducted in response to the unexpectedly high
HFIR embrittlement data noted that data often were too sketchy to be
definitive. For some (older) reactors, the margin between the lowest
operating temperature and the RPV support NDT may be so small that little, if
any, margin for radiation-induced increases is available. Under such
conditions, it would be prudent to perform an engineering reassessment of the
RPV support integrity and evaluate any potential threat to safety.

When work began on GSI-15, it was expected that evaluation of (at Teast some)
RPV supports would be necessary so-a detailed engineering approach for
assessing the structural integrity was developed. For cases wherein it is
prudent to reassess the integrity of the RPV supports, the methods reported in
this paper should provide adequate guidance. The approach begins with
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screening criteria, continues (for those cases where it is necessary) with
fracture resistance evaluation and provides a consequence analysis model for
situations wherein there is insufficient data to complete a fracture analysis.
Application of the consequence analysis to the Trojan plant configuration
(believed to be the most vulnerable) showed that RPV support failure could be
tolerated providing that other ‘components were not degraded. Analyses
demonstrated the importance of the components which would have to carry
additional loads in the event of RPV support failure but some critical
components have exhibited other, unique, degradation mechanisms.

One of the tasks in reaching the resolution of GSI-15.was to do a detailed
cost-benefit analysis. The resulting best estimate base case led to a total
calculated contribution to core damage frequency from RPV support failure of
8.8 x 10°%/yr. Five alternative corrective measures were identified and cost
estimates were made. The estimated costs varied widely. Cost-benefit ratios
were calculated for a range of remaining life spans and for three cost
categories: (1) without either AOSC or replacement power; (2) with AOSC but
without replacement power; and (3) with both AOSC and replacement power.
Benefit analysis associated with the above core damage frequency resulted in
an offsite dose risk per plant of 2.9 person-rem/year. The influence on the
cost-benefit ratio of variability in several parameters was investigated. The
resulting cost-benefit ratios ranged from a minimum of $53/person-rem to a
maximum of $3,300,000/person-rem.

The wide variability in the analysis results rendered them inconclusive and
the staff could not use them to support a regulatory reguirement for GSI-15.
However, licensees may decide that if the integrity of their RPV supports is
suspect, a reevaluation would be prudent, following the technical findings
presented in this report.
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4 INTRODUCTION

The reactor pressure vessel (RPV) support embrittlement problem was noted in a
letter to the NRC. from the Virginia Electric and Power Company. (VEPCO) dated
March 3, 1978, submitted in accordance with the reporting requirements of 10
CFR 21. 1In a letter -dated March 28, 1978, VEPCO explained that the issue
dealt with the low-temperature irradiation of the neutron shield tanks that
support the RPV. Consideration of the effects of low energy (E << 1.0 MeV)
neutrons might result in a large shift in the ductile-to-brittle fracture mode
transition temperature. ’

The issue of accelerated degradation of the fracture toughness of RPV supports
was revitalized by the ACRS as a result of their review of the HFIR data. The
unexpectedly high ANDT measured by HFIR material surveillance specimens was
attributed initially to a rate effect. If this were the case, certain RPV
supports could be susceptible to the same phenomena. Generic Safety Issue 15
(GSI-15) was activated to investigate the possibility that some RPV supports
may be subject to failure in the event of certain design basis accidents. An
investigation was initiated under the assumption that the loss of fracture
toughness was greater than originally believed and that the NDT could be as
high as the lowest operating temperature. | :

Following review by the ACRS and the NRC staff, the issue of embrittlement of
RPV supports (GSI-15) was re-prioritized resulting in the assignment of high
priority. INEL was selected to provide technical assistance in the resolution
of this issue. Review of Reference 1 disclosed that there is a need for
additional information regarding the configuration of various RPV supports in
order to identify those supports that are exposed to significant radiation.

It was found that the HFIR data were not good predictors of the extent of
degradation of RPV supports due to neutron bombardment. Consequently, other
ways of predicting support degradation were sought. Many RPV supports are
constructed of material which has a wide range of properties due to the Toose
specifications. For example, there is evidence that the NDT of steel which
meets the ASTM Specification A-36 will vary considerably.

This document contains twelve sections, the more extensive of which are
further divided into subsections to facilitate quick location of specific
topics. The following, Section 5, provides a background to GSI-15. Section 6
presents the technical findings resulting from the work done in accord with
the Task Action Plan (TAP)*. = Section 7 describes RPV support reevaluation
criteria that could be used by licensees in a structural integrity assessment.
Section 8 contains a summary of

the Cost/Benefit Analysis; Section 9 is a general discussion

* Small superscripts refer to references Tisted in Section 1T.
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of the technical findings presented in Sections 6 and 7. Section 10 contains
the conclusions reached and justifications for them. Some of the completed
work that was used to support the conclusions is provided.in Appendices.

5. BACKGROUND ‘ '

Generic Safety Issue-15 (GSI-15) "Radiation Effects on Reactor Vessel
Supports” was established to address the concern that Tow-temperature, low
energy geutron irradiation may embrittle RPV supports more rapidly than
expected. _ ~

The concern regarding nil-ductility transition (NDT) temperature shift was
reported by Virginia Electric and Power Company (VEPCO) as early as March 28,
1978 in a letter to James O'Reilly (NRC). In that letter VEPCO informed NRC
that they are evaluating the NDT temperature shift of neutron tank and NRC
will be informed about the results when they are available.

The issue was originally classified as a candidate Unresolved Safety Issue
(USI) in NUREG-0705.° In that document it was recommended that further
studies be conducted before making a decision regarding disposition of the
issue. In November 1983, the issue was evaluated and designated as LOW
priority.

In June 1987, the Advisory Committee on Reactor Safeguards (ACRS) reviewed the
ORNL data from tests on the pressure vessel surveillance specimens exposed in
the High Flux Isotope Reactor (HFIR)!. The conclusion reached by ORNL was
that the more rapid than expected embrittiement was due to. Tow-temperature
(~120°F) Tow-flux irradiation (108-10° n/cm®-sec.; E > 1 MeV). From the HFIR
data, ORNL predicted more rapid than expected embrittlement in steel from Tow-
temperature neutron irradiation*. Since the environmental service conditions
of RPV supports were believed to be similar to those at the HFIR surveillance
Tocations, a concern was raised regarding the rate of support embrittlement.
Based on the ORNL findings, the staff reassessed the issue and in December,
1988 designated it as HIGH priority.

A survey of all operating reactors was conducted by ORNL under the Heavy
Section Steel Technology (HSST) program to identify the RPV supports which
might be vulnerable to embrittlement. The study, reported in NUREG/CR-5320,*
Jed to the selection of two plants, by virtue of their configuration, for
further study: Trojan and Turkey Point Unit 3. The selections were based on
RPV support design details; both consisted of short steel columns bearing on
steel cantilever beams, embedded in the concrete shield wall at the core
beltline and projecting into the cavity towards the reactor vessel (Fig. 1).
The configuration induces tensile stresses in the upper flange of the beam
where the neutron flux is greatest; conditions conducive to brittie fracture.
The ORNL investigators concluded that the minimum critical flaw sizes
corresponding to the most severe credible Toading condition at 32 EFPY could
be small enough to be of concern for both plants.

On January 11, 1989, the Office of Nuclear Reactor Regulation (NRR) requested
that the Office of Nuclear Regulatory Research (RES) initiate a program which
would (1) provide a structural consequence analysis of RPV support failure;

(2) perform a probabilistic fracture mechanics risk analysis of the limiting
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RPV supports; and (3) gather pertinent metallurgical and mechanical
information, performing tests if necessary, to demonstrate the capability of
flawed RPV supports to satisfy regulatory requirements.

On March 23, 1989 at the joint Materials and Metallurgy/Structural Engineering
ACRS Subcommittees Meeting, and at the full ACRS Meeting on April 6, 1989
presentations by the staff indicated that further work was needed to quantify
the structural integrity of the RPV supports. The preliminary analyses
available at the time failed to demonstrate that there was an immediate safety
problem. Several analyses of the impact of various degrees of damage to the
Trojan plant RPV supports were described and reviewed in Reference 5. A brief
summary of the analyses is provided in Section 6. It should be noted that all
analysts accepted the assertion that the two plants cited by ORNL, Trojan and
Turkey Point Unit 3, had the most vulnerable RPV supports.

5a. General Discussion: Effects of Irradiation on Structural Steels

The initial ORNL studies' -indicated that Tow-temperature, low-flux neutron
irradiation may embrittle steel more rapidly than traditional trend bands
would predict. The data were generated in the ORNL HFIR RPV +irradiation
surveillance program. ORNL concluded that the steel samples were embrittled
faster than expected. Since it was believed that RPV supports were exposed to
an environment similar to that at the HFIR surveillance capsules, the
possj%i]igy and consequence of RPV support embrittlement needed to be
considered.

Generally, an NDT temperature shift is an accepted indicator of neutron
radiation damage. The NDT temperature is the temperature below which commonly
observed flaws may be critical with regard
to brittle fracture initiation. The traditional procedure for predicting
neutron damage uses the shift (increase) in NDT temperature expressed as a
function of fast neutron fluence, i.e., neutrons having energies > 1.0 Mev.
More recently, it has been noted that this method is not comprehensive because
it does not include reactions from the entire neutron energy spectrum. For
example, there are some neutron-atom interactions in which neutrons are
absorbed leading to transmutation and attendant atomic displacements. On the
gther hand, some neutrons may not interact at all. As a result, the amount of
amage
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FIGURE 1. RADIAL SECTION THROUGH TROJAN REACTOR VESSEL SUPPORTS
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(embrittlement) for a given fluence may vary with the neutron spectrum.

A more accurate method of predicting neutron damage relies on the calculated
displacements per atom (dpa). The dpa parameter is an estimate of the number
of atomic displacements (vacancy-interstitial pairs) per atom produced by
neutron irradiation. Shortcomings in neutron damage predictions based on the
dpa parameter arise because it only counts the number of radiation-induced
displacements. In fact, some displaced atoms and vacancies will recombine,
annihilating (annea]ing) the damage related to the point defects. The
modified dpa parameter®, discussed in some detail in a later section, accounts
for a broader base of atomic-level damage.

Both fluence and dpa, as measures of radiation damage, must be accompanied in
practice by dosimetry calculations or measurements and experimental
determinations of the related NDT shift.

-Bb. Stone & Webster Notification

Sometime in late 1977, Stone and Webster Engineering Corporation (S&W)
approached the Virginia Electric and Power Company (known at the time as
"Vepco") with a potential irradiation embrittlement problem related to the
North Anna Units 3 and 4 neutron shield tanks (NSTs). At North Anna and
plants of similar design the NST is the RPV support. S&W, the NST designer,
had concluded that there might be a shift in the NDT temperature to a higher
value than previously expected. On February 27, 1978, Vepco made a report to
the NRC under the provisions of 10 CFR 50.55(a) citing the concern for the
effect of radiation on the NDT of the NSTs. In Vepco letter Serial No.11l7 to
the NRC Region II Director, dated March 3, 1978, information regarding the
deficiency was submitted in accord with- the provisions of 10 CFR 21. Vepco
letter Serial No. 117A, dated March 28, 1978 a 30-day report on the potential
embrittlement problem. '

The possibility of a larger than expected ANDT of the NST steel was based on
state-of-the-art developments in predicting neutron embrittlement by employing
damage cross-sections derived for materials with similar irradiation damage
behavior to the tank material. The neutron embrittlement calculational method
used had been developed at the U.S. Naval Research Laboratory by C. Z. Serpan,
Jr. (now, as then, with the NRC). Neutron energy groups with less than 1.0
MeV were considered in addition to the fast neutrons. Attenuation resulted in
an abundance of neutrons in the range 0.1 < E < 1.0 MeV at the NST. Although
the Tow energy neutrons did not create much damage individually, collectively
they made an appreciable contribution which was taken as additive to that from
the fast neutrons. Because the NST was the support for the reactor vessel and
was a QA Category I piece of equipment, Vepco reckoned that it had to be
capable of maintaining the intended functional integrity. On those grounds,
Vepco concluded that the ANDT of the NST steel must be determined over the
11fE(o§ the plant to allow a proper evaluation of the integrity of the
tank(s). .

Briefly, the following actions were taken apropos of the licensee’s
notification. Vepco advised that the analysis of the shield tank ANDT would
continue with the help of outside consultants. On June 23, 1978 members of
the NRC staff met with S&W representatives; NRL personnel also attended by NRC
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invitation. It was agreed that no immediate action was necessary on the part
of any licensee, in large measure because actions were planned or underway
which were expected to shed more 1ight on the problem. For one thing, an
experiment was underway designed to resolve the shield tank material problem
by irradiating RPV support materials in a facility at ORNL which would
simulate the environment in the cavity of an operating reactor (it turned out
that the experiment did not meet its goals, as noted below). Also, the NRC
staff planned to review the S&8W neutron flux determinations and to evaluate
the applicability of the damage-analysis to other supports. This action took
shape by, initially, adding the RPV support problem as a new and separate Task
to the Unresolved Safety Issue (USI) A-12, which at the time covered all.
structural support problems. Within that Task, the staff selected Brookhaven
National Laboratory (BNL) to provide technical assistance by independently
verifying the reactor flux spectrum at the NST. Meanwhile, Vepco had noticed
that the neutron flux data had been based on the wrong core geometry, had
contracted with Babcock and Wilcox (B&W) to perform an updated study, and had
notified the NRC of the revised results. BNL submitted a letter report dated
April 23, 1979, with the results from the calculations of energy dependent
neutron fluxes at the North Anna 3 and 4 NSTs. The report was in substantial
agreement with the B&W results with the minor differences largely explained by
differences 1in the energy-group structures employed. If anything, the BNL
results suggested that B&W's analysis was conservative.

Faced with a problem which loomed Targer, rather than going away, by virtue of
the more precise calculations, the staff turned to the NRL as consultant on
the effect of irradiation on A 537-B steel, the material used to fabricate the
North Anna NSTs. Fortunately, the NRL had recently concluded low-temperature
irradiation of A 537-B steel so the relatively easy task of accounting for the
differences in flux and spectra could be handled through dpa correlations. In
a letter report dated October 22, 1979, it was concluded that for the Vepco
NSTs conditions at EOL, irradiation might raise the NDT to more than 105°F and
might reduce the Charpy V-notch upper shelf energy to as low as 30 ft-1b.

The sum total of the evidence at hand led to the conclusion that radiation
embrittlement of RPV supports posed a clear and significant threat to the
overall integrity of domestic nuclear power plants. The staff recommended
that the problem be addressed as a separate generic issue. The recommendation
was acted on and GSI-15 was instituted. .

5c. Summary of NUREG/CR-5320

The results of the ORNL investigation suggested that the damage to RPV
supports from irradiation may be a significant threat to the structural
integrity of light water reactors (LWRs). The data obtained from the HFIR
irradiation surveillance program were interpreted as an indication that at Tow
temperature and low flux, the embrittlement rates of steels for vessels and
supports were substantially higher than previously observed. The materials
used in the investigation were ASTM A 212-B, A 350-LF3, and A 105-II. The
ORNL researchers established two correlation trend 1lines of NDT temperature
shift as a function of dpa, one on log-log and one on semi-logarithmic -
coordinates, using data from other published reports. 1In both cases a curve
parallel to the trend line was drawn through selected HFIR data and
extrapolated to higher exposures. To the extent that the curves drawn through
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the HFIR data was physically meaningful, extrapoTations suggested that typical
EOL exposures would result in rather large NDT increases.

The more rapid rate of embrittlement of the RPV support material was
attributed to a so called "fluence-rate effect” i.e., theorizing that Tow
energy flux causes more irradiation damage than the high energy flux. This
hypothesis was contradicted (Reference 7) based on data that showed no rate
effect in the fast (E > 1.0 MeV) flux range of 1x10™ to 3x10™ n/cm’.s at
approximately 200°F, but the ORNL researchers disregarded that report in
suggesting a rate effect rationale. '

The study concluded that there is a credible possibility of a brittle fracture
in RPV supports and the estimated critical flaw could be as small as 0.42 in.-
with small break loss-of-coolant accident (SBLOCA) loads. Also, the report
noted that residual stresses from flame-cutting during construction could
further reduce the critical flaw size.

The ORNL project was terminated without providing satisfactory answers to some
critical questions. First, the HFIR surveillance data fell outside of the
trend band established by other sources such as data from MTR radiation
experiments. The ORNL investigators suggested that the large increase in NDT
temperature was related to a fluence-rate effect although there are data that
show no rate effect for a similar fast flux range. Second, although it was
suggested that the excess embrittlement of the HFIR samples was the result of
thermal-neutron radiation rather than a fluence rate effect, the idea was not
exploited. Finally, although the mechanical property test results were
thoroughly audited, insufficient attention was given to the dosimetry and
verification of the radiation exposure, as later work under GSI-15 has shown.

6. TECHNICAL FINDINGS FROM THE GSI-15 TASK ACTION PLAN
This section contains summaries of the technical findings from the tasks in
the program undertaken to resolve Generic Safety Issue-15.

6.2 Review of Initial Analyses ’

As previously noted (Section 5), the report by ORNL of unexpected
embrittlement motivated several analysts to examine the case for RPV supports.
Some of that work was discussed at ACRS meetings. One of the first tasks
undertaken in the effort to resolve GSI-15 was to review those analyses for
commonalities and differences. That review was described in detail in
Reference 5. A brief overview is provided in this section.

Eleven structural analyses of RPV support integrity have been reported. All
of them evaluated the RPV supports of the Trojan Plant; one (NUREG/CR 5320,
Reference 4) also evaluated Turkey Point Unit 3. Only two of the Trojan
structural analyses considered radiation embrittlement. The other analyses
focused on failure consequences, i.e., how the RPV and the RCS would be
impacted by failure of one or more supports. The salient features of the
analyses are described below and summarized in Table 1. . '

Note that the two reports that dealt with radiation embrittiement used fﬁSt |
neutron (E > 1.0 MeV) fluence as the measure of neutron exposure. Later in
this report it will be shown that the high-energy neutron fluence may be
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insufficient to predict radiation damage sustained at relatively low
temperatures, depending on the nature of the radiation.

Two distinctly different approaches were used by those analyzing the RPV
supports. One involved postulated catastrophic failure of one or more
supports and prediction of the consequences of such an occurrence. The second
involved examination of stresses and radiation embrittlement as the bases for
predicting the possibility of a brittle fracture. It is difficult to decide
which analysis is more accurate on the basis of the information presented in
the reports. The complexity of the problem requires considerable engineering
judgement regarding the efficacy of the liner, the possibility of the concrete
support being crushed, and the possibility of shear failure of the concrete
above the remaining portion of the beam.

The consequence analyses (the first group) were based on generally accepted
methods. They employed recognized principles of structural mechanics, such as
beams on elastic foundations or finite element analysis. However, in spite of
similar assumptions, the results differed considerably. The discrepancies
illustrate the sensitivity of the analyses to
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Table 1 Summary of Analyses Related to GSI-15
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assumptions and methodologies used. The analysis_reported by BNL used
information drawn from the sophisticated finite element results in the ORNL
report (Reference 4). The BNL report concluded that the capaCity of the
fractured beam is lower than the applied load, and the beam will deform until
it reaches equilibrium through load redistribution.to other supports. -

The following comments are in order regarding the validity of the structural
consequence analysis performed by the Lawrence Livermore National Laboratory®.
1. The analysis did not combine the dynamic loads such as SSE and
LOCA which constitutes a deviation from the Standard Review Plan (SRP),
Section 3.9.3, Table 1°,
2. The consequence analysis did not consider thermal aging of cast
austenitic-ferritic (duplex) stainless steels that are used for primary
coolant piping in some PWRs. Those that contain significant amounts of
delta ferrite may exhibit low temperature aging embrittlement.
3. The consequence analysis considered one component at a time but in
reality several components may be affected simultaneously and a
cumulative/interactive effect should be accounted for.

It is possible that an analysis which took cumulative effects of all the above
items into consideration might indicate that the consequences of RPV support
failure are more serious than what was reported.

The analytical methods used in the second group were equally complicated.
Fracture mechanics is a newcomer in design and many of its methods are not
codified, leaving analysts considerable freedom of choice. Compounding that -
uncertainty in the solution to the problem were several factors capable of
profoundly affecting the results. For example, the mechanical properties,
chemical composition and metallurgical condition of structural steels may vary
widely from heat to heat, and frequently are not known with much certainty.
Also, the location, size and orientation of flaws often can only be postulated
or approximated at best. For such reasons, variability is almost certain.

Both approaches have advantages and disadvantages. Although the "postulated
failure" approach rests on proven engineering theories, it depends greatly on
assumptions that must reflect real conditions and on models that must predict
the behavior of the structure. On the other hand, although fracture mechanics
has been proven to be a rather precise method for predicting brittle fracture,
complicated structures may be difficult to model and mixed-mode (elastic-
plastic) fractures, common in low-strength steels, demand sophisticated
material property data and a measure of judgement. It follows that in today's
stat$ og the art there 1is no one reliable method by which GSI-15 could be
resolved.

6b. Shippingport Neutron Shield Tank Testing

Some related work pertinent to resolution of GSI-15 was performed by ANLY.
The program was undertaken to augment the HFIR surveillance data. The goal
was to test a steel similar to one of those in the HFIR program to determine
the NDT shift after irradiation under similar conditions, i. e.: Tow neutron
flux and Tow temperature. The results were expected to provide a comparison
with both the HFIR and test reactor data thereby helping to resolve questions
related to the influence of fluence rate or energy spectrum on radiation
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embrittlement. The ANL investigation involved testing of specimens machined
from samples of the neutron shield tank (NST) from the decommissioned
Shippingport reactor to characterize the radiation-induced embrittlement. The
NST was made from hot-rolled A 212 Grade B steel. The rgported inner wall
exposure was a (maximum) fluence of approximately 6 x 10" n/cm® (E > 1 MeV)
over a 1ife of 9.25 EFPY while operating at about 55°C (130°F). Reference 10
indicated that the radiation embrittlement of the Shippingport NST A 212-B
steel was not as severe as that reported for the HFIR surveillance samples,
that they were in good agreement with the available data for irradiation at
temperatures < 232°C (< 450°F), and that they are in agreement with data from
MTRs and Army reactors.

The ANL investigators concluded that the accelerated embrittlement of the HFIR
surveillance samples probably reflected the high proportion of thermal
neutrons -compared to that for the test reactors.

6.c. Trojan Dosimetry

The point has been made in preceding sections that all parties concerned (the
NRC staff, contractors, consultants and industry representatives) were in
general agreement that the Trojan plant presented the best case for RPV
support embrittlement. The conclusion was supported by the fact that there
were strucural elements at the reactor beltline under tensile loading with
flame-cut holes at the maximum moment (peak tensile stress) made of steel of
questionable ancestory. It was expected that by showing the RPV supports at
Trojan to be certifiably safe, the rest of the industry would be acceptable.
One parameter in such an analysis for which there were no data was the
radiation flux at the supports. A program, under the guidance of the
Materials Engineering Branch, Engineering Division, RES(NRC), was set in place
to obtain dosimetry data in the Trojan reactor cavity. The results are :
discussed in greater detail in Appendix C.

Radiometric and solid state track recorder (SSTR) dosimeters were prepared
under subcontract by the Westinghouse Electric Corporation. Four sets were
placed in vertical access channels in the concrete biological shield at Trojan
in 1990 prior to operating cycle 13. After 242 days of operation, the cycle
ended on March 4, 1991. The location of the dosimeter trains is of some
importance. The plant was designed with vertical channels in the concrtete
structure to provide access to horizontal insturmentation ports. The radial
location of the vertical channels was close enough to that of the flame-cut
holes in the box beam flanges to make the measurements directly applicable.

Each of the four sets of dosimeters included the following. The radiometric
dosimeters consisted of foils of U, Ni, Ti, Cu and two Co-Al alloy foils;
the SSTR neutron dosimeters consisted of ultra low-mass fissionable deposits
of 2U, #Np, and *®U in contact with mica SSTRs. Additionally, bead chain
flux gradient dosimeters were inserted at two locations. At the time it was
expected that Trojan would continue to operate for several years.

After withdrawl from the Trojan channels, the dosimeters were shipped to the
Westinghouse Waltz Mill facility .for disassembly, measurement and-analysis.
The results of that effort were reported in Reference 11. From the
measurements, a total of 52 reaction rates were obtained which had
uncertainties in the 3 to 5% range. Selected #*U, *Np, and U fissionable
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deposits were irradiated in standard neutron fields by NIST to benchmark the
fissionable deposit mass scales. After correcting the fissionable deposit
mass scales to the NIST results and setting aside the data from one of the
four capsules (found to be slightly discrepant; no reason uncovered), the
Ea§1? ?f SSTR to radiometric fision rates exhibited an average value of 0.999
+3.1%).

With the intention of being able to accrue exposure to neutrons over two fuel
cycles, a few Charpy specimens were attached to the dosimeter trains. Because
the plant did not continue to operate, the specimens were only exposed to ex-
vesse1 radiation for one fuel cycle. The reported fluence (E > 1.0 MeV) -was
10" nvt. The set of specimens included A 212 and A 36 steels; the
unirradiated A 36 results showed a great deal of scatter. ORNL reported that
there was essentially no NDT shift which is expected for that exposure.

6.d Low Energy Neutron Damage Theory

As previously mentioned, the ORNL report® on the test results from the HFIR
steel vessel surveillance specimens attributed the excessive NDT temperature
shift to a neutron fluence-rate effect. Brief mention was made of the idea
that low-energy neutrons (epithermal and thermal) may have made a significant
contribution to the observed embrittlement. Citing the results of multigroup
transport calculations, the document put the thermal-to-fast neutron ratio at
about 50-to-one. Even granting that the average amount of damage from each
Tow energy neutron is a small fraction of that from a fast neutron, the -
greater abundance would contribute to the embrittlement. That is, radiation
by a neutron flux skewed strongly to the low energy end would result in more
total damage than a traditional trend curve would predict. Actual conditions
are complicated because the low energy neutron micromechanisms are not the
same as those for fast neutrons (principally: elastic scattering). To name
one example, a low energy neutron can be captured by an iron nucleus which
will in time transmute to a manganese atom. The resulting energetic recoil of
the manganese atom will cause damage which may contribute to embrittiement.

Low-energy neutron damage considerations by Heinisch and Greenwood led to
theoretical models and a reexamination of the HFIR data by Hrabal®. Modified
damage parameters were used to develop new correlations between radiation-
induced mechanical property changes and exposure. Development of the modified
damage parameters involved rather sophisticated procedures which took into
account the recombination of point defects following displacement thereby
taking the parameter dpa to a more physically correct Tevel. The best results
came from Greenwood’s application to-damage calculations of a recombination
model developed by Weidersich at the Argonne National laboratory (ANL). Hrabal’
used the model to calculate modified values of dpa (here1nafter "dpa mod™)
from revised inputs into the computer code SPECTERY. Neutron spectra,
applicable to the specific irradiated mechanical property data surveyed, were
obtained from several sources associated with the experiments.

The task resulted in the diverse data collapsing (with typical scatter) onto a
single trend curve. Specifically, the data set included: HFIR surveillance -
results; HFIR archival A 212B steel data (irradiated in the Oak Ridge
Reactor); and the initial Shippingport NST results (reported by ANL).
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Although the HFIR and ORR data represented the same plate of steel, the NST
steel was unrelated except for the common ASTM specification.

The analysis was expanded to include other steels; the result was that despite
differences in chemistry and metallurgical condition, the data stayed
reasonably close to a single trend band of property change as a function of
dpa mod. Also, the A 212B data represented a range in neutron flux of a
factor of 40:000 (from 2.4 x 10° to 9.6 x 10" n/cm’-s) which certainly failed
to support a suggestion that the excessive embrittlement of the HFIR steel was
a manifestation of a neutron fluence-rate effect.

There is another set of data which added some interesting, if not convincing,
information to this task. The results of an irradiation experiment were '
reported in Reference 13. The purpose was to examine the effect of
irradiation on several RPV support steels in conditions designed to simulate
the reactor cavity environment. Eight different materials were encapsulated;
irradiation was in the ORNL poolside facility. Early in the 1.6-year
irradiation period, the capsule filled with water but it was not discovered
until the irradiation was complete. Because the fluence target value of 5 x
10Y n/cm? (E > 1 MeV) was not reached, the authors found the results to be
inconclusive. If close attention is paid to the data, however, the eight
materials provide the following observations. The six wrought steels
exhibited ANDT values of zero, i. e., the unirradiated and irradiated Charpy
curves essentially superimposed. One set of Charpy specimens, representing
weld heat-affected material, showed too much scatter to allow interpretation.
One set of specimens, taken from a bulk weldment, showed both a shift in the
NDT temperature and a decrease in the upper shelf energy. The weld metal
chemical analysis reported 3.39 % Ni which was more than the nickel content of
any of the other steels. We note that Odette has found that the sensitivity
of steel to neutron radiation increases with the Ni content. Because the
influx of water only attenuated the neutrons, shifting the distribution to the
Jow energy region of the spectrum, it was interesting to include the data in
the dpa mod analysis. Of course, six points fall on the abscissa (ANDT = 0.0)
and contribute nothing but the high Ni weld metal lends itself to the review
and was included with the other data.

Because the dpa mod parameter seemed to normalize the disparate data, it was
thought that the HFIR problem was a matter of accumulating damage from low
energy neutrons. In fact, the staff was in the process of preparing the
documents for resolution of GSI-15 on that basis when confirmatory data,
reviewed below, showed that the thermal-to-fast neutron ratio in HFIR was not
the 50-to-1 value initially reported. Although dpa mod did not serve to
resolve GSI-15, it is true that low energy neutrons will induce some damage in
steel. With irradiation (or: service) temperatures below 200°F, even the
relatively short-range lattice disruptions will be retained. Therefore, the
Tow-energy neutron fluence should be included in damage predictions if
accuracy is of some importance. :
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6.e HFIR Dosimetry and Gamma Radiation

Although the early results from application of a low-energy neutron damage
theory by re-analysis of the HFIR surveillance data using the dpa mod -
parameter appeared to resolve the.problem of the.exceptionally high NDT shift,
it was based on very limited data. To elaborate, the only location for which
there were neutron spectrum data was for a capsule which had contained A 212
steel. To rectify that situation, the staff requested that ORNL calculate the
neutron spectrum at other surveillance capsule locations, especially for those
that held specimens of other grades of steel. The work was done under a
change of scope order to the HSST Program. After some delays related to
changes in both hardware and software at ORNL, the results indicated that the
previously-reported ratio of low-to-high energy neutrons was nowhere near 50-
to-one. The calculated ratio varied from 3 to 8, approximately, i.e., about
one-tenth of the initial ratio. :

The next stage of the investigation was dictated by the desire to resolve the
question of the physically correct neutron energy spectrum by state-of-the-art
dosimetry. At the request of the NRC, ORNL inserted dosimeters in the HFIR.
Although this experiment was meant to follow generally accepted procedures for
neutron spectra determination, the experiment (identified as "DOS1" by ORNL™)
created a temporarily unexplained outcome. Fast neutron (E > 1 MeV) flux
measurements from the activity of Np and Be monitors resulted in values
approximately 17 times and 15 times, respectively, higher than the flux values
derived from the Ni monitors. When careful checks of the measurements ruled
out experimental errors, a comprehensive experimental program was initiated as
a new, separate, contract. '

The program went forward in two steps, identified as the D0OS2 AND DOS3
experiments. In the DOS2 experiment the dosimeters were "bare" within the
capsules whereas in the DOS3 experiment they were clad with a 4-mil Gd cover
to attenuate the thermal neutron flux and prevent interference with the
response of the monitors. The scope of the project consisted of neutron and
gamma transport calculations, dosimetry measurements, and least-squares
Togarithmic adjustments of the transport calculations and dosimetry
measurements to obtain optimum neutron spectra estimates. Gamma dosimeters
were furnished and (after irradiation in the HFIR) counted by NIST. The y
measurements verified that the calculated gamma field deduced from 1-D neutron
and y transport calculations was adequate to determine the y contribution to
fast fission and Be radiometric monitors.

There is a relatively minor correction to Reference 14 that should be noted
for those interested in precision of radiometric measurements and transport
calculations. The report states that the measured value of y dose rate was
36.4 Gy/s and that was compared to a calculated value of 36.6 Gy/s*. Because
readers might miss the point, made in an appendix, the measured value should
be corrected downward by about 20%. The reason for the adjustment is that the
investigator at NIST converted the measured change in optical absorption in
polychlorostyrene on the basis of a 20°C irradiation temperature whereas the
temperature in HIFR was nominally 50°C. This fact was uncovered after the -
program reached completion and although the report had not been published, the
calculations had been completed. Because the correction would require
considerably more work to redo all of the neutron/gamma unfolding and to redo
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all of the affected tables, whereas the correction was within the measurement
uncertainty, the figures were allowed to stand.

The project was conducted by a team of NRC reviewers, ORNL investigators and
outside consultants from national laboratories, academia and industry.
Several major findings were reached. .
° Discrepancies in fast neutron flux values from various monitors
irradiated in the DOS1 experiment were shown to be related to
photofission and photoneutron reactions in certain monitors.

® Because photo-induced reactions dominate in the Be and fast
threshold fission dosimeters, those monitors are good candidates for
measuring the y dose in some radiation fields. :
° Neutron flux gradients within the dimensions of the surveillance
capsules in the HFIR were not consistent being nearly flat at some
locations and steep at others.

. The stainless steel monitors, located in the V-notch of the Charpy
specimens in the HFIR surveillance program, were shown to be adequate
for fast neutron (E > 1 MeV) flux measurements.

° In HFIR, at the one location where measurements permitted the
calculation to be made, the total y dpa was about five times higher than
the neutron dpa. :

° The feasibility of the application of simultaneous adjustment of -
neutron and y fluxes was demonstrated and although the finding had
Tittle impact on this program, the methodology would be extremely useful
in future work.

Going well beyond the scope of the program reported in Reference 14, with the
experimental and calculational results obtained in the D0OS1, DOS2 and DOS3
programs, the mechanical property measurements from the HFIR surveillance
tests can be related to dpa based on total neutron and gamma fluxes. It is
found that the embrittlement measured as ANDT, previously judged excessive,
falls on the same trend band as other results, Fig. 6-1. We tentatively
conclude that the deviation of the HFIR data from the correlation established
from experiments done under traditional conditions (e.g., in a materials test
reactor) was a manifestation of the relatively large gamma radiation and the
fact that the steel could retain the damage from that source because of the
Tow ( < 200°F) temperature during irradiation. The conclusion is “"tentative”
because it is not supported by any independent (of the HFIR surveillance
results) data. Nor 1is it likely that the HFIR conditions will be repeated
soon because one of the necessary conditions is that the y flux be moderate,
otherwise there will be so much heat generated that the submicroscopic damage

*See the NOTE on y radiation at the end of this Chaptef.
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will be simultaneously annealed. That is why it took on the order of twenty
years to accumulate the embrittlement reported. At the same time, of course,
the concurrent neutron flux must be relatively Tow to avoid the annealing or
annihilation from elastic collision spikes. The water annulus of about 20
inches in HFIR created just such a set of conditions; the neutrons .were
attenuated so that the energy spectrum was skewed to the low energy side while
the gamma flux at a level typical of a nuclear reactor passed through
essentially unaffected.

With respect to the RPV of an operating LWR, there are additional important
mitigating factors. First, the RPV is irradiated while at a temperature of
about 550°F. At that temperature, the diffusivity of steel is high enough
that most of the short-range submicroscopic damage will be annealed within a
few months, if not in a few weeks. Second, vessels provide shielding of not
less than six, up to ten, inches of steel for the supports. That is more than
enough to reduce the y flux by several decades. Consider reported y radiation
measurements (References 15-a and -b) made in cavities of operating reactors.
The B&W experiment was conducted at a plant where low-leakage core management
was in effect. The recommended beltline y flux value was 45 Gy/hr. From
Reference 14, the measured y flux in HFIR was 36.4 Gy/s, or 131,040 Gy/hr.
Comparing the two values:

131,040 Gy/hr (HFIR)/45 Gy/hr(plant) = 2912 = 3000,

showing the efficacy of the RPV as a shield. The Westinghouse cavity y flux
measurements were made at a 3-loop plant which had not instituted Tow-leakage.
fuel management procedures. The reported (Reference 15-b) results were 40,000
to 150,000 rad/hr (100 rad = 1 Grey). For this case we calculate the ratio in
Gy/hr of the HFIR y flux to the peak operating reactor value as: :

131.040/1500 = 87.36 = 100.

The calculated ratios showed: (1) that the y flux in cavities of operating
reactors is much less than that in HFIR and (2) Tow-leakage cores will reduce
the cavity y flux thus affording additional protection from damage to the RPV
supports. Exposure to such small measured y radiation as reported in
References 15, a and b, should not induce a significant increase in
embrittlement (i.e., in ANDT) of the RPV supports beyond that resulting from
neutron irradiation.

NOTE on Gamma Radiation.

Gamma flux can be reported in units of Gy/sec, where Gy stands for "Greys." 1
Gy = 1 joule/ kg., the joule being the unit of work or energy, the same as
ft.-1b. in English units. Since 1 joule/sec = 1 watt (unit of power), it
follows that

1 Gy/sec = 1 watt/kg. That relationship points to the most common result of y
radiation: creation of heat in the body being irradiated. +For a SLAB ‘
configuration at steady state (the surfaces maintained at constant
temperature), gamma radiation induces a thermal gradient: '
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AT, =1x10"%p, [ ... 1 °Kcm*sec,

whdre:.. 1 is a factor incorporating physical parameters;

¢ is in y/cm-sec.
The y flux in the equation for slab heating is expressed in dimensions similar
to the common dimensions for neutron flux, i.e.: n/cm-sec, making neutron
fluence n/cm?. Another common way of expressing neutron flux is as "nvt”
where: n = neutron density, n/cm’;

v = velocity, cm/sec;

t = time, sec.
Performing the indicated operations will result in n/cm®. Although this Note
shows some similarities in neutron and y representations, the equivalence in
damage (to steel) involves more complicated considerations of the physics of
the two types of radiation including the relative damage cross-sections, the
relative efficiencies of lattice displacements and the relative radiation
energy spectra. Those subjects are beyond the scope of this paper.
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Fig. 6-1. The change in transition temperature as a function of total
radiation (neutrons plus gamrnas) dpa.
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7. RPV SUPPORT REEVALUATION CRITERIA

7.2 QOverview

As a result of recent data obtained from tests of surveillance specimens
representative of RPV support materials, exposed to low temperature, Tow flux
radiation, NRC became concerned that RPV supports may be experiencing
cons1derab1y more rapid embrittlement than was cons1dered in the original
support design. The data were- reported in NUREG/CR 5320°*.

Licensees may wish to reassess the structural integrity of their RPV supports.
This Section provides an engineering approach, including screening criteria
and technical evaluation procedures, which 1icensees and CP holders may take
as guidelines acceptable to the NRC. .

The object of developing screening criteria was to identify those RPV supports
which, because of their configuration, material properties, or stress level,
should be free from excessive radiation embrittlement or failure under
accident loading. The Criteria for Reevaluation of Reactor Pressure Vessel
Supports were designed to assist Ticensees and CP holders by offering several
alternatives for RPV support evaluation. The Criteria were augmented by flow
charts and associated notes which contain specific references and acceptance
criteria. Examples, one with only membrane stresses and another with both
direct tension and bending, were provided to further facilitate the analysis.
Combined shear and tension also was addressed.

The Criteria contain many of the provisions of the ASME Boiler and Pressure
Vessel Code (ASME Code), Sections III and XI'™Y. This material has been
included in the Criteria in spite of the fact that the ASME Code has been
developed for the RPV and the RPV design criteria are different from those for
the supports. It is thought, however, that since the principles of fracture
mechanics apply equally well to the RPV and its supports and the Criteria are
offered as guidance rather than as specifications, ASME Code requirements
could be incorporated profitably. .

7.b  Screening criteria '

Reactor pressure vessel supports should be screened sequentially for
evaluation, as illustrated in Figure 7-1. The procedure is designed so that
vulnerability of the supports may be assessed by a process of elimination of
those supports for which embrittiement does not present a problem by virtue of
their configuration or state of stresses. The most vulnerable supports are
considered to be those which are exposed to a relatively high fluence, which
may cause a large increase in NDT temperature, have high initial NDT
temperature, and have tensile stresses. Figure 7-1 illustrates that these
elements are the essential criteria for screening of the RPV supports.

To achieve a useful screening evaluation, reliable and accurate information is
necessary in the indicated areas of Figure 7-1. The information may be
obtained from the construction and fabrication records if such records are
available. According to the ASME Boiler and Pressure Vessel Code, Section .
ITI, Subsection NCA, General Requirements, such-recoerds should be maintained-
and be made available by Ticensees. Lacking information on material
composition and mechanical properties, some testing may be necessary.

7.b.1 Configuration
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Configuration of the supports is an important item, because it indicates if
supports or support members are likely to receive the amount of radiation
necessary to accelerate embrittiement. This is why it is the first item in -
Figure 1 to be evaluated. If the. review of “"as built" design drawings
indicates that the supports are located in an area where irradiation is low
then embrittlement due to radiation is not an issue. For example, RPVs
mounted on skirts may fall in that category. Supports of other configurations
also may be eliminated using the same criterion provided that low exposure to
radiation is demonstrated and the initial NDT temperature is sufficiently low.
7.b.2 Materials

Materials of construction of RPV supports are also very important, because
some compositions may be so sensitive to radiation that even a very low
fluence may cause enough embrittlement to make brittle fracture a possibility.
The NDT temperature shift will vary depending on the metallurgical condition
and the chemistry of the steel (especially the copper and phosphorus content).
For these reasons information pertaining to the materials used in construction
of the RPV supports should be collected and analyzed. Should reliable
information on the material be unavailable, some testing may be necessary.
7.b.3 Stresses

For brittle fracture to occur, it is necessary that a tensile stress be
present. Following the recommendations of the ASME Code, the threshold below
which NRC staff considers that brittle fracture is unlikely is 6 ksi*.
However, a fracture is most 1ikely to be triggered by an event such as a
loss-of-coolant accident (LOCA) or an earthquake. Both of these events
produce sudden, dynamic stresses. Also, the shift in NDT temperature is
related to the rate of load application. Consequently, strain-rate should be
accounted for, the load-rate should be specified, and an explanation should be
provided as to how the

*The stress of 6.0 ksi was used in the Portland General Electic Co.
report, "Trojan Nuclear Plant Reactor Vessel Support Design Basis and
Evaluation Summary," October 24, 1988. By private communication between R.
Lipinski (INEL) and B. E11iot (NRC) on October 10, 1989 it was confirmed as
being in accordance with the current NRC policy. :
Joad rates are used in the analysis. Furthermore, residual stresses resulting
from fabrication processes should be considered additive to the operational
stresses. Thus they may have a pronounced effect on the overall state of
stress. This is specially important wherever there are heavy welds. Although
post-weld stress relieving should reduce the magnitude of residual stresses,
there are indications that the reduction is only partial. The residual stress
orientation and the manner of inclusion in the analysis should be specified
and documented. :

Finally, the cumulative effect of the chemical composition of the material,
the fluence effect, and the stresses should be considered in the screening
criteria and the decision making rationale for the screening should be
grovideg in accordance with the guidance outlined in Section 7.c.1.b of this
ocument. : ' ' : .

7.b.4 Screening Criteria ' )
If the initial NDT of the RPV supports is well below the lowest operating
temperature, and if the radiation exposure at the supports is low, and if it
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can be demonstrated that the tensile stresses are less than 6 ksi, the
supports should be free from radiation embrittlement, the integrity may be
reasonably assured and no further investigation is required.

7.c  Criteria for Reevaluation . :

The RPV support reevaluation process can be divided into several distinct
steps as illustrated on the flow charts (Figures 7-A, 7-B, 7-C, and 7-D). A
structural integrity reevaluation should include all RPV support Design Basis
loading combinations as documented in the plant FSAR (for licensees) or PSAR
(for CP holders). '

Step One (Fig 7-A), involves an assessment of the existing condition of the
supports at the time of reevaluation, comparison with the initial construction
condition, and the degree of degradation predicted by the end of plant life.
The assessment includes a mandatory, visual, physical condition inspection of
the vital parts of the supports. Rust, cracks, or permanent deformation of
any part of the RPV support should be noted as evidence that some distress has
been sustained. Limited accessibility may preclude some or all of the
examinations: if so, the supports should be examined by remote means. There
must be assurance that the supports have not been physically degraded to such
an extent that the parameters important to load carrying capacity, such as
cross-sectional area, section modulus, etc., have changed substantially. If
significant degradation is observed, it should be recorded and remedial
measures seriously considered.

Another part of Step One is a review of the original design and safety margin.
The review should include the original design methodology, the load
combinations for which the supports were designed, allowable stresses and
their margins with respect to the actual stresses in the members, and the
codes governing the original design. If brittle fracture avoidance was part
of the original design, the review should include the criteria and methodology
used, sources of information, and the bases for the conclusions reached. If
the codes governing the original design are different from those currently
promulgated, to the extent that they are currently accepted by the NRC, the
difference, if any, between the original design margin and that which would be
achieved from design in accord with the current codes and standards should be
determined. This information will be useful if and when one of the subsequent
options is selected. Upon completing Step One, the information obtained and
the conclusions reached regarding the structural integrity of RPV supports
should be documented and retained. :

If the RPV support assessment according to Step One fails to confirm that
there is adequate fracture resistance, Step Two can be followed. . As shown in
Figure 7- A, the Step One path can lead to one of two alternative approaches
(See Figs. 7-B, and 7-C). Details that augment specific steps in the
aSSﬁssment approaches are provided in the Notes which accompany each Step Two
path. S
1. The more certain assessment would be based on a fracture mechanics
analysis aimed at showing an-acceptable factor of safety between the
calculated stress intensity factor, K,, and the material toughness, K,
(Fig. 7-B). Material properties, 1ncﬁud1ng a K, value applicble to the
given material, temperature and radiation exposure, must be known with
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some accuracy or must be conservative handbook values. Equivalently,
the fracture mechanics evaluation can utilize the maximum credible flaw
size (either estimated, known from related destructive evaluation, or
determined by nondestructive examination) which must be Tess than the
calculated critical flaw size by at Teast the same (relative) margin as
would be acceptable in the KI:UJSEC comparison.

2. The assessment can be based on a transition temperature analysis
wherein it is sufficient to demonstrate that there is an adequate margin
between the Towest operating temperature and the NDT temperature for EOL
conditions (Fig. 7-C).
The details of the assessment, especially the factor of safety resulting from
the analysis, should be adequate1y documented.

Step Three, a more exact reevaluation, can be taken if the Step Two results
fail to provide an acceptable margin against support failure. The more exact
analysis can include an elastic-plastic approach and a more detailed model. A
Tower stress level may result and, other things being equal, a larger flaw may
be tolerated. The goal is the same as before: to demonstrate that the RPV
supports are not vulnerable to failure.

If the Step Three analysis cannot be done or if the results are inconclusive,
a Structural Consequence Analysis can be performed (described in Section 7.e).
The Consequence Analysis assumes RPV support failure with the loads shed by
the supports transferred to the reactor coolant loop (RCL) piping and
supports.

7.c¢.1 Fvaluation of the Current Conditions

7.c.1l.a Physical examination of structural components.

For brittle fracture to occur in the structural steels used in RPV
supports, there must be significant tensile stress. Accordingly, the
structural elements which should be examined with the utmost scrutiny
are the ones loaded in tension. Members such as cantilever beams,
brackets, hangers, and bolts fall in this category.

Physical examination of the RPV supports is an essential part of the re-
evaluation. As mentioned before, the purpose of the examination is to
detect visible signs of degradation of the supports, such as rust,
permanent deformation of the members, corrosion, cracks, etc.

Sometimes the reactor cavity dimensions provide insfficient space for
personnel to access the part being examined. If so, the examination
must be done using remotely manipulated equipment. Inspections should
be performed by trained and experienced personnel who are cognizant of
the function of the parts, familiar with the plant, and capable of
making judgements regarding the importance of any degradation. Short
resumés of the inspection team members citing the education and
%§p$r1§nce of each should be provided with the inspection report

elow

7.c.1.b Inspection report.
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An accurate reporting program is an essential part of the structural
evaluation, ensuring the correct and efficient assessment of current
conditions. An inspection report will be necessary; in many cases it
may be the only basis for deciding on maintenance priorities, criteria
for replacement, structural capacity, and/or replacement versus repair
of supports. Consequently, the importance of the reporting system
cannot be over-emphasized. The success of any RPV support inspection 1is
dependent in great measure upon its reporting system.

The RPV support inspection report should present a systematic evaluation
of the current condition of the supports as well as observations and
predictions of their possible future weaknesses.. To accomplish this the
following approach is recommended:

a. Conduct a thorough study of all available historical information
on the structure including design, "as built" drawings, and records of
previous inspections.

D. Plan, organize and establish a system for recording information on
the actual conditions of the supports including an organized and
detailed notebook, standard forms, sketches, etc.

C. Evaluate the findings of the inspection team. This task should be
delegated to experienced engineers capable of exercising judgement
regarding the degree of degradation of the RPV supports. Collectively,
they should have sound knowledge of key disciplines such as structural
mechanics, materials, and construction practices.

d. Provide a narrative summary of the report including: an assessment
of the overall condition of the structure, expert opinions on "as is”
conditions, and recommendations regarding repair or replacement.

The Inspection Report should be included in the Reactor Pressure Vessel
Support Evaluation Report and should provide sufficient detail to serve
as the basis for decisions regarding further actions to be taken if any,
i.e: that the support is acceptable as is, or that modifications should
be considered. ,
7.c.2 Evaluation of the Original Design
Some older nuclear plants were designed to codes and standards that are
significantly different from the current ones. Many of the presently-used
standards were non-existent at the advent of some original designs; others
have changed over time. To utilize the foundations of present-day techniques,
it is necessary that the original design evaluation be based on current
criteria and knowledge.

Typically, the analysis should be based on the loads developed for the
specific type of nuclear-steam-supply-system (NSSS), which can be obtained
either from the vendor or by a thermo-hydraulic analysis. The structural
components must be capable of carrying the imposed loads. The structural
design criteria for the RPV supports are included in the current issue of the
Standard Review Plan (SRP)?, augmented by the Boiler and Pressure Vessel Code,
Section III%, as appropriate. The structural analysis should address the
most adverse loading conditions, .including seismic, in accordance with the
criteria of Regulatory Guides 1.60 and 1.61. Combining of dynamic responses
should be done in conformance with the provisions of NUREG-0484, Rev. 1'°.
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Original design evaluations should account for known or estimated residual
stresses. Because residual stress levels vary with fabrication processes,
welding procedures, and other construction details, it is important that such
information be included in the analysis and be recorded in the final report.
Residual stress calculations should use state-of-the-art techniques; several
of which are presently available. Frequently, they employ a finite element
model with required inputs of the thermal history, thermal properties of the
material, Poisson’s ratio and details regarding the welding process. A
description of a computational model which can be used for weld-induced
residual stress is contained in Reference 19.

Stress concentrations from details. such as discontinuities, holes, etc.,‘
should be taken into account in establishing the state of stresses.

Having determined the stresses at the critical Tocations of the support
system, an evaluation of the original design can be made. Structural
acceptance criteria and allowable stresses can be found in Section 3.8.3,
"Concrete and Steel Internal Structures of Steel or concrete Containments™ of
Ee;erence %Gand Subsection NF, "Requirements for Component Supports” of
eference 16.

7.c.3 Establishing the EQL NDT Temperature

The ductile-to-brittle fracture mode transition temperature (commonly: the NDT
temperature) of steel is one of the essential parameters in brittle fracture
analysis. Following the ASME Code, it may be defined as the highest
temperature for fracture of a standard drop-weight specimen when tested to
ASTM Standard Test Method E 208-87a®. The NDT also can be based on the
temperature at which Charpy V-notch specimens absorb a specified amount of
energy. To determine the EOL NDT temperature it is necessary to know the
initial, material-dependent, NDT and the anticipated shift (increase) as a
function of radiation exposure.

Strain - Rate Effects It can be shown’ that the NDT in steels such as
ASTM A 36 is sensitive to the rate of load application. Since the most
adverse RPV support loads may occur during an earthquake or a LOCA, strain
rates associated with the dynamic loading should be addressed. Equations
acceptable for this purpose are available in the current literature.? If the
NDT was determined in accordance with Reference 20 or an equivalent procedure,
no further adjustment for dynamic effects is necessary. '

Metallurqgical Condition of the RPV Supports Certain alloying elements,
such as copper, influence the rate of radiation embrittiement. Hence, it is
important that the chemical composition of the steel be known in establishing
radiation effects on RPV supports. Although quantitative relationships '
between radiation embrittlement and alloying additions or impurities is still
under development, some progress has been reported. An equation to calculate
the maximum embrittlement as a function of copper content can be found in
Reference 22. Also, a very informative discussion on the subject can be found
in Reference 23. . , .

Radiation-Induced NDT Shift Relationships between dpa and ANDT from
irradiation are shown in Figure 6-1. The graph was taken from reported NRC - .
work; further information on dpa is available in Reference 14. Figure 6-1 can
be used in RPV support reevaluation using the transition temperature approach.
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7.c.4 Fracture Analysis of RPV Support Integrity

If brittle fracture avoidance was not considered in the -original design, two
options are offered as Step Two, either of which may suffice to ensure that
the RPV support system is not vulnerable to brittle fracture. On the other
hand, if the original design accounted for brittle fracture, using the
currently accepted or equivalent criteria, no further action is necessary.

7.d.

7.c.4 a. Fracture toughness approach (Fig. 7-B) :

It was pointed out in Section 7.a that the Reevaluation Criteria contain
provisions from References 16 and 17 which were intended for higher
operating temperatures (~550°F) than those for the RPV supports (90 -
120°F). However, the methodology taken from the Code and presented here
is applicable for RPV support analyses provided that conservative
relationships are used.

The fracture toughness approach requires measurement of the material
fracture toughness, K., or determination of the critical flaw size, a..
The sharp crack stress intensity factor, K;, must be calculated; the
methodology can be based on Appendix A, Article 3000, "Acceptance
Standards for Flaw Indications” of Reference 17. The assumed reference
flaw size may be as specified in Table IWB-3510-1 of Reference 17 if the
material of the supports satisfies the limitations stated in Appendix G,
Article G-2000 "Vessels" of Reference 16. Assuming that the RPV support
stresses are known, the acceptance criteria may be based either on the
allowable stress intensity factor or on the postulated flaw size using
the above references. In either case they should comply with the .
requirements of Article 3000 "Acceptance Standards for Flaw Indications”
of Reference 17. If the material toughness cannot be positively defined,
a factor of safety should be defined on the basis of K, rather than K,
K being defined as in Appendix G, Article G-2000, "Vessels" of
Reference 16. For the purpose of these criteria, the temperature (term
"T" used in Article G-2000 of Reference 16) is defined as the
temperature at the point under the most adverse loading conditions. RPV
support evaluation using the fracture toughness approach is illustrated
by the examples provided in Section 7.9.

7.c.4.b Transition temperature approach

The transition temperature approach is based on the proposition that
catastrophic failure by brittle (cleavage) fracture can be avoided by
maintaining the RPV support service temperature above the NDT
temperature of the steel. When using the transition temperature to
evaluate the support integrity, the NDT temperature at EOL should
include the irradiation-induced shift. Uncertainties related to NDT
determinations demand that a margin of safety be maintained between the
LST and the NDT temperature such as provided in Figure 5 as a function
of component thickness. Demonstration that the RPV supports are in
conformance with this relationship is necessary and sufficient to
preclude failure of RPV suppofts by brittle fracture.

Accurate Analysis

If the reevaluation as described above failed to show adequate RPV support
integrity (fracture resistance), a more accurate analysis, Step Three, may be
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performed. To demonstrate that the structural integrity of RPV supports is not
violated, structural and thermal-hydraulic loads may be recalculated more
accurately and that may result in lower stresses. Because of the inverse-
square-root relationship between stress and flaw size, a decrease in_stress
will result in a larger critical flaw size. The analysis should comply with
the current licensing criteria, design codes, and regulatory requirements.

The fluid thrust forces may be based on a model of the actual NSSS system of
the plant or on the simplified methodology presented in Reference 24.

The initial NDT temperature of the RPV support material should be evaluated in
accord with Fig. 6-1. The radiation-induced ANDT should be calculated in
accord with Figure 4. Flux profiles used in the irradiation embrittlement
estimate should include the zones above and below the active core. The
parameter dpa should cover the full neutron energy spectrum, not just E > 1
MeV. Irradiation damage should be estimated from the upper bound correlation
curve from Fig. 4.

The structural analysis should satisfy the following conditions: .
1. Allowable stresses may be based on one of the following methods:
(1) use a value specified in the codes and specifications approved by
the NRC, (2) determine an average value from tests of samples taken from
the supports, or (3) use the records of the material producer, if such
are available. Certified Material Test Reports, described in Reference
16, can serve in the third method.

2. The analysis should address the simultaneous application of
vertical, tangential, and radial loads to supports.
3. The 1oad combinations that produce the maximum tensile stresses

should be included in the analysis.
4. The analytical model should be developed in sufficient detail to
permit quantitative definition of all significant tensile stresses.
Local stresses due to (1) transfer of loads between support structure
elements, (2) load 1ine offsets within the structural members, and.(3)
structure discontinuities and stress concentrations must be included in -
the analysis.
S. : Residual stresses and thermal effects should be included in the
analysis.
6. The assembly preload of threaded fasteners should be included in
the analysis.
7. The support loading definition should include an estimate of
loading frequency (cycles/sec.) for major dynamic loads.
8. The scope of the RPV support structure analytical model should
include transmission of the vessel support loads from the point of
interaction with the reactor vessel to the point(s) where the load
transfer to the interfacing concrete structure is complete.
9. Elastic-plastic properties of the support material may be factored
into the analysis but the pertinent provisions of References 9 and 16 .

_ should be satisfied. - ' ‘ .

7.e Structural Consequence Analysis.
If the RPV support analysis, because of insufficient, or lack of, information
or other reasons, is inconclusive, integrity may be assessed by performing a
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structura1 consequence analysis. The structural consequence analysis reported
by LLNL® should be useful as guidance in setting out to do such a task.
However, the approach used by LLNL was to assume RPV support failure and focus
the ana1ys1s on determining the capability of the reactor coolant Toop- (RCL)
piping to transfer the loads shed by the RPV supports to the remaining reactor
coolant system (RCS) supports. Also, LLNL examined the .capacity of the RCS
components and their supports to resist these loads, and examined the effects
of RPV support failure on the RCL system (i.e., RPV, reactor coolant pump
[RCP], steam generator [SG], and safety 1n3ect1on lines). With certain
qua11f1cat1ons the analysis concluded that the failure of Trojan RPV supports
would not result in consequences of safety concern. Reference 8 can provide
guidance for a similar assessment of RPV supports provided that the cr1t1ca1
comments Tisted in Section 6 are addressed.

The LLNL evaluation considered two load combinations:

1. Dead load + operating pressure + SSE, and

2. Dead load + operating temperature + L OCA
Both load combinations are designated as Level D Service Limits in the ASME
Code, Section III, Division 1. The analysis was performed in accordance with
the provisions of Subsection NB, "Class 1 Components,” in conjunction with
Appendix F of that Code.

The logic for a Consequence Analysis was drawn on Figure 7-5. To perform an -
analysis of the RCL piping in accord with Fig. 7-5, information regarding the
piping and associated loads must be obtained 1nc1ud1ng the following.
Information on piping should include material properties, Tocation of piping
supports, and verification of piping design details (e.g.: details such as
pipe diameter and wall thickness). Static loads should be determined based on
dead weight, pressure and temperature. In many situations thermal loads are
self 1imiting, have no bearing on the analysis, and may be neglected. There
are, however, cases where thermal loads result in primary stresses and those
should be included. For example, in a thermal transient, an RPV support
connected to another structural element by a bolted f1ange can induce an
increase in stress in the bolts by differential thermal expansion.

Usually, the site seismic design basis, the mathematical model of the NSSS and
the floor response spectra are available for the RPV supports. If not, they
must be generated. The acceptable procedure for defining response spectra for
seismic design of nuclear power plants is provided 1n Regulatory Guide 1.60%
and Regulatory Guide 1.122%. Regulatory Guide 1.617 defines the acceptable
damping values for design of nuclear facilities.

There are two acceptable methods for seismic 1oad determinations;. the response
spectrum and the time history. Technical guidance regarding application of
either of these methods is provided in Sections 3.7.1, "Seismic Design
Parameters;" 3.7.2, "Seismic System Analysis;" and 3.7.3, "Seismic Subsystem
Analysis" of Reference 9 and the associated Regulatory Guides.

Some systems qualify for leak-before-bredk considerations and in such cases
small-break LOCA (SBLOCA) toads apply. Loads from pressure, dead weight of
the RPV, thermal gradient (if applicable), LOCA (SBLOCA or LBLOCA) and SSE
should be combined in accordance with the provisions of Reference 18.
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From the loads as described above, stresses in the RCL piping and RPV
displacements (vertical and horizontal) should be computed. Vessel
displacement may adversely affect the insertability of control rods or the
functionality of safety injection 1ines, flux monitoring systems (such as
thimble tube guide lines) and instrument .thimble tubes. Also, excessive RPV
displacement may deform the reactor coolant pump (RCP) casing(s) and bind the
impeller(s). Tilting of the RCP may disrupt the continuity of flow
(coastdown) following a loss of RCP power. Coastdown allows the reactor power
to be reduced before flow through the core is reduced, ensuring that localized
boiling and departure from nucleate boiling do not occur. To help maintain
coastdown, the RCP receives the kinetic energy necessary for coastdown from a
flywheel. Tilting of the RCP may cause excessive vibration of the RCP
assembly, which could Tead to loss of the flywheel. Because the flywheel is
massive and rotates at a high speed (1200 rpm) in normal operation, loss of
flywheel integrity could generate high energy missiles. The safety
consequences of such scenarios may be significant because of possible damage
to the reactor coolant system, the primary containment or the engineered
safety features equipment.

Another potential cause of loss of coastdown from RCP tilting is the fact that
tilting of a pump assembly may cause stresses sufficient to induce deformation
or failure of the bearings. In either case, malfunction of the bearings could
impede or terminate coastdown. . .

The SG and RCP supports must be evaluated to ensure sufficient margin under
the additional loads resulting from support failure.

The scenarios described above do not encompass the entire potential problem
associated with integrity of RPV supports and safety of nuclear power plants.
Consideration should be given to uncertainty regarding initial transition
temperature of component support material such as steam generator and reactor
coolant pump, degradation of material over the life of the plant, aging
embrittlement of stainless steel primary coolant loop piping, degradation of .
large hydraulic snubbers, erosion of piping walls, to name a few. The
structural consequence analysis did not consider these conditions, but the
cumulative effect of these problems could aggravate consequences of RPV
support failure to the point that public safety could be at risk.

If the RPV support integrity cannot be ensured by any of the alternatives
described in Sections 7.c through 7.e, modifications to the supports or to the
plant operation should be considered. :

7.f Fracture Mechanics Procedure For Pins

Pins and clevises deserve special attention. Because of their geometry, the
predominant stress may not be tension but shear or a combination of the two.
Evaluation of K;,. is controversial and the parameter is not routinely included
in design considerations. However, some progress to find a viable and .
practical solution to this problem has been made.?? It is recognized that
tests performed on oblique cracks showed that the predominant crack extension
direction was dictated by the maximum K; value, thus reducing the value of K.
Some investigators, however, obtained Mode II cracks_in their experiments
indicating that the that Mode II failure is probable®. L. Banks-Sills
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expressed an opinion that "The direction of crack growth is governed by
properties of the material being tested and the conditions of the crack tip.
If there is ‘brittle’ fracture as occurs with Perspex, a crack in a Mode II
field propagates between 60 and 70° with respect to the parent crack. In
elastic materials, this coincides with the direction of maximum tangential
stress."® From the above, one may conclude that material behavior in Mode II
failure is not well understood. Although more work is needed in this area, it
is evident that in components loaded in shear, Mode I considerations alone may
be insufficient and the analysis should consder Mode I and Mode II
combinations.

7.9 Examples (To be provided)
8. SUMMARY OF COST-BENEFIT ANALYSIS

The cost-benefit
analysis conducted in support of GSI-15 consisted of three steps. First,
estimates of the core damage frequency and risk associated with RPVS failures
were made: second, detailed cost estimates of potential corrective measures
for damaged RPV supports were made; and third, cost/benefit ratios for
implementation of any of the five identified corrective measures were
calculated. Details of the analysis and presentation of the results are
contained in Appendix A to this report. '

8.1 Benefit Evaluation :

The benefit is defined as the reduction in risk obtained by fixing the neutron
embrittled RPV supports. To estimate the risk, two different scenarios were
considered that could potentially fail the supports The first scenario is a
safe shutdown earthquake (SSE) as an initiating event with the subsequent
failure of the RPV supports. The second scenario involved a small break loss
of coolant accident (SBLOCA). Typical event tree methodology was used in the
generation of event trees. Initiating event frequencies were adjusted to fit
the scenario of brittle failure of supports. In the case of the SSE event
tree, the probability of the earthquake was reduced to correspond to the peak
ground acceleration and RPV support stress level at which brittle fracture
could be expected to occur. In the case of the SBLOCA, the frequency used was
taken from the Sequoyah 1 PRA and reduced by a factor of 2 because it was
assumed that not all break locations would produce significant loads on the
RPV supports. It was assumed that, given the initiating event, the probability
of support failure would be 0.5. The event trees were quantified and those
event sequences which resulted in core damage were grouped into one of seven
different categories. Each sequence was assigned to the offsite release
category which best modeled its outcome. The offsite release categories were
taken form the WASH 1400* reactor safety report that classifies various
degrees of release from the reactor containment. For the best estimate base
case considered in the analysis, the total contribution to core damage
frequency resulting from RPV support failure was calculated to be 8.8 x 10°°.

8.2 Cost Analysis _ ‘ ‘
Five alternatives were considered as corrective measures to preclude RPV
iu??ort failure in the event of an SSE or SBLOCA. The alternatives were as
ol lows. _

1. shielding the RPV supports from neutron radiation;
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increasing the RPV support operating temperature above the NDT
temperature; '
replacing the RPV supports;
heating the RPV supports sufficiently to anneal out any
embrittlement; . ,

5. strengthening or adding additional RPV supports.
‘The cost estimates for the five options were developed using the guidelines of
NUREG/CR-3568", and NUREG/CR-4627, Rev. 1,% and the computer code FORECAST
2.1% which incorporates cost evaluation information. Cost estimation
involved making an evaluation of each proposed modification, identifying
equipment and materials necessary to make the proposed modifications, and
assessing the work area in which the proposed modifications would be made.

P N

There was a wide variation in the estimated costs of the alternatives
considered. The maximum cost per plant was $89,000,000 (alternative 3,
replacing existing supports), and the minimum cost per plant was $920,000
(aternative 2, increasing the operating temperature of the supports)

8.3 Cost/Benefit Analysis

Results of the cost/benefit analysis were calculated using the dollar-to-
person-rem averted ratio (DPR). The DPR is calculated as the cost of the
modification divided by the offsite person-rem averted if the modification 1is
performed. In calculating the cost, the averted onsite cost (AOSC) is
subtracted from the modification cost. For the case where the occupational
exposure is considered, the occupational exposure is subtracted from the
averted offsite dose. For some cases the occupational exposure from making
the modification exceeded the averted offsite dose which results in no net
benefit. Cost/benefit calculations were made for a 10, 20, 40, and 60 year
remaining life span. The remaining 1ife span is the time left to operate the
plant after the supports are assumed to become brittle. Results of the
cost/benefit analysis (presented in Appendix A) are calculated for three cost
categories, 1) without either AOSC or replacement power, 2) with AQSC but
without replacement power, and 3) with both AOSC and replacement power.

The results of the benefit analysis indicate a per plant offsite dose risk of
2.9 person-rem/year with a calculated core damage frequency of 8.8X107°/yr.
The risk value includes all the risk associated with support failure after
embrittlement occurs. It was assumed that any of the -proposed options would
remove 100% of the risk associated with failure of an embrittled support.
This means that after the modification, the risk due to support failure is
assumed to be zero. :

A number of cost/benefit calculations were made using combinations of
assumptions which produced a range of values to fit the various scenarios.
The calculated cost benefit ratios range from $53 per person-rem (increasing
the operating temperature of the supports, without replacement power, and
considering 60 year 1life after embrittlement occurs) and $3,100,000 per
person-rem (replacing supports, with averted on-site costs, with replacement
power, without occupational exposure, and considering 10 years life after. -
embrittlement).
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Sensitivity studies were conducted considering 10, 20, 40, and 60 years
operation after embrittiement of the supports. Cost benefit ratios were
calculated both with and without consideration of occupational doses. Several
supplemental cases were evaluated with more conservative estimates of failure
probability to judge the sensitivity of the risk calculation results to the
event probabilities in the event trees. Seven cases were evaluated:

Case 1 Increase the frequency of an SSE by a factor of ten. For most
plants, this is equivalent to assuming peak ground acceleration of 0.59
earthquake and may result in RPV support failure.

’ Case 2 Increase offsite dose rates by a factor of 100 to simulate a
plant Tocated in an area of high population density. ‘

Case 3 Increase the probabilities of RPV support failure and LBLOCA to
1 to show the maximum uncertainty in the RPV support failure mechanisms. ’

Case 4 Increase the failure probabilities of the RPV supports and the
RPS to 1 and decrease the probability of a LBLOCA to 0.

Case 5 Increase the failure probabilities of ECCS and CSDS to 1 to
simulate failure of these safety systems.

Case 6 Increase the probabilities of LBLOCA and ECCS failure to 1 to
simulate the pressure vessel displacing sufficiently (following RPV support
failure) to cause the ECCS injection 1ines to break or become inoperable.

’ Case 7 Set the failure probabilities of the RPV supports, RPS, CSDS,
and ECCS and the incidence of LBLOCA to 1 which is a worst case model of
complete failure of the entire reactor protection system with the exception of
the containment. This scenario involves prior embrittlement. of the RPV
upportss and the RPV support from the primary piping. Following the
initiating event, the subsequent shifting of the RPV results in failure of all
core protection systems.

Table 8-1 shows the results for each case considered for one year, as well as

for ten, twenty, forty and sixty years. From the sensitivity analysis the
extreme values of the cost/benefit ratio can be obtained.
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Table 8-1

1 6.5x10™ 21 210 420 8406
2 8.8x10° 290 ,900 - 5,800 12,000 0
3 1.8x10" 10 100 200 400 0
4 3.5x10™ 2.7 27 54 110 0
5 6.6x10™ 26 26d‘ 520 1,000
6 8.8x10" 49 490 950 2,000
7 1.8x10° 98 980 2,000 3,900
Base 8.8x10° 2.9 29 58 120 0
The core melt frequencies per year were obtained by modifying the appropriate

events in the sequence event trees (not shown) for the two initiating events,
SSE and SBLOCA. The Base Case shows the results of the original analysis
without modifications of the sensitivity analysis parameters. For other: .
cases, to obtain Risk per year the probabilities for each sequence (PWR 7, PWR
3, and PWR 1) are multiplied by the corresponding Consequence Factors taken
from NUREG/CR-2800*. The result is the risk per year in person-rem. The
risks for 10, 20, 40, and 60 years are simply product of the risk for one year
times the number of years in question.

From Table 8-1 it can be seen that the minimum benefit is Case 4, and the risk
reduction is 27 person-rem for a period of ten years. The maximum benefit
occurs in case 2, which gives 17,400 person rem for a period of 60 years.
Using the results of the sensitivity analyses and the corresponding costs,
four extreme cases of cost/benefit were calculated. The four extreme cases
are: '

Maximum cost/minimum .benefit
- Minimum cost/maximum benefit
Minimum cost/minimum benefit
Minimum cost/maximum benefit

$3,300, 000/person-rem
$5,120/person-rem
$34,000/person-rem -
$53/person-rem.

Moo
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The above results illustrate the large variability of the results. They also
indicate that all except case 4 are above $1,000/person-rem, the accepted
threshold for taking any regulatory action. The minimum cost/maximum benefit
of $53/person-rem (Case 4) results derived from option 2 (increasing the
operating temperature of the RPV supports above the new, embrittled NDT
temperature), and the cost, without replacement power is $920, 000. The
corresponding benefit (the risk reduction) is 17,000 person-rem. Because the
majority of the calculated cost-benefit ratios were well above the
$1,000/person-rem criterion, there is Tittle justification for taking
regulatory actions. Moreover, the range of cost-benefit ratios stems from
uncertainty in the values used in the analysis and, being uncertain, were of
little use to the staff in reaching a regulatory position.

9. DISCUSSION OF THE GSI-15 TECHNICAL FINDINGS

It had been reported by ORNL* that the thermal-to-fast neutron ratio was about
50-to-1. That was enough motivation for some theoreticians to propose -
mechanisms for submicroscopic damage by low energy neutron radiation at Tow
temperature in steel. Using those models, the NRC staff developed a method
for eva]uat1ng the effects of low energy neutron damage in steel by a modified
dpa parameter’. To expand the available data base, the NRC staff requested
ORNL to calculate the neutron energy spectra at additional surveillance
locations in the HFIR. The resulting thermal-to-fast neutron ratios were on -
the order of 3-to-1 to 7-to-1. That finding did three things: (1) it cast
doubt on the roughly ten times larger ratio reported in Reference 3; (2) it
suggested that the Tow-energy neutron damage theory was not the answer to the
HFIR embrittlement; and (3) it set in motion a program with the goal of
determining the radiation conditions in HFIR by the best experimental and
calculational means available.

When the dosimetry program was completed it was concluded™ that the
accelerated embrittiement of the HFIR surveillance samples could be attributed
to Tong-term, low-temperature gamma radiation. Also, we found that the HFIR y
flux was about 3000 times higher than the measured y flux in the cavity of an
operating reactor. The interpretation of these findings created the following
picture. The physical conditions in the HFIR, with an annulus between the Be
reflector and the vessel inside surface (where the surveillance capsules were
located) filled with almost two feet of water attenuated the neutrons so that
the flux of those with E > 1 MeV was reduced by orders of magnitude. At the
same time, the y flux remained almost unabated. -Although the y flux was not
especially high, there was enough radiation to create submicroscopic damage in
the steel. In fact, had the y flux been very high, the y-heating would have
annihilated much of the damage. Likewise, the relatively low neutron flux
kept that element of radiation from annealing out the y-radiation damage.
Also, the temperature of the steel was kept relatively low, well below 200°F,
ensuring that much of the damage from y and low-energy neutrons would be
retained. Because nuclear reactor pressure vessels operate at about 550°F,
the diffusivity in the steel is so much greater than at the low temperatures
of the HFIR or the RPV supports that the relatively short-range crystal -
lattice damage from y radiation is annealed in months, if not in weeks, even
though the flux is of the same order of magnitude as found in the HFIR.
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By these arguments, we see that the radiation environment in the HFIR is
unique to that reactor, the embrittlement observed in the surveillance
specimens can be exp1a1ned on the basis of the radiation details, by using a
dpa parameter that includes all radiation (the full neutron energy spectrum
and the ys) the HFIR data fall on the trend band established with other data,
and the HFIR surveillance data are not relevant for predicting RPV support
embrittlement in operating reactors. In an operating reactor, the vessel
supports are shielded from y radiation by the vessel, itself. The steel
thickness of six to ten inches is sufficient to reduce the y flux by two,
three, or four powers of ten. For this reason, no significant y radiation
embrittlement is expected in RPV supports; however, embrittlement predictions
should be made on the basis of the complete dpa parameter because there may be
a significant additional contribution from low-energy neutrons.

In this regard, we note that the ASTM Standard Guide for RPV supports, E 1035
(in the ASTM Book of Standards), addresses radiation considerations in.the
following way. The designer and owner/operator is cautioned to consider the
potential for radiation embrittlement. However, it is stated that 1f the
fluence of neutrons of energy greater than 1 MeV is no more than 10V nvt,
there is no need for further consideration. From the findings in the work
aimed at resolution of GSI-15, it is clear that fast neutron (E > 1 MeV)
fluence may not be sufficient for accurate predictions. Although neglecting
all radiation but fast neutrons is probably acceptable for a fission spectrum
or something close to it, other particles can do damage and if present in
sufficient numbers, they should be counted, especially at Tow temperature.

The work which Ted to NUREG/CR-5320 included a survey of LWR vessel supports
using the FSAR 1ibrary located at the Nuclear Operations Analysis Center at
ORNL . The information from the ORNL survey was supplemented by two other
studies®*. It was noted that in many instances the data from all sources
were too sketchy to be definitive. Based on the above surveys, at least in
some of the older reactors, neither the exact chemical composition nor the
mechanical properties of the RPV supports is known, neither their initial nor
shifted NDT temperatures can be accurately determined, and the margin between
their lowest operating temperature and their NDT temperature may be less than
that recommended in the ASME Code, Appendix R. There may be cases where the
initial NDT was so. high that little, if any, margin for radiation-induced
increases is available. Under such conditions, it would be prudent to perform
an engineering reassessment of the RPV support integrity and eva]uate any
potential threat to safety.

10. CONCLUSIONS

1. The specimens that were incorporated in the surveillance program at the
HFIR exhibited more radiation-induced embrittlement than would be predicted
from pre-existing trend curves. .

2. After reviewing the studies and analyses undertaken by several
organizations at the outset of the-work on GSI-15, it was concluded that -in
today’s state of the art there is no one reliable method of structural
analysis by which the issue could be resolved.
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3..  Specimens cut from the decommissioned Shippingport neutron shield tank
exhibited embrittlement (ANDT) commensurate with pre-existing trend curves
even though the steel and the irradiation conditions (in terms of the neutron
spectrum) were similar to those at HFIR.

4, Specimens of the same steel used in the construction of the HFIR reactor
vessel (archieval material), when tested in other facilities did not repeat
the excess embrittlement found in the surveillance specimens.

5. In response to the initial report that the HFIR neutron energy spectrum
had about 50 times more low energy (thermal) neutrons as high energy (fast)
neutrons, a model was developed to account for the complete neutron energy
spectrum by modifying the dpa parameter.

6. A comprehensive dosimetry program, designed to provide data necessary to
confirm the (above) low energy neutron damage model, suggested that the excess
embrittlement of the HFIR specimens could be attributed to long-term, -1ow-
temperature gamma radiation.

7. Auxilliary conclusions derived from the program noted in the preceeding
statement included the following: ‘
7a. At the location in HFIR where y flux calculations were confirmed by
measurements, the y dpa was five times higher than the neutron dpa.
7b. Discrepencies in neutron flux values from dosimeters irradiated in
the HFIR were the result of photofission and photoneutron reactions
triggered by the y radiation.
7c. Be and fast threshold fission dosimeters exhibit photo-induced
reactions making them good y dose monitors in some radiation fields.
7d. Neutron flux gradients across the surveillance capsules in HFIR
were not consistent from one to another.
7e. It was shown that locating stainless steel fast neutron dosimeters
in Charpy specimen V-notches resulted in adequate flux measurements.
7f. It was shown that simultaneous adjustment of the neutron and y
fluxes was feasible.

8. By relating the HFIR surveillance data to an expanded dpa parameter
enveloping both the neutron and y fluxes, the HFIR ANDT values could be moved
into the trend band derived from other data and could not continue to be
considered excessive.

9. The above finding Teads to the tentative conclusion that the deviation
reported in the HFIR surveillance data probably was a result of the
combination of a Tong-time exposure at relatively low temperatures to a
radiation field with a very low density of fast neutrons and a much larger,
but typical, density of gammas.

10.  Because it was initially expected that it would be necessary to evaluate
(at least some) RPV supports, a detailed engineering approach for assessing
the structural integrity was developed. ' .

11. As a related task, a consequence analysis based on the Trojan plant
(believed to be the most vulnerable) configuration showed that RPV support
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failure could be tolerated providing that other components were not degraded
(see below).

12. The 1imited review of RPV supports in operating plants led to a
conclusion that some materials of construction may have an initial NDT high
enough to allow 1ittle, if any, margin for radiation-induced increases.

13. Engineering analyses demonstrated the importance of related plant
components which would have to carry additional loads in the event of RPV
support failure but some critical related components have exhibited other,
unique, degredation mechanisms. ' '

14. If licensees wish to reassesé the integrity of their RPV supports, the
methods reported in this paper should provide adequate guidance.
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NOTES

(SEE FIG.7-1)
The safety margin between LST-T,,; is established using Fig. R-1200-1 of Append1x R
to Reference 17.

(SEE FIg 7-2)
LST
The Towest service temperature (LST) is defined as the minimum temperature of
the most vulnerable part of the fracture-critical member at times when design
basis accident loads occur. RPV support temperatures can be established
either from measurements or theoretical calculations.

2. Adjustments
2A. Irradiation

The radiation-induced temperature shift should be based on re11ab1e and
relevant dosimetry information.

ZB. Strain-rate

Consideration for strain-rate effects must be appropriate to the subject
material. The loading rate should be estimated and its effect documented.

3. NDT Evaluation Procedure. :
List all support materials and available NDT temperature data. State the
authority for material tests (e.g., Subsection NF, ASME Code Section III).
3A. Material having minimum specified vield strenqgth of 180 ksi or less:
For materials in new RPV supports the NDT temperature should be determined.in
accordance with the provisions of ASTM E-208 (Reference 20). If Charpy V-
notch testing 1is performed it should
satisfy the requirements of Subsection NF, "Component Supports”, Paragraphs NF
2320 and 2330 of Reference 16.
3B. Estimated NDT
For existing RPV supports, in case the NDT temperature cannot be determined
experimentally, an estimated NDT temperature can be obtained from Table 7-1.
The value of the NDT temperature, used for this purpose, should be the NDT
mean plus 1.3 standard deviation.
3C. Bolting Materials
Code bolting materials shall meet the fracture toughness requ1rements of
Appendix G, Subsection NC, Paragragh NC-2332.3 and Article G-4000, "Bolting,”
Reference 16. Those materials not specified in the Code must be ana]yzed in
accordance with, and meet the criteria of 3A or 3B above.
3D. Steels having minimum specified yield strength greater than 180 ksi
Resistance to fracture under tensile loads for materials with minimum yield
strength greater than 180 ksi is considered unreliable unless it can be
justified by LEFM analysis. If such a justification cannot be provided, high
strength materials should be assumed to have inadequate fracture toughness,
and that the fracture mechanics or transition temperature options (Fig. 7-3
and 7-4) are not applicable. Structural adequacy of RPV supports should be
demonstrated by means of the structural consequence analysis (Fig. 7-5).

4.  The "Criteria" are those contaﬁnedlin Article IWB-3000 of Reference 17.
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Figure 7-3 Fracture Mechanics Approach
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NOTES (Fig. 7-3&" ‘“)

(a) Estimated fracture toughness by conversion of an hyperbolic tangent
function fitted to Charpy data is not acceptable. , _

(b) Confirmation of correlations between CVN and K, data is required.

(c) The proper determination of fracture toughness curves is based on multiple
K. tests at each of several temperatures for each class of material.

(d) Minimum Fracture Toughness values contained in Table 7-2 may be used if
sufficient evidence is available to demonstrate that the material used in the
ggv supports is the same as that 1isted in Group III in Table 4.6 of Reference

(e) Where applicable, fracture toughneés (K. and/or K;,) can be obtained from
the information contained in Appendix A, Figure A-4200-1 of Reference 17.

a) Acceptance criteria for the flaw size can be based on Subarticle IWB-3611,
"Acceptance Criteria Based on Flaw Size" of Reference 17.

(b) The analysis of flaw indications should be in accordance with the
provisions of Appendix A, “"Analysis of Flaw Indications” of Reference 17.

(a) The maximum stress intensity factor K; shall correspond to the flaw size
a. as defined in Subarticle IWB-3600 of Reference 17. :

(6) If the supports are subjected to combined loading which necessitates
consideration of Mode II, an appropriate fracture toughness shall be
established based on the present state-of-the-art.

(c) If applicable, the reference temperature for the nil ductility transition
(RT,;;) may be used in conjunction with the provisions of Appendix G, Article
6-2000 Reference 16.

(d) Calculate K; using Eq. 1 in Appendix A, Article A-3000 of Reference 17.

Safety factors shall satisfy the criteria of Article IWB-3600 of Reference 17.

(a) The analysis may be performed using elastic-plastic properties of the
material. The load combinations, allowable stresses and the design criteria
for linear supports (consisting of shapes, beams, and columns) should conform
with the provisions of Section 3.8.3, Concrete and Steel Internal Structures
of Steel and or Concrete Containments,” and for non-linear supports with _
Section 3.9.3, "ASME Code Class 1, 2, and 3 Components, Component Supports,
and Core Support Structures" of Reference 9 respectively.

(b) The thermo-hydraulic loads may be based on Reference 24.
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b Table 1 )
Compilation of NDT Results

Material NDT o NDT + 1.30 NDT + 20
Cast Steels o o
A-27, A-216 1" . - 6°F 12°F 10°F 18°F
(heat treated >1" 35 17 57 69
condition)
A-352 max. -20
Wrought Steels
all "mild" steels* 27 31 67 89
all "mild" steels ' .
except A-201 40 28 77 96
C-Mn*(as-hot rolled) 22 13 39 48
(normalized) -28 18 -5 8
HSLA* (as-hot rolled) 25** 12%* 41%* 49%*
(normalized) -50** 18** -27** -14**
Low Alloy. Non-Q&T _ ,
A-302 8 28 45 64
A-353 max. -320 .
A-387 - 65**
Quenched & Tempered '
A-508 C12 max. 40°F
A-514 max. -10°F
A-517 max. -20°F
A-533B C11 max. 20°F
A-537 C12 max. -60°F
A-543 max. -60°F

See table 7-3 for ASTM specs included in this category

HSLA steels, "high strength" means yield strength > 40 ksi. For further
discussion on HSLA steels see Reference 3.

(From Table 4.4 of Reference 36)
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Table 2

Minimum Fracture Toughness Data at 75°F

Plain Carbon 32 ksi in?

C/Mn 36 "

HSLA . % " "
Low Alloy (non Quenched and Tempered)

A-302 ' 30 " "

A-353 150 " "

A-387 65 " "
Quenched and Tempered

A-508 ‘ B " "

A-514/A-517 65 " "

A-533 3B " "

A-537 5 " "

A-543 9% " "
Other ‘

A-461, Gr. 630 , 00 " "

(From Table 4.5 of Reference 36)
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C )
' ~ Table 7-3 o
Classification of Wrought Grades into Groups

Plain Carbon: A-7, A-53, A-106, A-201, A-212, A-283, A-284,
A-285, A-306, A-307, A-501, A-515 '

Carbon-Manganese: A-36, A-105, A-516, A-537

High-strength low alloy: A-441, A-572, A-588, A-618

Low alloy (not quenched & tempered): A-302, A-322, A-353, A-387

Quenched & tempered: A-193, A-194, A-325, A-354, A-461, A-490
A-508, A-514, A-517, A-533, A-537, A-540
A-543, A-563, A-574.

(From Table 3.2 of Reference 36)
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APPENDIX A - GSI-15 Event Tree Uncertainty Analysis

The event tree uncertainty analysis was initiated by assigning an
appropriate uncertainty to each event in both of the event tree sequences.
Table A.1 lists each event with its mean value, standard deviation, and
assumed underlying probability distribution type. The source listed in the
table is the source of the event mean value. The standard deviation value
for the two Poisson initiating events were calculated by the relationship

of: standard deviation = ymean .® The standard deviation value for the

log-normal distributions in the table were estimated based upon engineering
Jjudgement.

Table A.1. Sequence Event Uncertainty Parameters.

Il;‘j
SSE 1.25x10° | 3.5x107 Poisson | . Ref. 3 |
SBLOCA 5.0x10™* 2.2x10%2 Poisson Ref. 4
RPVSF 5.0x107" 2.0x10" Log-normal EJb.
LBLOCA 5.0x107! 2.0x10™ Log-normal EJ
RPSF 5.0x10°! 2.0x10" Log-normal EJ
CSDSF 2.0x107 1.0x10™ Log-norma Ref. 4
ECCSF 1.0x107 1.0x10™ Log-normaT EJ
1.0x10° 5.0x10° Ref. 4
RCF Log-normal
1.0x10°? 5.0x10? EJ

® £J = Engineering Judgement.

® This relationship is only valid on Poisson distributed events.
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Normally probabilistic risk assessments assign log-normal
distributions to the individual events contained in event trees. This
arbitrary assignment of distributions stems from the fact that the log-
normal distribution efficiently models events with low probabilities. But,
for unlikely events (such as an earthquake) that occur at a constant rate
and that change the system once the event does occur, a Poisson
distribution is frequently used as the underlying distribution®.

In Table A.1, event RCF is listed as having two parameters.. The
first parameter (1.0x10) models the normal, independent failure of the
containment, while the second parameter (1.0x10%) models the correlated
failure mode of the emergency core cooling system and the reactor
containment.

The event tree sequences were analyzed using a numerical Taylor
series expansion routine to find the mean and standard deviation for each -
sequence outcome. The Taylor series expansion program was written by one
of the authors (Smith) and was verified, both by hand calculations and
textbook problems, before use on this project. Appendix C presents two
samples of the program verification.

Table A.2 Tists the sequence end states expected probability, 95th
percentile probability, and standard deviation. The probability
distribution for each sequence outcome is assumed to be log-normally
distributed due to the multiplication of several events. The expected
probeb111ty and standard deviation were obtained from the Taylor series
expansion program. The 95th percentile valve was calculated using the
obtained expected value and standard deviation and the assumption that the
resulting distribution was log-normal. 4

® The PRA Procedures Guide, USNRC Report NUREG/CR-2300, Jan. 1983,
illustrates calculating the occurrence of earthquakes by using the Poisson
distribution. Other probability and statistics texts and seismic reports
éerlfybthat events such as an- earthquake may be modeled by the Poisson

istribution. -
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Table A.2. Event Tree Sequence End State Results.
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 STANDARD

- DEVIATION. ,
2.3x10°° 2.1x10%?
1.2x10°° 6.6x107
PWR 9 3.9x10* 1.0x10° 9.3x1073
PWR 8 3.9x107 1.0x10° 9.4x10°
PWR 7 8.7x10° 2.6x10™ 1.5x1073
PWR 3 4.4x10° 1.2x10”7 1.0x10°®
PWR 1 4.4x107 1.2x10° 1.0x10°

Table A.2 lists the 95th percentile values for the sequence end state
distribution. The different percentile values (5th, 50th, and 95th) and
error factor (EF) for a log-normal distribution are calculated using the
equations below. Traditionally, the 5th percentile is considered a lower -
bound while the 95th percentile is an upper bound.

1.645(1n[1+ (47/;4)2])”2
EF = e

median = 50th =

' 7
[1+(o/u)21%?
95th = median-+ EF

median
EF

5th =

where
= Jog-normal standard deviation .
¢ = log-normal mean.
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The risk is defined as the probability of an event multiplied by the
release consequence of the event. The risk is then extrapolated over the
estimated remaining lifetime of a typical reactor. Most of the
embrittlement of the RPVSs occur early in the lifetime of a plant. For the
purpose of illustration in this appendix. the analysis assumes that the
plant has a 10 year remaining 1ifetime. The risk from each event sequence
is then summed for the 10 years to get an upperbound total risk.

Table A.3 Tists the whole body dose consequence associated with each
end state category. The consequence data quantifies the WASH-1400 end
states and is taken from NUREG/CR-2800. The consequence for the SPRA and
SF-PSD end state are both assumed to be zero (no additional risk).  The
consequence dose values are not treated as uncertain variables. Rather,
the values are handled as upper bound numbers, which requires the values to
be treated as conservative point estimates.

Table A.3. End State Radioactive Release CQnsequences.

PWR 1 5.4x10°
PWR 3 5.4x108
PWR 7 2.3x10°
PWR 8 7.5x10°
PWR 9 1.2x10?

Table A.4 lists the results of the risk analysis. The énd state
release consequence is multiplied by the end state probability to get an
“end state risk. The risk is then summed and multiplied by the 10-year
duration to get the total additional population risk associated with the
possible RPV support failure due to a SSE or a SBLOCA. ‘
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Table A.4. Risk Analysis Uncertainty Results.

r | IDARD ”ééih“PERCENTILE |
SPRA O/yeér O/year O/year
SF-PSD 0/year 0/year 0/year
PWR 9 0.047/year 1.12/year 0.12 /year
PWR 8 0.029/year 0.71/year 0.077/yeaf
PWR 7 0.20 /year 3.5/year 0.58 /year
PWR 3 0.24 /year 5.4/year 0.65 /year
PWR 1 2.4 /year 54.0 /year 6.4 /year
2 = 2.9 /year 54  /year 8.2 /year

x 10 years 29 540 82

Table A.4 shows the expected risk is 29 persoh—rem for the entire ten
year embrittiement duration. Accounting for the uncertainties in the event
tree analysis gives a 95th percentile risk of 82 person-rem.

Figure A.1 shows the cumulative probability distribution curve for
the base case risk. The base case median risk value can be found by taking
10 to the power of the 0.50-probability-risk-value (since the log scale is
on a base 10). From the graph, the 0.50-probability- risk-value is
approximately -0.8. Thus, the median risk is calculated to be:

Risk

median

= 10°% = 0.16 person-rem/year

or 1.6 person-rem for the ten year embrittlement duration. The difference
between the median and the 95th values illustrates how the uncertainty can
skew the calculated values. But even though the'uncertainty may result in
a wide range of values, the best estimate should be used in décisionméking
due to the conservative nature of the analysis.
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Probability

Log(x), Risk (person-rem/year)

A.1 : Bdsgufmse Risk Cumulative Probability Curve.
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APPENDIX B - GSI-15 Risk Sensitivity Analysis

To judge how sensitive the results of the GSI-15 risk calculations
(benefit evaluation) were to the values used for event tree quantification,
several supplemental cases were evaluated with even more conservative
estimates of failure probabilities. Seven cases were evaluated as
discussed below.

Case 1 Increase the frequency of an SSE by a factor of
ten. For most plants, this will have the same
effect as assuming that a 0.05g earthquake will
have sufficient force to potentially result in RPVS
failure.

Case 2 Increase offsite dose rateé by a factor of 100.
This will show the potential results for a plant
Tocated in an area of high population density.

Case 3 Increase the probabilities of RPVSF and LBLOCA to
1. This will show the maximum uncertainty in the
RPVS failure mechanisms.

Case 4 Increase the probabilities of RPVSF and RPSF to 1
and decrease the probability of LBLOCA to 0. This
will show the maximum uncertainty in the reactor
protection system failure mechanisms.

Case 5 Increase the probability of ECCSF and CSDSF to 1.
This will show the maximum uncertainty involved in
initiating event-induced failure of these safety
systems. '

Case 6 Increase the probabi]itiés of LBLOCA and ECCSF to
1. This will show the maximum uncertainty
involving the dependence of a LBLOCA and ECCS
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failure on RPVS failure. In other words, it
simulates the pressure vessel falling sufficiently
(following RPVS failure) to allow the ECCS
injection Tines to break or become inoperable.

Set the probabilities of RPVSF, LBLOCA, RPSF, CSDSF, and ECCSF
to 1. This allows for a worst case model of complete failure
of the entire reactor protection system with the exception of
the containment. This scenario should be considered to be a
worst case scenario where the RPVSs and RPV supporting piping
are embrittled. Following the initiating event, the subsequent
shifting of the RPV results in failure of all core protection
systems.

Table B.1. shows the risk results for each of the seven cases and the
base case.

The results for each case are given in terms of core melt

frequency and expected offsite dose (person-rem) per year per plant. Also
included in the table are the risks associated with ten, twenty, forty, and
sixty years of cumulative operation in a condition where the RPVSs are
susceptible to failure. '
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Table B.1.

Sensitivity Analysis Results.

Base

8.8x10°

1 6.5x10™ 21 210 420 840 1,300
2 8.8x10° 290 2.900 5,800 12,000 17,000
3 1.8x10™ 10 100 200 400 600
4 3.5x10™ 2.7 27 54 110 160
5 6.6x10™ 26 260 520 1,000 1,600
6 | 8.8x10™ 49 490 980 2,000 2,900
7 1.8x10° 98 980 2,000 3,900 5,900
| 2.9 29 58 120
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Four extreme cases of cost/benefit were calculated from the results
of Table B.1 and the costs from Table 7. The four extreme cases were:

T maximum cost IT maximum cost
minimum benefit maximum benefit

IIT minimum cost minimum cost
" minimum benefit " ‘maximum benefit

For the above case, the minimum benefit was assumed to be 27 person-
rem (Table B.1, case 4, for 10 years), the maximum benefit was assumed to
be 17,400 person-rem (Table B.1, case 2, for 60 years), the minimum cost
was assumed to be $920,000 (Table 7, Option 2, with AOSC but without
replacement power), and the maximum cost was assumed to be $89M (Table 7,
Option 3, with AOSC and replacement power). The results of the four
extreme cost/benefit cases are presented in Table B.2.

Table B.2. Extreme Cost/Benefit Results.

I maximum cost/hinimum beﬁef{t 3,300;000‘
I1 maximum cost/maximum benefit 5,100
111 minimum cost/minimum benefit 34,000
v minimum cost/maximum benefit S X
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APPENDIX C - Taylor Series Expansion Program Verification

To assist with the analysis contained in this report, a computer
program (TSE) was used to evaluate the Taylor series expansion expressions.
As a check for the program, several sample problems were entered in the
program to be verified. Also, portions of the analysis in this report were
hand calculated to check the numerical results. The remainder of this
appendix illustrates how the Taylor series calculations are made and two
sample problems are given.

Two equations from the Taylor series expansion arise depending on
whether the resulting variable is calculated by a product or a summation.
For the case of the product z=X,- X, X,- ... X,. the mean and standard

deviation are found by:

mean of Z = pu, = By By g oo By

1/2
n 2
standard deviation of Z = 0, = [E [az ] (GX’)ZI

For the case of the summation, if z = X, +X,+X,+...+X_, the mean and

standard deviation are found by:

mean of Z = u, = P ¥ly Thy * o o o iy

1/2
n

standard deviation of Z = 0, = [E (UX)Z] '
i=1

The TSE program will calculate the mean and standard deviation for
any function that can be entered into the program. The partial derivatives
are numerically calculated within the program, thereby reducing.theé '
analysis time.
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For the first sample problem to verify the TSE program, a problem
from the statistics book Statistical Models in Enginéering® by G. Hahn and
S. Shapiro was evaluated. The problem asks to calculate the electron
current for the circuit given in Figure C.1. The equation to calculate the
current is:

where I = current (amps)
V = voltage (volts)
R = resistance (ohms)

I ——

<
il
~

Figure C.1. Circuit Diagram for Example Problem #1.

® Hahn, G. J. and S. S. Shapiro, Statistical Models ih Engineering,
John Wiley & Sons, Inc., 1967, pp. 230-232. '
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Each of the parameters in the equation above are statistical
variables. Table C.1 Tists each variable with its mean and standard .
deviation. Hahn and Shapiro gave the answer for the current as a mean of '
26.19 and a standard deviation of 1.616. The TSE program calculates the
mean as 26.1 and the standard deviation as 1.61. Thus, very close
agreement between the two answers is evident.

Table C.1. Variable Parameters for the Circuit Problem.

r
v 120 3.873
R, 10 1
R, 15 1
R, 20 | 1.414

The second example problem is a hand calculation of the PWR 9
sequence for the analysis in this report. The PWR 9 sequence is contained
within both the SSE event tree and the SBLOCA event tree (Figure 1 and
Figure 2, respectively). For the SSE event tree, the PWR 9 sequence can be
written as:

Z, = SSE * RPVSF - LBLOCA - ECCSF * RCF

where the bar over the event denotes the compliment of the event. Before
evaluating this sequence, the event parameters must be known. From
Appendix A, the parameters are shown in Table C.2. It should be pointed
out that the numerically calculated results are shown in this Appendix with
three significant digits for calculational purposes only.
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Table C.2. Variable Parameters for PWR 9 Sequence.

SSE 1.25x10° | 3.5x107
SBLOCA 5.0x10 C 2.2x10°
RPVSF ‘ 5.0x10" 2.0x10
LBLOCA 5.0x10™ 2.0x10
ECCSF 1.0x107 - 1.0x10"

RCF 1.0x10° 5.0x10°

From page C-1, the mean and standard deviation for the equatioh Z
can be calculated as:

Bz, = Hsse ° Hrpvsr ° HPisroca * Hecesr © Hrer

Evaluating the mean results in:

By = (1.25x107%) (0.5) (0.5) (1 - 0.1) (1 - (1.0x1073))
=2.81x10™"

~ Taking the equation for the standard deviation,leach term will be
written out and evaluated separately. Thus, we find:

Z 0z

2
82, A )2
0 LBLOCA LBLoca

az. Y
dSSE (Ogeg)® + [aRPVlSF' ] Oanovsr)® *

3z, Y 3z P |
. [ f ] (O pecor) ? f-[ = ] CERL

0 0RCF
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Evaluating the first term in the equation above yields:

82,

2
[a_S——SE] (05se)® = (Mppyse * HMisroca * Heeesr * Haer) * (Osse)

2

Substituting the appropriate mean values results in:

oz, |’ . i ] o N
[agﬁ]wxa [(0.5) (0.5) (1-0.1) (1-(1.0x10-%))] (3.5x1072)

6.19x10°°

The four remaining terms are:

2

3z,
O0RPVSF

(Ogpvse) 2 = (HBgsg * Brsoca = Mecesr © Hacr) (0 rpvsr) °

[(1.25x10-3)(0.5)(1—0.1)(1—(1.0x10‘3)-)]2(0.2)2
=1.26x10° '

CYA 2
[aLBL(l)CA} (Ororoca) > = (Kgse * Prever * Hocesr © Prer) 2 (Oisroca) 2

[(1.25x107) (0.5) (1-0.1) (1—(1'.0x10-3))]2(o..2)2
1.26x10°

0z 2 ) .
|:6EC£S'F] (obLLbr)z = (_ (/'Lsss " HKgrpvsr © Hisroca Aum:'z-')) (UECCSF)z

[-(1.25%107%) (0.5) (0.5) (1~ (1.0x10))] (0.1)2
9.75x1071°
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9z, \
[aRéF] (Oger) ? = (_ (Hgse * Hppvsr ° Hisoca * Haecose) )2 (Oger) ?

[-(1.25%x107%) (0.5) (0.5) (1-0.1)] (5.0x107%)2
1.98x1072

From the five above terms, the standard deviation of Z, is found by:

) 1/2
(6.19x%1075 + 1.26x10°® + 1.26x10°® + 9.75x10° + 1.98x1072)

Q
&}
H

7.87x1073

Now, the PWR 9 sequence from the SBLOCA event tree will be analyzed
in a similar manner. The PWR 9 sequence for the SBLOCA event tree can be
written as:

. Z, = SBLOCA * RPVSF - LBLOCA - ETCSF *+ RCF

The mean and standard deviation of the SBLOCA PWR 9 sequence are:

Hz, = HKsproca ° HMrevsr ° Hisroca ~ Hzcesr © Hrer

2 2 2
0.2 = __62—2 (o )2 o+ 92, (o )2 + _&_ (o )2
Z 9 SBLOCA SBLOCA ORPVSF RPVSF 0 LBLOCA LaLoca

0z, Y 0z, \
(o] o ]

C-6



DRAFT 2

Calculating the mean value results in:

Bo, (5.0x107%) (0.5) (0.5) (1-0.1) (1-(1.0x107%))

1.12x10

Calculating the five terms for use in the standard deviation equation
results in:

$2
oz ]
|'—5—S_BL(2)—CA] (OSBLOCA)z =2.45x107°

2

(Oppysp) 2 = 2.02x107°

3z,
0RPVSF

2

(O proca) 2 = 2-02x107°

32,
dLBLOCA

_ 9% 2(a )2 = 1.56x102°
JECCISF| T

0z, ‘
[a 2 } (Opee)? = 3.16x10713
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Therefore, the standard deviation of Z, is found by:

' , 1/2
(2.45%10°5 + 2.02x10"° +.2.02x10° + 1.56x1072° + 3.16x1073)

Q
N
il

4.95x1073

Now, the total PWR 9 sequence probability is calculated by adding the
SSE results to the SBLOCA results: ‘

PWR Sp5pa, = PWR 9455 + PWR 9gpi s

From page C-1, when two variables are added, the mean and standard
deviation can be calculated from:

“PWR BMAL - #PWR BSSE + #PWR BSBMCA

=2.81x10™* + 1.12x10™ = 3.93x10™

= 2 2\1/2
Opwr 9 - ((UPWR sm) + (UPWR 9 )

TOTAL SBLOCA

/2
((7.87x102)2 + (4.95x107)2)
9.30x1072

Table A.2 1ists the calculated sequence end states from the TSE
program. For the total PWR 9 sequence, the calculated mean is 3.9x10™* and
the calculated standard deviation is 9.3x10°. These calculated results
confirm the above hand calculated values.
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APPENDIX B
SHIPPINGPORT VESSEL/SHIELD-TANK FLUENCE CALCULATIONS
. Craig A. Hrabal |
1.0 INTRODUCTION

The Shippingport reactor vessel and neutron shield tank (NST) provided an
independent source of measured data for evaluating ANDTT correlations and
dependencies. The Shippingport NST was fabricated of ASTM A 212 carbon steel.
The same steel specification was used in the HFIR pressure vessel. Both the
Shippingport NST and the HFIR reactor vessel were exposed to a low neutron
flux/high fluence radiation field. Despite this, the initial evaluation of :
the Shippingport materials suggested that the ANDT was much less than observed
in the HFIR tests. Therefore, the principal objective of the study conducte
by the Brookhaven National Laboratory (BNL) and reported here was to provide
accurate estimates of the neutron fluence and spectra for the Shippingport
vessel and NST to aid in the interpretation of materials property test data.
This effort was further motivated by fairly large initial
calculation-to-measurement differences for the fluence, the availability of
newer codes, and improvements in methods relative to those used in the initial
evaluations by the Bettis Laboratory.

The Shippingport reactor vessel and shield tank geometry are shown in
elevation and plan views in Figures 1.1 through 1.4. Note that while the
vessel and ex-vessel geometries remain unchanged, the details of the core
geometry and layout of the internals varied for the three cores, PWR-1, PWR-2,
and the LWBR (Refs. 1-3).

The approath used to ana]yze each of the core configurations (cf. Figures 1.2
- 1.4) will be described in Section 2; the resulting for energy spectra and
fluence distributions at the vessel and selected shield tank locations will be
given in Section 3.

2.0 CALCULATIONAL METHODOLOGY

The calculational methodology for determining the energy spectra and fluence
distributions at the Shippingport reactor pressure vessel and neutron shield
tank consisted of the six basic tasks summarized in Figure 2.1. These tasks .
were performed by BNL. Briefly, the initial task consisted of collecting the
geometry, materials, and power distribution data that describe the three
core-vessel-NST configurations and operating histories. Following that,
one-dimensional multi-group discrete ordinates calculations were performed for
each core to provide initial estimates of the fluence and energy spectra at
locations of interest, as well as few-group, reg1on—dependent cross sections
for subsequent deta11ed two-dimensional analyses. ‘Following the
two-dimensional planar calculations for each core, the three- dimensional
fluence at radial and azimuthal locations of 1nterest was constructed based on
axial factors, and operating power level and history data. The corresponding
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detailed energy dependent spectra were then determined from an auxiliary
series of calculations performed in one-dimensional geometry with a
multi-group library designed for LWR slowing down calculations.

A summary of the above steps in flow-chart format is shown in Figure 2.2.

2.1 ONE-DIMENSIONAL CALCULA%IONS

One dimensional calculations for the core-internals-vessel-NST geometry were
performed with the ANISN discrete ordinates transport code (Ref. 4). An S-8
symmetric quadrature was assumed, and P-3 expansion cross sections from the
BUGLE-80 (Ref. 5) library distributed by RSIC were employed. This library is
based on ENDF/B-IV (Ref. 6), and contains cross section data in 47 neutron and
20 gamma groups. The BUGLE-80 library was selected for the baseline fluence
determinations because it had been developed primarily for pressure vessel
damage fluence calculations; consequently, while it has a relatively fine
energy resolution above approximately 0.1 MeV, the remainder of the energy
range is fairly sparsely covered, with only 2 groups below 0.414 eV. The
primary purpose of the one-dimensional analyses was to generate few group
cross sections for the subsequent two-dimensional calculations which cannot be
performed, as a practical matter, with so many groups. The one-dimensional
models served two other functions: 1) "sensitivity" type analyses to determine
the optimal collapsed few group structure and the spatial mesh, and 2)
determination of the full range energy spectra. As noted earlier, while the
BUGLE-80 library is well suited to the evaluation of high energy neutron
transport in LWR geometries, its treatment of Tower energies (especially
thermal) is crude. Consequently, since one of the primary objectives of the . -
current analyses was to determine the full energy range spectra, a more
appropriate cross section library was required. The MATXS-7, 69 neutron group
Tibrary (Ref. 7), was selected for this purpose. This library contains-42
groups below 4.0 eV, is based on ENDF/B-V (Ref. 8), and was generated by LANL
for EPRI for use in LWR slowing down spectrum codes. Therefore, it is well
suited to the present application. .

The ANISN models for the three Shippingport configurations were used to
collapse the 47 group BUGLE-80 cross sections, by region, to few group
macroscopic cross sections which preserved the essential characteristics of
the greater than 0.1 MeV neutron flux spectra throughout the problem. It was
found that the 18-group structure shown in Table 1 was sufficient for this
purpose.

2.2 TWO-DIMENSTONAL CALCULATIONS

The two-dimensional calculations were performed with the DORT (Ref. 9)
discrete ordinates transport code in (r,0) geometry: an S-8 fully symmetric
quadrature was employed with the 18-group region and core-configuration-
specific cross sections generated by the one-dimensional analyses described
above. As previously noted, an adequate radial mesh for the bulk of the -
problem (which is truly radial in character) was determined from the
one-dimensional calculations. However, in order to determine an adequate
(r,8) spatial mesh to model the rectangular assemblies of the two PWR cores,
or the pseudo-hexagonal LWBR core, the BNL developed MESH code (Ref. 10) was
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employed. This program allocates (r,f) geometry mesh blocks to the
appropriate (x,y) or hexagonal assembly, and creates the spatial and energy-
dependent source used in the fixed source DORT calculations.

2.3 SYNTHESIS OF 3-D FLUENCE

The three-dimensional fluence at specific locations was obtained by combining
the few-group flux results from the three core-dependent DORT calculations
with the appropriate power level, EFPH, and axial peaking factors. This task
was performed by the FLUENCE program which also accounts for the individual
symmetries of the PWR and LWBR configurations. The full energy range fluence
spectra were obtained by scaling the one-dimensional MATXS7 results at the
required radial location such that the flux greater than 1.0 MeV matched that
obtained from the BUGLE-80 based calculation(s).

3.0 RESULTS

The results of the BNL calculations, presented in the following, consisted of
neutron energy spectra, radial and azimuthal fast neutron (E > 1.0 MeV) fluxes
at selected radial and angular sectors and radial zones, respectively, and
core specific and total azimuthal fast neutron fluences at the pressure vessel
and NST locations. The pressure vessel and NST fluxes were determined at the
elevations where flux measurements had been carried out. As noted earlier,
the two-dimensional (r,8) discrete ordinate transport calculations were
carried out using a collapsed 18-energy group cross section set derived from a
47-group BUGLE library. The adequacy of the 18-group set had been
demonstrated by comparing neutron energy spectra in 18 groups and 47 groups in
each of the 18 regions of each Shippingport configuration. Figures 3.1 and
3.2 show the 47- and 18-group spectra, respectively, in the inner blanket
region of the PWR-2 core. The 47-group and 18-group spectra in the pressure
vessel are shown in Figures 3.3 and 3.4, respectively. The (r,8) mesh
representation of one octant in the Shippingport DORT model for the PWR-2
configuration is shown in Figure 3.5. This model consists of 221 radial mesh
intervals and 45 angular mesh intervals. Regions 1 through 5 represent the
core octant. Region "E" represents the pressure vessel.

Eighteen-group radial and azimuthal neutron fluxes were obtained at each (r,0)
mesh point shown in Figure 3.5. Fast neutron (E > 1.0 MeV) fluxes at a
desired (r,8) mesh were obtained by summing over the energy groups above 1.0
MeV at that mesh. Radial flux distributions at 1° (flats), 24° and 45° are

- shown in Figures 3.6 through 3.8, respectively. Azimuthal fast neutron fluxes
are shown at the core edge and at the inner and outer surfaces of the pressure
vessel, in Figures 3.9, 3.10 and 3.11, respectively. The flattening of the
azimuthal fluxes with increasing distance from the core was noted."

Based on Bettis and Duquesne Power accumulated exposure data, the fast neutron
(E > 1.0 MeV) fluence from each individual Shippingport core has been
determined. Using Bettis axial flux distributions, azimuthal fluéences were -
determined at the six elevations at which measured materials data were =~
available: 687.5 ft, 689.0 ft, 690.0 ft, 690.5 ft, 692.5 .ft and 693.0 ft.
Figure 3.12 shows schematically the 689.0, 690.0, and 692.5 ft elevations
relative to the positions of the three Shippingport cores. Figures 3.13
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through 3.15 show the individual azimuthal fluences of the PWR-1, PWR-2 and
LWBR cores as well as the total fluence at the pressure vessel at 689.0 ft.,
690.5 ft., and 692.5 ft., respectively. Similarly, at these elevations, plots
of individual and total azimuthal fluences at the NST are given in Figures
3.16 through 3.18, for the inside surface, and in Figures 3.19 through 3.21,
for the outside surface. ' ' ‘

The results of the full energy (69-group) spectra calculations at the pressure
vessel inner wall and at the NST inside and outside surfaces are presented in
Table 3.1 and shown in Figures 3.22 through 3.24. The results of the neutron
fluence calculations at the pressure vessel inner wall, at the inside and
outside surface of the shield tank inner wall, and at the inside and outside
surface of the shield tank outer wall are presented in Tables 3.2 through 3.6
for the locations where samples were taken. Also, the fluence values in
Tables 3.2 through 3.6 are given in terms of the fast fluence (E>1.0MeV), the
fast fluence (E>0.1MeV), the thermal fluence (E<0.4eV), and the total fluence.
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SYNOPSIS OF WORK TO DETERMINE THE RADIATION EXPOSURE TO VESSEL SUPPORT
STRUCTURES IN THE TROJAN NUCLEAR REACTOR

Prepared by Emmert D. McGarry

National Institute of Standards and Technology
Ionizing Radiation Division
Gaithersburg, Maryland 20899
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Executive Summary:

To determine the neutron environment within the cavity region of the Trojan
Nuclear Power Reactor, Portland, Oregon, during Cycle 13, neutron transport
calculations and ex-vessel ‘cavity dosimetry measurements were completed. The
radiation embrittlement of a critical support structure that had a relative high
degree of stress was of concern. Because the critical point on this beam was
embedded in seven inches of concrete, the method of investigation was by discrete
ordinates transport calculations, first calculated: and checked against
measurements at the locations of the neutron dosimetry in the ex-vessel cavity
near the beam, then calculated for the concrete at the critical stress point of
interest. :

The Engineering Division/RES of the Nuclear Regulatory Commission contracted with
the Oak Ridge National Laboratory (ORNL) and the National Institute of Science
and Technology (NIST) to perform calculations and measurements, respectively, of
the fast neutron exposure to critical pressure vessel support structures at the
Trojan electrical power reactor. The measurements were made by the Westinghouse
Science and Technology Center under contract to NIST. : :

Calculations using ENDF/B VI cross sections gave a fast fluence rate (E > 1 MeV)
at the critical stress point equal to 6.9E+07 neutrons per cm® per second. The
thermal-to-fast ratio at this point was computed to be 46. The DPA rate at the
critical stress point was calculated to be 2.0E-13 displacements per atom per
second. These conclusions are from a NUREG report (Ref. 1).

The calculations were done by Louisiana State University, Nuclear Science Center
under contract to ORNL. A1l calculations are higher than the experimental
results. It is believed that disagreements between measurements and calculations
are due to incorrect, and now unattainable, power distribution information. The
problem is identified in the second paragraph of page 3, Ref. 1. This synopsis
will show that the calculated spectra agree fairly well with measured results but
that there are flux magnitude disagreements, on the order of 40%, at all
Jocations. Since the energy spectra appear to be correct and the calculational
fluences are higher, it is considered conservative, and instructive, to use the
calculated values for the computed DPA at the critical in-concrete position
without attempting to normalize to the measured results.

Dosimetry Measurements:

Ref. 2, Page 3 provides a thorough description and figures of the Trojan Plant
and experimental configuration. For the purpose of explaining Tables A.1 and A.2
in this synopsis, the following explanation of dosimetry Tocations is given.

The dosimeters were sealed (screwed shut) in patented aluminum holders nominally
1.5" x 4.5" x 0.75" thick. The four dosimetry sets were located in the cavity of
the Trojan Reactor at two different radial locations: (1) 5 cm behind the thermal .
insulation that surrounds the pressure vessel at radius=257 cm and (2) two were
attached within cut away sections of an ORNL designed and fabricated stainless
steel pipe that was inserted into the ex-core neutron-detector instrumentation
well. These two dosimetry packages were located vertically above and below the
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midplane of the reactor near to the height of the critical support structure but
not in direct 1ine-of-sight with a polyethylene section that is a part of the
reactor dosimetry instrumentation in that well at radius=321.6 cm. At both.of
these radial locations, the various activation foils, fission foils, and solid
state track recorders (SSTR’s) were at two heights: (1) 20.3 cm below and 121.9
cm above the core midplane. These dosimetry Tocations were named as follows:

Dosimetry Location
Name Radius Azimuth Height (relative to midplane)
A 257 cm 0° +121.9 cm
B 257 cm 0° - 20.3 cm
C 321.6 cm 0° : - +121.9 cm
D 321.6 cm g° - 20.3 cm

Post-irradiation processing and analyses of the radiometric foils and gamma
dosimeters was accomplished using the Waltz Mill (gamma counting) Laboratory of
Westinghouse facilities. The calibrations of the gamma counting facility were
checked against standard neutron field irradiations within one year of the
processing of the radiometric foils. The calibration required that NIST-supplied
radioactive foils be counted for each reaction. The results from the benchmark-
irradiated dosimeters are summarized by observing that specific-activities
reported by the vendor were within 5% of those certified by NIST, which were
based upon irradiation fluences certified to %2.5% multiplied by U fission
spectrum averaged cross sections.

Results:

Table A.1 summarizes the NIST analyses of radiometric and SSTR data measured by
Westinghouse and reported to NIST in Ref. 2. Please note the sources of data
because subsequent paragraphs present a NIST analysis, completed after Ref. 1 and
2 were published, that show the measurements and calculations give essentially
the same energy spectrum but different flux magnitudes.

Table A.1, herein, is Table A.1 from Ref.1. The radiometric reaction rates and
fission rates per nucleus listed in Section 1-A of Table A.2 are from Ref. 2.
In particular, threshold radiometric reactions for capsule locations A, B, C, and
D for ®Cu(n,«=), *Ti, *Fe(n,p), and *Ni(n,p) are given in Table 6 of Ref. 2. The
28 radiometric fission data, corrected for U impurity response, was taken from
Table 7 of Ref. 2. The U and ®Np SSTR data come from Table B-1 of Ref. 2.

Table A.1, herein, is in three sections:

1) Section 1-A is the above mentioned reaction and fission rates.

2) Section 1-B has normalized data for each location (e.g. A, B, C, and D)
as well as thir averages for each type of reaction. The data are normalized to
that of the *Ni(n,p) reaction in the respective Tocation. Note the similarity
of the normalized data for all four locations. The standard deviation of the -
average is also given. Except for the 4.55 value for the “U(n,f)Ru result,
which increases the associated standard deviation up to a noticeable 11.2%, all
deviations are less than 5%, and most are considerably less. This shows that the
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spectra in all four locations are very similar.

3) Section 1-C examines the average and standard deviation of the fast.

fluence rate magnitudes among the four locations. As seen, these range from 0.70
to 1.37. The relatively small standard deviations of the relative flux
magnitudes suggest very good consistency among the measured dosimetry results.

Table A.2 is the same type of three-section table as A.1 but it deals with
calculated results, using ENDF/B-VI cross sections. The page numbers 1in the
column headings refer to data (from Ref.1) Tisted for the four locations. One
significant difference between Tables A.1 and A.2 is that of the experimental
(measured) and calculated averages and their ratios (E/C) for the data normalized
to the ®Ni(n,p) reaction, noted in Section 2-B of Table A.2. The E/C ratios
show that both the measurements and calculations see essentially the same fast

neutron spectrum for all four Tocations. This is a strong indication that the
energy spectrum (at the dosimeters) has been determined and that the flux
magnitude problems do stem from power distribution problems and, possibly, from
local perturbation in the ex-core instrument well. .
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1. M. Asgari, M. L. Williams (Louisiana State University), F. B. K. Kam (QOak
Ridge National Laboratory), and E. D. McGarry (National Institute of Standards
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Structures in the Trojan Reactor™, NUREG/CR-XXXX, ORNL/TM-YYYY, February 1994.

2. F. H. Ruddy, J. G. Seidel, and J. L. Gonzalez (Westinghouse Track Recorder
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Table C.1 NIST analyses of radiometric and SSTR dosimetry data

measured by Westinghouse during Trojan Cycle 13

APP.

C- 4

Reaction A B C D Avg.  Std(%)
TIA .
Tu™(n,a) 0.0242  0.032  0.0162 0.0211 0.0234
Ti*(n,p) 0.344 0.460  0.235 0.304 0.3358
Fe*(n,p) 1.560 2.070  1.060 1.350 1.5100
Ni%(n,p) 2.310 3.100  1.550 2.010 2.2425
u%(n, HHRu 8.830 11.200 7.060 6.860 8.4875
U%(n, f)zr 8.020 11.100 5.580 7.020 7.9300
U2(n,f)Cs 7.760  10.600  5.600 7.090 7.7625
UPSSTR 8.680 10.800  5.720 6.770 7.9925
Np*’SSTR 124.00 162.00 81.20 110.00119.30
1-B°
Cu®(n.a) 0.01048 0.01032
0.01045 0.01050 0.0104 0.65
Ti*(n,p) 0.14892 0.14839 0.15161
0.15124 0.1500 0.94
Fe¥(n,p) 0.67532 0.66774
0.68387 0.67164 0.6746 0.88
Ni%(n,p) 1.0 1.0 1.0 1.0
U®(n,f)Ru 3.82251 3.61290 »
4 55484 3.41294 3.8508  11.21
U n,fzr 3.47186 3.58065
360000 3.49254  3.5363 1.55 :
U(n,f)Cs 3.35931 3.41935 3.61290
3.52736 3.4797 2.81
U?® SSTR 3.75758 3.48387
3.69032 3.36816 3.5750 4.37
Np* SSTR 53.6797 52.2581 52.3871
54.7264 53.263 1.90
1-C°
Cu®(n,a) 1.03529 1.36898 0.69305 0.90267
Ti*(n,p) 1.02457 1.37007 0.69993 0.90544
F(n,p) 1.03311 1.37086 0.70199 0.89404
Ni*(n,p) 1.0310  1.38239 0.69119 0.89632
U (n, f)Ru
UB(n,fHzr 1.01135 1.39975 0.70366  0.88525
u%(n,f)Cs 0.99968 1.36554 0.72142 0.91337
U%SSTR 1.08602 1.35127 0.71567 0.84704 -
Np*SSTR 1.03940 - 1.35792 0.68064 - 0.92205 -
Avg. 1.0324  1.3708 0.7009 0.8958
Std(%) 2.44 1.02 1.47 2.25



Table C.1 Continued

"Radiometric reaction and fission rates per nucleus=>  (where all values have
an exponent of 10-17) < =. 4

*Ratios of above rates relative to Ni*®*(n,p) reactions.

“Ratios of rates relative to their averages in part-A.
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Table C.2 NIST analyses of 51.3514 50.2593
calculated dosimetry data 53.3000 )
for TROJAN Cycle 13. 1.060
Values in 2-A have '
exponents of 10-17 2-C ' :
reactions per nucleus. Cu®(n,a}.0045.2526.7444
0.9985
Ti*(n,p}.0017.2480.7485
On RPV On RPV  Imst. Tube 1.0017
Inst. Tube Fe*(n,p).9947.2370.7566
Z=121.90 Z=-20.3 1.0117
Z=121.90 Z=-20.3 Ni¥(n,p).9924
1.2359 0.7580
A B CD 1.0137
Avg. U™ (n,£).9819.2298.7641
(Page 43) (Page 37) (Page 1.0245
44) (Page 38) Np*'(n,.9651.2200
0.7769.0379
2-A Calc. Avg).9900.2372
Cu®(n,a) 0.0336 0.0419 0.0249 0.7581.0147
0.0334 0.0335 Expt. Avgl.0320.3710
Ti%n,p) . 0.4470 0.5570 0.3340 0.7010.8960
0.4470 0.4463
Fe*(n,p) 2.3400 2.9100 1.7800 E/C of Avgl.04241.1081
2.3500 2.3525 ' 0.92406.8830
Ni®(n,p) 3.2600 4.0600 2.4900
3.3300 3.2850
U=, 11.5000 14.4000 8.9500 Section 2-B: Ratios of
12.06000 11.7125 - radiometric and fission
Np*'(n,f) 159.0000 201.0000 128.0000 rates relative to Ni¥®(n,p)
171.0000 164.7500 reaction.
Section 3-B: Ratios of
Calc.- rates relative to their
Expt E/C averages in Section 1-A.
2-B Avg. '
Avg. Ratio
Cu®(n,a) 0.0103 0.0103 . 0.0100
0.0100 0.0102 0.0104 1.023
Ti*(n,p) 0.1371 0.1372 0.1341
0.1342 0.1357 0.1500 1.106
Fe*(n,p) 0.7178 0.7167 0.7149
0.7147 0.7160 0.6750 0.943
Ni*(n,p) 1.0000 1.0000 1.0000
1.0000 1.0000 1.06000 1.000
U%¥(n,f) 3.5276 3.5468 3.5944
3.6036 3.5681 3.5300 0.989
Np*™(n,1) 49.5074 51.4056

48.7730
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R. E. Johnson: "Recommendations Regarding Evaluation of Cast
Stainless Steel with Respect to Aging Embrittlement," based on
reviews of ANL reports by P. K. Nagata and W. G. Reuter, INEL.



RECOMMENDATIONS REGARDING EVALUATION OF CAST STAINLESS
STEEL WITH RESPECT TO AGING EMBRITTLEMENT

The results of the work done in support of the resolution of GSI-
15 led to the conclusion that radiation embrittlement of RPV
supports is not as serious a problem as the HFIR surveillance
data first suggested. However, even the limited survey of
supports in operating nuclear power plants.showed that some
steels of initial construction might exhibit limited resistance
to brittle fracture. Therefore, as noted more fully in the text
of this NUREG, there may be conditions which would lead licensees
to conduct a structural reevaluation.

When work began on resolution of GSI-15, it was fully expected
that some of the operating reactor RPV supports would require an
engineering analysis to ensure the structural integrity. To that
end, the staff and the Technical Assistance Contractor developed
a method for doing such an analysis. The method can be found in
Chapter 7. For those cases where insufficient data or other
limitations prevent the analyst from completing the reevaluation
on the basis of the fracture resistance, a structural consequence
analysis is suggested. An evaluation was completed for the NRC
by LLNL and those results could serve as guidance.  As noted in
Section 7e, a more realistic consequence analysis would consider
the potential for degradation in components which are important
to the safety of the plant in the event of RPV support failure.

Failure of the RPV supports would induce additional loads on the
primary coolant piping. In fact, the LLNL report specifically
included the piping as the conduit for the loads otherwise
carried by the RPV supports. Therefore, the integrity of the
vessel supports is an important part of the consequence analysis.
For plants with ferritic steel piping in the primary coolant
lines, evaluation methods recommended by the ASME Boiler and
Pressure Vessel Code, Section XI, should be followed. For plants
with Austenitic stainless steel primary coolant lines, the
potential for degradation by the process of thermal aging must be
considered. Because aging embrittlement of stainless steel may
be unfamiliar to structural engineers, a brief overview of what
‘it is, how it may play a role in the reassessment of RPV supports
and how it may be analyzed is given in this Appendix.

AGING EMBRITTLEMENT

Although holding most common Austenitic stainless steels at a
high temperature for a long time will induce a loss of ductility
to some degree, experiments have shown that castings are more
vulnerable. A rather thorough, recent, treatment dealing with .
the effect on tensile properties was published in Reference D.1.
An earlier report (Reference D.2) presents a procedure and
correlations for predicting Charpy impact energy, tensile flow
stress, fracture resistance (in the form of J-R curves), tearing
modulus (T) and the elastic-plastic toughness, J,., of aged cast



stainless steel (specification: ASTM A 351) from given material
parameters. Cast stainless steel made to ASTM A 351 is subject
to embrittlement when exposed to low temperatures in the range
400 to 842°F. The thermal embrittlement is expressed as a
decrease in the Charpy V-notch impact energy or decrease in the
plane strain fracture toughness, K.

The chemical composition of cast stainless steel is adjusted to
result in a duplex microstructure. That is, on solidification
there will be a mixture of body-centered-cubic ferrite and face-
centered-cubic Austenite. The ferrite will increase the strength
and corrosion resistance and reduce the tendency toward hot
cracking during solidification. Laboratory studies have led to
the conclusion that the ferrite phase is responsible for the
appearance of a transition behavior in Charpy impact data and for
the aging embrittlement. Although the changes in properties
resemble age-hardening phenomena, the kinetics of the aging
reaction are very sluggish at pressure vessel operating '
temperatures (about 550°F). Metallurgical experiments (Reference
D.3) have demonstrated. that the physical change underlying the
embrittlement is spinodal decomposition. Depending on the
detailed chemical composition, precipitation of nickel- or
silicon-rich "G" phase also may occur. Steels with relatively
high volume fractions of ferrite may be more susceptible to
embrittlement than run-of-the-mill steels. The microstructure of
the steel is very important in determining the degree or extent
of thermal embrittlement. For example, should the ferrite phase
form a continuous network through the Austenite grains or should
there be a continuous boundary between the two phases, there will
be an easy path for crack propagation and the mater1a1 will be
prone to brittle fracture.

The grades of ASTM A 351 steel that are of importance to this
study are CF-3, CF-8 and CF-8M. The first two also can be made
to a restricted chemistry, within the bounds of the parent
specification, to obtain a higher relative volume of the ferrite
phase which confers a higher tensile yield and ultimate (those
steels are denoted: CF-3A and CF-8A). The CF-3 steels are low-
carbon and are least sensitive to thermal embrittlement; the CF-
8M steels are high-carbon, contain Mo additions and are most
prone to embrittlement. As noted below, evaluation of cast
stainless steel as part of a consegquence analysis will depend on
the metallurgical details of the component.

CONSEQUENCE ANALYSIS CONSIDERATIONS

The potential for low-temperature embrittlement in cast stainless
steel should be a sufficient motive to evaluate components
constructed of those materials to ensure their continued ablllty
to meet the design requirements independent of problems related
to other components. The issues stemming from the use of cast
stainless steels (embrittlement; limited inspectability) were
addressed in a "Fitness-for-Service" format in Reference D.4.

The importance of cast stainless steel primary piping in a
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consequence evaluation was identified in Reference D.5 U51ng
load combinations classified as Service Level D in accord with
the ASME Boiler and Pressure Vessel Code, the analysts performed
a structural evaluation of the consequences of RPV- support
failure. It was concluded that the primary coolant piping was
capable of transferring the vessel loads to other support
structures (of steam generators and main coolant pumps).

The evidence at hand, therefore, allows one to say that RPV
support failure may be acceptable from the safety viewpoint of
radiocactive release providing that the piping does not fail. A
consequence analysis done for the purpose of evaluating the risk
associated with RPV support failure must include analyses of the
cast stainless steel in the primary coolant lines. Because
accidents, especially earthquakes, show no respect for structural
conditions, the prudent approach is to evaluate the cast
stainless under the worst conditions. From abundant experimental
data, the behavior of embrittled cast stainless is not different
in appearance from ferritic steels. That is, the shape of the
curve of fracture resistance as a function of metal temperature
is sigmoidal, being very low at low temperatures and rising to a
upper shelf value at high temperatures. Thus many observers have
noted that even after a long aging time (embrittling treatment),
these alloys exhibit adequate fracture resistance at operating
temperatures. Although that is essentially true, it is equally
true that accidents may happen at any time. Therefore, the
evaluation be for room temperature and end-of-life conditionms.

EVALUATION

Detailed steps to be taken in evaluating the potential for low-
temperature aging embrittlement of cast stainless steels can be
obtained from Reference D.2. For completeness, the reviewer _
should familiarize himself with Reference D.6, an earlier report
on procedures and correlations for predicting the aglng
embrittlement change in fracture toughness.

In Reference D.2, one can find a procedure for estimating the
saturation Charpy V-notch impact energy (E.,) at room
temperature. The E., at saturation was defined as that wvalue
found in a given alloy after a very long time at temperature.
Two different approaches were given to estimate the saturation
E.., room temperature value. Both require knowledge of the steel
chemistry. Either Certified Material Test Reports or chemical
analysis of samples taken from the component (e.g.:
prolongations, archival material, etc.) can be used.

In one approach (using. the symbols-given in Reference D.2), the
following equation is solved: o :

loglﬂ cVant = a + (b) exp(-—cé),

where: ¢ (a material parameter)
= 6.(Cr + 8i)(C + 0.4N) for CF-3 and CF-8,



= 6.(Ni + Si + Mn)?(C + 0.4N) /5 for CF-8M;

5. (ferrite content) = 100.3(Cr./Ni)? -
170.72(Cr,/Ni,) + 74.22,
and: :
Cr + 1.21(Mo) + 0.48(Si) - 4.99,

Cr,
5= Ni + 0.11(Mn) - 0.0086 (Mn)? + 18.4(N) + 24.5(C) +

Ni,,

2.77.

If the nitrogen content (N) is not known, a value of 0.04 wt.%
can be used. The values of the constants a, b and ¢ were given
for the several grades of steel as:

Constants in the above equation

Grade a b
c ‘
CF-3, CF-8 1.15 1.36
-0.035
CF8M (<l1O0%Ni) 1.10 2.12 -
0.041 :
CF8M (>10%Ni) 1.10 2.64 -
0.064

In the second approach, the room temperature impact energy at
‘ saturation is calculated directly from the chemical analysis
results. The relationship depends on the grade of steel.

For CF-3 AND CF-8:

log,,Cysae = 5.64 - 0.00656, - 0.185Cr + 0.273Mo - 0.204Si
+ 0.044Ni - 2.12(C + 0.4N),

and for CFr-8M:

109.,Cysae = 7.28 - 0.0115, - 0.185Cr - 0.369Mo - 0.451Si
+ 0.044Ni - 4.71(C + 0.4N).

It was recommended (in Reference D.2) that for each evaluation,
the saturation, room temperature, Charpy energy be calculated by
both approaches and that the lower value be used.

Guidance can be found in Reference D.2 for the estimation of the
fracture resistance of cast stainless steels in terms of J-R
curves. One approach is to base the estimation on the room
temperature, saturation, impact energy value. To do so, the
power-law relation for the J-R curve is used:

J, = CAa”®,

where: ' ' :

J; is the deformation-theory J-integral. :

From graphical correlations between the coefficient "C" and the
room temperature saturation E.,, lower-bound curves were drawn
for four material conditions: grades CF-3 or CF-8 as static or
centrifugal castings and grade CF-8M in either of the same two



cast states. Thus four equations were given for the four
combinations. The same thing was done using high temperature
data but those results are of no concern here. The several
lower-bound correlations were combined with the power-law
equation as: :

Jd = a[cvsat]b[Aa]nl
where:
n =c + dl[log,,Cy,,.] -

Values for the constants a, b, ¢ and 4 in the above two equations
were given in tables in Reference D.2 for the three grades of
ASTM A 351, as static- or centrifugally-cast at room or high
temperature.

In the event that the chemical composition of the steel to be
evaluated is not known, Reference D.2 provided values for the
coefficient (C) and exponent (n) of the power-law equation for
the J-R curve based on the ferrite content of the stainless
steel. Values of the parameters were tabulated for the three
grades of ASTM A 351 in the static- and centrifugally-cast
conditions at room and elevated temperature at three ferrite
content levels: <10, 10-to-15 and >15 %.

Enough information is available to evaluate the condition of cast
stainless steel in a conservative way. After estimating a J-R
curve, the methods of fracture mechanics can be employed to
determine the margin for failure for any known or assumed flaw
size. The less sophisticated approach is to determine the
saturation Charpy V-notch energy at room temperature and decide
if it is sufficient. To some extent, such an evaluation must
rely on judgement. Inasmuch as the operating criterion of a
minimum of 50 f£t-1b has served well for ferritic reactor pressure
vessels, it also should be adequate for cast stainless steel
which behaves much like a ferritic steel when embrittled.
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ABSTRACT

This present study investigates the role of gamma-induced radiation damage to reactor. pressure
vessels. It 1) evaluates the effects of gamma radiation based on a review of the literature and 2)
specifically assesses the relative contribution of gamma radiation to atomic displacements in the
reactor vessel wall. A review of the Sequoyah capsule data indicated that information on neutron to
gamma ratios could not be obtained from the report. Consequently, a bounding calculation was
performed.

Search of the literature indicates that, in addition to atomic displacement, photons can also
cause changes in alloy morphology (grain structure)

enhance diffusion, leading to decomposition of over-saturated austenite, and to
strengthening and embrittlement of steel .

accelerate intergranular stress corrosion cracking of stainless steels and nickel-base
alloys via its effects on material micro-chemistry (e.g, radiation-induced segregation),
water chemistry (e.g., radiolysis), and stress (e.g., radiation induced creep and
hardening).

First principal calculations suggest that y-induced atomic displacement is <1% of that from
neutrons in the pressure vessel wall of power reactors. More detailed calculations, specific to the
Sequoyah Reactor, would require extensive coupled neutron/photon transport calculations plus the
computer programming of algorithms for calculation of energy-dependent, photon-induced, atomic
displacement cross sections. The inclusion of TLDs in the capsule would be very useful.

In summary, this study indicates that although gamma radiation contributes little to atomic
displacement or gas production, it may significantly affect grain structure, atomic diffusion and stress.
corrosion cracking. However, the isolation of the capsule specimens from water chemlstry effects
precludes their testing for stress corrosion cracking.
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Potential Effects of Gamma Radiation

INTRODUCTION

This study investigates the role of gamma-induced radiation damage. It first examines the -
induced phenomena found in the literature. It then estimates the number of atomic displacements per
atom (dpa) induced by gamma rays relative to that by neutrons. Dpa constitutes the principal damage
measure of concern in the Westinghouse surveillance program. A review of the Sequoyah capsule
data indicated that information on neutron to gamma ratios could not be obtained from the report.
Consequently, a bounding calculation was performed.

Literature Search on Gamma-induced Radiation Damage

The literature was searched for measured and theoretical effects of gamma radiation on the
mechanical properties of vessel steels and structural materials. This was accomplished by searching
the conventional literature database of titles, abstracts and key words from reports, journal articles
and conference proceedings for the broad combination of "gamma" and "radiation damage." That
produced some 600 titles. Examination of these resulted in the selection of ten pertinent articles.
Though many of those are either not in English or not readily available, we were able to obtain a few
of the reports and abstracts from most.

Numerous books on radiation damage were assessed for subsection treatments of y-induced
radiation damage. Such sources are not always covered in the literature databases. Principal book
sources are the series of annual reviews published by Annual Reviews Inc. of Palo Alto, the ASTM
Conference Series on Radiation Damage and various textbooks. These book sources provided the
basis for our assessment of y-induced radiation damage by atomic displacement.

Neutron-Induced Damage to LWR Pressure Vessels'

The principal mechanisms in neutron-induced radiation damage are the number of atomic
displacements and the quantity of helium and hydrogen gas produced. The helium gas lends itself as
a nucleation site for accumulation of clustered vacancies and other gas atoms, leading to the formation
of voids and subsequently to swelling and other macroscopic effects.

The ability of a steel pressure vessel, which contains the reactor core and its primary coolant,
to resist fracture is an important factor in assessing the life and safety of nuclear power plants. The
overall effects of fast neutron irradiation on the mechanical properties of low-alloy, ferritic pressure
vessel steels such as SA508 Class 2 forging (base material of the Sequoyah Unit 2 reactor pressure
vessel belt line) are well documented in the literature. Certain conditions of irradiation can cause
low-alloy ferritic materials to increase in hardness and tensile properties, and to decrease in ductlllty
and toughness. . :

Appendix G to Section III of the ASME Boiler and Pressure Vessel Code, "Protection Against
Non-ductile Failure," presents a method for performing analyses to guard against fracture in reactor
pressure vessels. The method uses fracture mechanics concepts and calculates the reference
nil-ductility temperature (RTypr), adjusted for the effects of radiation.
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To perform these adjustments requires knowledge of the neutron environment (energy
spectrum, flux, fluence) to which the test specimens were exposed. These data are normally obtamed
from passive neutron flux monitors contamed in each of the survelllance capsules.

To relate the changes observed in the test specimens to the present and future condition of the
reactor vessel, a relationship must be established between the neutron environment at various positions
within the reactor vessel and that experienced by the test specimens. The correlation of changes in
measured materials properties with fast neutron fluence (E > 1.0 MeV) has traditionally been
accepted for development of damage trend curves for assessing vessel condition. However, assessing
the differences in neutron energy spectra at surveillance capsule locations on both sides of the
pressure vessel wall should enable more accurate evaluation of damage gradients through the wall.

To obtain such an energy-dependent damage function for data correlation, ASTM Standard
Practice E853, "Analysis and Interpretation of Light Water Reactor Surveillance Results,"
recommends reporting displacements' per iron atom (dpa iron) along with fluence (E > 1.0 MeV) to
provide a data base for future reference. ASTM Standard Practice E693, "Characterizing Neutron
Exposures in Ferritic Steels in Terms of Displacements per Atom," specifies the energy-dependent
dpa function to be used for this evaluation. Revision 2 to the Regulatory Guide 1.99, "Radiation
Damage to Reactor Vessel Materials," promulgates the use of dpa to assess embrittlement gradlents in
the pressure vessel wall.

Ramirez et al.! evaluated the neutron dosimetry for the test specimens contained in surveillance
Capsule X. They reported fast neutron exposure parameters in terms of fast neutron fluence (E >
1.0 MeV), fast neutron fluence (E > 0.1 Mev), and displacements per atom (dpa) of iron. The first
two of these parameters simply represent integrals of the flux over a specific portion of the fast
neutron energy spectrum. The dpa parameter provides a more sophisticated integral of the product of
the energy-dependent flux and the energy-dependent cross section (probability) for neutrons to
displace atoms from their present location; i.e., it incorporates the fact that the effectiveness of
neutrons in displacing atoms varies with neutron energy. In addition to being more rigorous, the dpa
parameter provides a basis for comparison to y-induced atomic displacement damage which can also
be expressed in terms of dpa.

Gamma-Induced Damage Mechanisms

Neutrons induce damage in structural materials principally through hadronic® interactions of
neutron scattering with, and capture by, the nucleus. This results in atomic displacement and
generation of hydrogen and helium gas.

Gamma rays cannot undergo such reactions: they interact by the weaker electromagnetic
interaction® and effect little momentum transfer due to their zero rest mass. They cause very little
direct displacement or gas production. However, they can energize electrons which in turn have
sufficient mass to induce atomic displacement, though again by electromagnetic interaction.

To compare the effects of y-induced damage to relative neutron-induced damage, one needs. to
use parameters or measures-common to both phenomena: neutron flux is not equivalent to gamma ray

a. Hadrons such as neutrons, protons, and alphas interact with other nucleons (particles inside the nucleus) by
means of the "strong” or "hadronic” interaction involving the exchange of virtual pions and other bosons.

b. Electromagnetic interactions consist of the exchange of massless photons only.
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flux. The key neutron-induced damage parameters in structural materials are gas production rates and
dpa. Gammas produce nil gas but do indirectly displace atoms. Cross sections for dpa production
have been developed, allowing the direct comparison of neutrons and photons for atomic
displacements. "

Gamma rays are also able to directly deposit heat energy, subsequently inducing changes in the

grain structure. They can also dissociate water molecules adjacent to structural materials, thereby
enhancing stress-induced corrosion.
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STATE-OF-THE-ART FOR
GAMMA-RAY-INDUCED RADIATION DAMAGE

One principal objective of this study was to survey the current state-of-the-art for the effects of
vy-irradiation on structural materials. Effects of y-radiation upon molecular bonds (such as in glasses,
bonding agents, and organic and inorganic compounds) were excluded. To do this survey a literature
search was performed and discussions were held regarding radiation damage data with scientists at the
National Nuclear Data Center at Brookhaven National Laboratory, Radiation Shielding Information
Center at Oak Ridge National Laboratory and Nuclear Data Center at the Lawrence Livermore
National Laboratory.

Literature Search

The literature search covered gamma-induced radiation damage in published books as well as
in the general databases of reports, journal articles and conference proceedings. From past
experience in radiation damage, principal book sources have been the series of annual reviews
published by Annual Reviews Inc. of Palo Alto and the work of Kelly.! The following sections
address these book and general literature sources in turn.

Summary of Book Sources

Table 1 contains the assessment of four major review articles on radiation damage. The 1953
review by Dienes® and the 1979 review by Stiegler and Mansur® do not specifically deal with v
radiation. A 1956 review by Brooks* mentions that the germanium atom displacement efficiency per
photon is about 107 that of fast neutrons. The 1962 review by Goland® presents an empirical
formulation for calculating y-induced dpa. Kelly® further developed that work in 1966, discussed
later in this report.

General Literature Search

Table 2 compiles the relevant articles found in some 600 titles obtained from a-general
literature search on gamma-induced radiation damage. Key results are the following:

Fiore® concluded that y-irradiation must affect the structure in some alloys since it
causes property changes such as a decrease in toughness. In alloys which display a
damping minimum in internal friction measurements, the precipitate morphology
changes during irradiation, with coarsening and/or de-coarsening and re-nucleation
being observed.

Weidinger et al.” investigated irradiated molybdenum by the perturbed angular
correlation technique using '"'In as the radioactive source. Their results show that
defects become trapped at the probe atom in an annealing stage around 500 K. Three
different defect configurations were identified. ~ :

Kuribayashi et al.* found that y-radiation in'cre_aséd intergranular stress corrosion’ -

cracking (IGSCC) susceptibility of sensitized type 304 stainless steel in boiling NaCl
solution. ‘
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Table 1. Summary of review articles on radiation damage in the Annual Reviews of Materials Science (M) and Annual Reviews of Nuclear

Science (N)
I = —
Volume| Year- Al::;f;r Article Title Substance of Article Pertinent to y-Induced Damage in Structural Materials
M9 [1979 |Stiegler” [Radiation Effects in [Examines the microscopic mechanisms of radiation damage induced by energetic particles. Does not deal with specific
Structural Materials [effects of gammas.
N12 [1962 [Goland® |Atomic Gamma rays are capable of producing displacements through a number of interactions. The three most prominent ones are
Displacements in  [the photoelectric effect, the Compton effect, and pair production. For the low gamma-ray energies found in fission reactors,
Solids by Nuclear [the first and second effects are the most important ones to consider. In a solid both effects can produce secondary electrons
Radiation having sufficient energy to displace atoms. Calculation of the atomic displacement cross section for gamma rays is difficult
' because it involves a triple integration over: (a) the differential cross section for energy transfer to electrons by the Comptot
or photo-electric process; (b) the range of the electrons, and (c) the differential displacement cross section for electrons,
mentioned earlier. Dienes & Vineyard® discussed the problem and gave a few results for an assumed displacement threshold
of 25 ev. Galavanov® treated it more thoroughly: he compared atomic-displacement cross sections for elastic scattering of
gamma rays, for nuclear recoil during photoemission, and for elastic scattering of photoelectrons and Compton electrons.
More recently Oen & Holmes"! carried out extensive calculations for various values of gamma-ray energy, threshold
energy, and atomic number. Their results have not yet been adequately correlated with experiments. In view of the
accuracy of the computations, such comparisons should be of importance in relating property changes to the number of
displaced atoms in a solid.
N6 11956 |Brooks® |Nuclear Radiation |Mentions that displacement efficiency per photon is about 10 that of fast neutrons in the case of Ge.
Effects in Solids
N2 [1953 |Dienes® [Radiation Effects in [Focusses on fast massive particles.
: Solids
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Table 2. Synopsis of general near-term literature search on vy-induced radiation effects in reactor structural materials

Reference

Year

Article Title

Substance of Article Pertinent to y-Induced Damage in Structural Materials

Fiore’

1974

Gamma-Irradiation Damage in
Age Hardening Al Alloys

This report describes an experimental program directed toward an understanding of the mechanisms of
y-irradiation damage in precipitation-hardenable Al alloys. Pure Al and a series of age-hardenable Al alloys were
vy-irradiated with a Co® source at a dose of 6 x 10° rads/min. Internal friction measurements were made at 80 Khz
by means of the Marx technique on samples in situ during irradiation. The results showed that toughness noticeably
decreased with y-irradiation. The authors concluded that y-irradiation must influence structure since it influences
properties. .

In Al and Al-3 w/o Cu, the damping decreased monotonically with irradiation as expected. The decrease is
attributed to the immobilization of dislocations by the radiation-induced point defect pinners. In 2024-T6, 2017-T6
and Al-9.5 Mg, the damping passes through a minimum and begins an anomalous increase after 4 to 7 hours of
irradiation. Electron micrographs show that in Al and Al-3 w/o Cu, irradiation does not influence structure. In the
alloys which display the damping minimum however, precipitate morphology changes during irradiation, with
coarsening and/or de-coarsening and re-nucleation being observed. The effect appears to depend upon the presence
of Mg. Theory predicts that y-irradiation can change the morphology by either Rutherford collision or Coulombic
repulsion. :

Weidinger®

1979

Defect Configurations in
Irradiated Molybdenum

Irradiated molybdenum was investigated by the perturbed angular correlation technique using "'In as the
radioactive source. Results showed that defects become trapped at the probe atom in annealing stage III around 500
K. By quadrupole interaction three different defect configurations were identified.

Kuribayashi®

1983

Influence of Gamma Radiation
on Intergranular Stress
(Corrosion Cracking of
Austenitic Stainless Steel

In order to examine the environmental influence of gamma radiation on intergranular stress corrosion cracking
(IGSCC) of sensitized austenitic stainless steel, tests were conducted with and without gamma radiation in boiling
12% NaCl solution, pH adjusted to 3 with HCI, and in high temperature oxygenated pure water (230°C). Results
are as follows: 1) v radiation increased IGSCC susceptibility of sensitized type 304 stainless steel in boiling 12%
Nacl solution, Ph adjusted to 3 with Hcl. The ferric ions (Fe®*) are radiolytically formed by -y radiation from the
ferrous ions (Fe?*) in acid solution, and this phenomenon is the widely known principal of Frick’s Dosimeter. The
ferric ions may act as strong oxidizing agent and may increase the susceptibility to IGSCC in the acid boiling
chloride solution. 2) y-radiation increased IGSCC susceptibility of sensitized type 304 stainless steel also in high
temperature oxygenated pure water. The amount of total Fe in aqueous solution after SCC testing, increases by vy
radiation, so the oxidization of metals is advanced by + radiation in high temperature pure water.

Mural'®

1984

Gamma-Radiation Aging of
Deformed Austenite

Effect of gamma-radiation treatment with an integral dose of 3.5x10° roentgen at normal temperature on aging of
deformed austenite in the 10Kh18N13AM3 type steel has been studied. Stress-strain diagrams obtained for the
specimens point to the fact that gamma-radijation treatment has analogy with aging at 200°C. It has been noted that
decomposition of over-saturated austenite, strengthening, and embrittlement of steel are conditioned by
radiation-enhanced diffusion but not by radiation defects. '

Marsh®

7986

Influence of Radiation on the
Corrosion of Stainless Steel

The effect of gamma radiation on the electrode corrosion of type 304L. steel in 300 ppm CI" has been studied. In
open systems with argon or Ar-20% oxygen gas blankets irradiation at a dose rate of 2000 Sv/h causes the steady
rest potential of the metal to increase-by 200-300 mV. This increase is partly due to cathodic depolarization by

‘loxidizing radical and molecular radiolysis products, but may also involve adsorption of these species onto the metal

surface. Radiolysis products also inhibit the initiation of pitting corrosion at low electrode potentials, but have no
effect on the repassivation of established pits.
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Table 2. Synopsis of general near-term literature search on vy-induced radiation effects in reactor structural materials (Continued)

Alexandrov'

1987

Effect of Gamma Radiation on
Metal Corrosion Under Spent
Fuel Storage Conditions

Authors found that y-radiation accelerates corrosion of stainless steel and other metals in water and humid air under
the conditions simulating spent nuclear fuel storage.

Gann"

1987

Simulation of Radiation Damage
of the Reactor Cores Steel by
Using High-Energy e/y Beams

(In Russian; not yet translated according to National Translation Center. Title warrants interest and inclusion
here. Suggest trapslation of at least the abstract.)

Neklyudov"’

1988

Effects of High-Energy Electron
and Gamma Radiation on
Mechanical Properties of Steels
Kh18N10T and
06Kh16N15M3B

Threshold dose for radiation hardening and radiation embrittlement occurs at 10* dpa for n, e or y. Observable e’
Iy effects occur at <0.2 dpa.

Sudo®

1988

Effect of Gamma Irradiation on
IGSCC Susceptibility of Type
304 Stainless Steel

Slow strain rate tests were conducted to evaluate the effect of gamma irradiation on IGSCC susceptibility of
sensitized Type 304 stainless steel in high ternperature water simulating two conditions at primary loop recirculation
piping. Electrochemical potential (ECP) of Type 304 SS was measured to determine the environmental effect of
gamma irradiation. Experiments showed that under gamma irradiation the ECP value and IGSCC susceptibility of
Type 304 increased in one condition, while decreasing in the other condition.

Andresen®

1991

State of Knowledge of Radiation
Effects on Environmental

. |Cracking in Light Water

Reactor Core Materials

Laboratory and field data show that long term neutron and gamma irradiation can accelerate intergranular stress
corrosion cracking of stainless steels and nickel-base alloys. Radiation can exacerbate specific aspects of cracking
susceptibility via its effects on material micro-chemistry (e.g, radiation induced segregation), water chemistry (e.g.,
radiolysis), and stress (e.g., radiation induced creep and hardenjng). Characterization of irradiation-assisted stress
corrosion cracking (IASCC) as an entirely unique phenomenon is not consistent with the evidence that many of the
same sensitivities, e.g., to water chemistry and stress, apply to cracking under both irradiated and unirradiated
conditions.

Development of models which integrate the effects of, e.g., the elevated corrosion potential and grain segregation
induced by radiation are critical to the understanding and prediction of the effects of IASCC on core internals.
Progress has been made in extending modeling of cracking under unirradiated conditions to account for radiation
effects by evaluating long term, in-core data on fracture mechanics, crack growth rate specmens and correspondmg

water chemistry/corrosion potential data.
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Mural’ and Shcherbedinskij*® observed gamma-radiation effects analogous to those
from aging at 200 °C. They noted that decomposition of over-saturated austenite,
strengthening, and embrittlement of steel are conditioned by radiation-enhanced
diffusion but not by radiation defects. : '

Marsh et al.** observed that, in open systems with argon or Ar-20% oxygen gas
blankets, irradiation causes the steady rest potential of the metal to increase. This
increase is partly due to cathodic depolarization by oxidizing radical and molecular
radiolysis products, but may also involve adsorption of these species onto the metal
surface. Radiolysis products also inhibit the initiation of pitting corrosion at low
electrode potentials, but have no effect on the repassivation of established pits.

Alexandrov et al.*® found that y-radiation accelerates.corrosion of stainless steel and
other metals in water and humid air under the conditions simulating spent nuclear fuel
storage.

Neklyudov et al.’® found that the threshold dose for radiation hardening and radiation
embrittlement occurs at 10* dpa for n, e or y. Observable e/y effects occur at <0.2
dpa.

Sudo et al.”” concluded from slow strain rate tests that y-radiation affects the
electrochemical potential and IGSCC susceptibility of Type 304 in high temperature
water. The direction of the changes depended upon the water chemistry.

Laboratory and field data from Andresen et al.”® show that long term neutron and
gamma irradiation can accelerate intergranular stress corrosion cracking of stainless
steels and nickel-base alloys. Radiation can exacerbate specific aspects of cracking
susceptibility via its effects on material micro-chemistry (e.g, radiation induced
segregation), water chemistry (e.g., radiolysis), and stress (e.g., radiation induced
creep and hardening). Characterization of irradiation-assisted stress corrosion cracking
(IASCC) as an entirely unique phenomenon is not consistent with the evidence that
many of the same sensitivities, e.g., to water chemistry and stress, apply to cracking
under both irradiated and unirradiated conditions.

These articles reveal a number of mechanisms, alternative to atomic displacement, whereby
gamma radiation may affect the behavior of the pressure vessel wall. To quantify these phenomena
for the Sequoyah pressure vessel and/or the surveillance capsule would be a major undertaking, far
beyond the scope of the present study. The absence of articles on y-induced atomic displacements in
the general literature tends to confirm past and present experience that it plays a minor role relative to -
neutron-induced atomic displacement in a fission reactor environment.

Calculational Models for Gamma-Ray-Induced Radiation Damage

In 1982 y-induced radiation damage to fusion first-walls was assessed at the Idaho National. -
Engineering Laboratory .(INEL). . That work included the development of a formalism to calculate -
induced dpa cross sections based on the work of Kelly.> Such data might be incorporated into the
existing neutron/photon structure of the MACKLIB® radiation damage data base. This would then
take advantage of, as well as enhance, existing coupled neutron/photon transport and damage analysis
capability.?
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An extensive library of neutron-induced dpa cross sections already exists. Consequently I
contacted the sponsoring nuclear data community, namely the Cross Section Evaluation Working
Group, coordinated through the National Nuclear Data Center (NNDC) to see if any work on 7-
induced dpa had occurred since 1982. V. McLane? of NNDC directed me to Steven Warshaw at
LLNL who is attempting to develop a fairly complete data base for y-induced radiation damage, -
extending up to 40 MeV (Appendix A). That work, which is just begun, appears to center on
photonuclear (y,n) reactions, mostly at energies above those occurring in a fission reactor.
Photonuclear cross sections contribute relatively little to radiation damage in a fission reactor: the
cross sections are very low and the threshold gamma energy is generally >7 MeV.

I also checked with the Radiation Shielding Information Center at ORNL regarding the
availability of codes and data. The only help there was that the codes TECALC? and HEITLER,>?
identified in 1982 for potential use as subroutines in writing a code, were still available.
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ANALYSIS OF GAMMA-RAY INTERACTION EFFECTS

Gamma rays cause damage by three mechanisms: ionization, energized electrons and heating.?
This section systematically evaluates how these mechanisms might individually and collectively affect
the Sequoyah presstire vessel and its surveillance capsule. It uses the results of the literature search in
the previous section and adds an evaluation of y-induced atomic displacement damage. The role of
the latter relative to neutron-induced damage is evaluated quantitatively. The other phenomena are
only qualitatively analyzed.

lonization Effects

The principal ionization effect will likely be in water radiolysis which in turn affects
intergranular stress-assisted corrosion cracking, discussed in a later section. Neutrons can also
contribute to radiolysis through atomic displacement reactions (via neutron scattering or capture).
However, photons should dominate the breaking of atomic and molecular bonds by means of
electromagnetic interactions with the atomic electrons: neutrons are incapable of such electromagnetic
interactions. We note that the test specimens in the surveillance capsule will not experience the water
chemistry effects that the vessel wall will.

Atomic Displacement by Energized Electrons

As discussed above, photons interact by electromagnetic interaction and are generally incapable
of directly displacing atoms or generating helium and hydrogen gases. However, photons can set free
energetic electrons which can transfer the 25-40 eV needed to displace atoms. We seek here to
compare atomic displacements by photons to those by neutrons. Should the former be relatively
insignificant from first principles, the extensive effort to calculate them specifically for the Sequoyah
reactor pressure vessel would not be required.

The principal measure addressed here is one that is common to both neutrons and photons: the
number of displacements per atom (dpa). Dpa is a product of the projectile flux and the projectile’s -
cross section for producing displacements. The atomic displacement rate by either neutrons or
photons can be calculated as follows:

(Dpa rate), = [o,,(E) &(E) dE, , a).
Ey
where
i = neutron or photon

0i 4. = dpa cross section for particle i
¢; = flux of paﬁicle i
E, = energy of particle i
The ratio of y-induced dpa to neutron-induced dpa will be the product of the photon to neutron ratio

for the dpa cross section with the same ratio for the flux at the position of interest:
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(Dpa rate), g, ~ (ov.dpa) ] @
(Dpa rate), . e d .
[0nipa B O, (E)) dE, JLXCAY:
E, E;
where
f 0, 1l ED (E)dE,
(0,50 = 3)
[o4EE,
£y

Estimation of the Gamma Spectrum-Averaged Dpa Cross Section <o, ,,> for Iron

Kelly* shows in Appendix B that the dpa cross section ¢, 4, is primarily due to Compton
scattering. Figure 1 shows the variation of that cross section ¢¢ ,, with gamma ray energy E, for
select atomic numbers Z. Note that the cross sections vary smoothly with Z as well as with E,. That
is because the electromagnetic interaction depends on Z and not on nuclear quantum numbers as the
hadronic interactions do. Consistent with the ASTM standard and the report by Ramirez et al., we
desire to evaluate the y-induced dpa for iron (Z=26). However, for simplicity and because of the
smooth behavior with Z, and considering that other uncertainties are much larger, we use the Z=29
curve in Figure 1 rather than interpolate or implement a computer program.

The reactor gamma flux spectrum ¢.(E,), needed to evaluate <o, 4,> in Equation (3),
comprises four components: prompt fission gammas, delayed gammas from fission products, prompt
gammas from neutron capture (n,y) reactions, and delayed gammas from the decay of activation
products other than fission products. The contribution of the latter component is generally negligible
except perhaps locally to its source. The energy release per fission from the first three components
totals approximately 20 MeV 222

Unruh and Tomlinson? (see also Soodak?) fit the reactor total gamma (prompt plus
delayed) spectrum by the following expression:

¢(E,) ~ exp(-111E,) | @
where
¢, = gamma ray flux
E, = total energy of the géumﬁa ray.
The average gamma energy from the spectrum in Equation (4) is 1/1.11 = 0.9 MeV. (The average

energy of prompt gamma rays is ~ 1 MeV.?® The energy of delayed and capture gamma rays
should be lower because the total energy release is much lower in those reactions.)
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Figure 1. Cross sections for atomic displacement by Compton scattering?
Table 3 presents the spreadsheet evaluation of the gamma-spectrum-averaged cross section of

Equation (3), using the cross sections from Figure 1 and the flux from Equation (4), and
approximating the integrals by finite summations:
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A ~ _&
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E,
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Table 3. Calculation of the spectrum-averaged cross section for gamma-induced dpa

Grou, E  ower E, AE Flux, 0, aa(Eave) |
o, | iy | oy | oevy | (Mev? ¢, AE ?ﬁpﬁfm)g) Orape’ By AE
1 0 0.125 0.25 8.70E-01 2.18E-01 -
2 0.25 0.375 0.25 6.60E-01 1.65E-01
3 0.5 0.625 0.25 5.00E-01 1.25E-01
4 0.75 0.875 0.25 3.79E-01 9.47E-02 .
5 1 1.125 0.25 2.87E-01 7.17E-02 . 0 0.00
" 6 1.25 1.375 0.25 2.17E-01 5.43E-02 0.004 2.17E-04
7 1.5 1.625 0.25 1.65E-01 4.12E-02 0.02 8.23E-04
8 1.75 1.875 0.25 1.25E-01 3.12E-02 0.043 1.34E-03 .
9 2 2.125 0.25 9.45E-02 2.36E-02 0.08 1.89E-03
.10 2.25 2.375 0.25 7.16E-02 1.79E-02 0.13 2.33E-03
11 2.5 2.625 0.25 5.43E-02 1.36E-02 0.2 2.71E-03
12 2.75 2.875 0.25 4.11E-02 1.03E-02 0.245 2.52E-03
13 3 3,125 0.25 3.12E-02 7.79E-03 0.3 2.34E-03
14 3.25 3.375 0.25 2.36E-02 5.90E-03 0.37 . 2.18E-03
15 3.5 3.625 0.25 1.79E-02 4.47E-03 0.45 2.01E-03
16 3.75 3.875 0.25 1.36E-02 3.39E-03 0.52 1.76E-03
17 4 4.125 0.25 1.03E-02 2.57E-03 0.6 1.54E-03
18 4.25 4.375 0.25 7.78E-03 1.94E-03 0.7 1.36E-03
19 4.5 4.625 0.25 5.89E-03 1.47E-03 0.75 1.11E-03
20 4.75 4.875 0.25 4.47E-03 1.12E-03 0.85 9.49E-04
21 5 5.125 0.25 3.38E-03 8.46E-04 0.92 7.78E-04
22 5.25 5.375 0.25 2.56E-03 6.41E-04 1.05 6.73E-04
23 5.5 5.625 0.25 1.94E-03 4,86E-04 1.1 5.34E-04
24 5.75 5.875 0.25 1.47E-03 3.68E-04 1.2 4.42E-04
25 6 6.125 0.25 1.12E-03 2.79E-04 1.25 3.48E-04
26 6.25 6.375 0.25 8.45E-04 2.11E-04. 1.3 2.75E-04
27 6.5 6.625 0.25 6.40E-04 1.60E-04 1.4 2.24E-04
28 6.75 6.875 0.25 4.85E-04 1.21E-04 1.45 1.76E-04
29 7 7.125 0.25 3.68E-04 9.19E-05 1.6 1.47E-04
30 7.25 7.375 0.25 2.78E-04 6.96E-05 1.7 1.18E-04
" 31 7.5 7.625 0.25 2.11E-04 5.27E-05 1.75 9.23E-05
32 7.75 7.875 0.25 1.60E-04 4.00E-05 1.8 7.19E-05
33 8 8.125 0.25 1.21E-04 3.03E-05 1.95 5.90E-05
34 8.25 8.375 0.25 9.18E-05 2.29E-05 2 4,59E-05
35 8.5 8.625 0.25 6.95E-05 1.74E-05 2.05 3.56E-05
36 8.75 8.875 0.25 5.27E-05 1.32E-05 2.1 2.77E-05
37 9 9.125 0.25 3.99E-05 9.98E-06 2.15 2.15E-05
38 9.25 9.375 0.25 3.02E-05 7.56E-06 2.2 1.66E-05
39 9.5 9.625 0.25 2.29E-05 5.73E06 - | 2.3 1.32E-05 .
40 9.75 9.875 " 0.25 "~ 1.74E-05 '4,34E-06 2.35 1.02E-05
10 ' ,
SUM 8.97E-01 2.75E-02
0-10 MeV Average 0.030673
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Estimation of the Neutron Dpa Cross Section <o, ,,,> for lron

Ramirez et al.! calculated the neutron-induced dpa production rate (dpa/s) for iron in the
Sequoyah pressure vessel. Dividing their reported dpa rates by their reported integral >0.1 MeV
neutron flux one has

o0

0, ipolEy)- O(E,)E, | |
(Opaped = 25 = 500-600 barns ©)

O(E,)dE,

0.1 MeV

The choice of 0.1 MeV for the lower integral limit here is arbitrary but acceptable in as much as few
displacements occur at lower neutron energies. It remains, however, to use the same limit in the flux
ratio below. Flux monitors in the Sequoyah capsule indicate' the thermal flux to be about 1/4 of the
total. On this basis, overall we expect an uncertainty less than a factor of 2 in <o, 4,>.

We calculate that the ratio of the efficiency (cross section) for displacing iron atoms by
photons relative to that for fast neutrons is thus 31x10%/500 = ~0.06 x10°. This is considerably
less than the 10 mentioned for germanium atoms by Brooks® in 1956, but not necessarily inconsistent
for the following reasons:

1. atomic displacement by neutrons occurs predominantly at fast neutron energies. There
different threshold nuclear reactions are opening up with increasipg energy. Only for
nuclei common to fission reactors have these cross sections been measured and/or
evaluated with any significant accuracy. We expect a poor state of knowledge for fast
neutron germanium cross sections in 1956 relative to the same for iron atoms presently.

2. - neutron cross sections are totally dependent upon nuclear quantum numbers.
Consequently cross sections fluctuate widely from nucleus to nucleus; proximity in
atomic number Z will have little significance upon neutron cross sections.

Estimation of the Gamma-to-Neutron Flux and Dpa Ratios

Based on the release of 20 MeV gamma energy per fission and a mean gamma energy of 0.9
MeV as discussed above, we approximate the gamma population as 22 0.9-MeV gammas per fission.
The mean number of fission neutrons per fission is ~2.5 for *U.* Thus we estimate that the
gamma-to-neutron flux ratio in the core is of the order of 10

Because gammas are more prone to absorption than neutrons and because reactors are designed
to reflect neutrons back into the core, this ratio should decrease as one approaches and passes through
the reactor vessel wall. Figures 2 and 3 confirm this trend: they show the calculated neutron flux and
gamma dose distribution through a.series of radial water and steel layers in a small (70 MW)
pressurized water reactor. -We then have from Equation (2):
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Ramirez et al.! calculated that the neutron-induced dpa rate falls off by about a factor of 10
over the width of the Sequoyah pressure vessel wall. That reflects the decreasing fast neutron flux
and the sharp decrease in the neutron-induced dpa cross section with neutron energy. However, from
Figures 1-3 one expects the gamma flux and the gamma-induced dpa cross section to decrease even
more sharply. As a result the gamma-to-neutron dpa ratio should further decrease through the
pressure vessel wall by 1-2 orders of magnitude. However, we will conservatively not use that fact
in our comparison: this further emphasizes our result to be an upper bound.

Together these arguments indicate that y-induced atomic displacement is <1% of that from
neutrons in the pressure vessel wall of all fission power reactors including Sequoyah’s. Note that the
value of 1% allows for a factor of 16 uncertainty on our calculated estimate, not including the 1-2
orders of magnitude mentioned above.

Photon Dpa Production in a Fusion Reactor Environment

A 1982 unpublished INEL study concluded that the photon flux would have to be about 1000
times greater to equal the neutron induced atom displacement damage. Thus, even though the gamma
flux was a factor of two higher it contributed only 0.2% of the neutron damage. That result supports
the present work, being roughly at the same order of magnitude.

Effects of Heating

Photons also induce heating, leading to changes in alloy morphology (grain structure) and
chemical diffusion. The importance of these phenomena was not addressed in this study. For the
Sequoyah reactor, the effects of heating in the surveillance capsule specimens should represent the
effects of heating in the actual pressure vessel wall.

Gamma heating likely exceeds neutron heating in the vessel wall and the surveillance capsule.
This could be quantified by calculating photon and neutron heating rates ("kerma") once coupled
neutron/photon fluxes were calculated. Neutron heating could be derived from the existing dosimetry
measurements. Gamma heating could be deduced by adding thermoluminescent dosimeters (TLDs)
into the surveillance capsule. For consistency and to minimize correction factors, neutron-sensitive
TLDs could be added as well.

Synergistic Intergranular Stress-Assistéd Corrosion Cracking -

Intergranular stress-assisted corrosion cracking of stainless steels and nickel-base alloys oceurs
even under unirradiated conditions due to water chemistry and stress. Gamma-irradiation
synergistically exacerbates cracking susceptibility via its combined effects on material micro-chemistry
(e.g, radiation-induced segregation), water chemistry (e.g., radiolysis), and stress (e.g., radiation-
induced creep and hardening).’® We note that the test specimens in the Sequoyah surveillance capsule
will not experience the water chemistry effects that the vessel wall will. Temperatures and
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temperature gradients may also differ due to cooling differences. Thus the surveillance capsule may
be non-representative for this synergistic phenomenon. '
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CONCLUSIONS AND RECOMMENDATIONS

1. Cursory evaluation indicates that y-induced atomic displacement in the neighborhood of the
Sequoyah Reactor pressure vessel wall is <1% of that from neutrons. The surveillance
capsule contained no detection dévices capable of measuring the gamma fluence or energy
deposition (such as TLDs). The atomic displacement damage encountered by the specimens in
the surveillance capsule should be representative of that encountered in the pressure vessel
wall. :

2. Photons induce heating, leading to changes in alloy morphology (grain structure). They also
enhance diffusion leading to decomposition of oversaturated austenite and to strengthening and
embrittlement of steel. No specific analysis of these effects for Sequoyah was attempted. The
impact of y-heating upon the results from the surveillance capsule should be representative of
those in the neighborhood of the pressure vessel wall.

3. Gamma-irradiation can accelerate intergranular stress corrosion cracking of stainless steels and
nickel-base alloys. It exacerbates cracking susceptibility via its effects on material
micro-chemistry (e.g, radiation-induced segregation), water chemistry (e.g., radiolysis), and
stress (e.g., radiation induced creep and hardening). Many of these sensitivities, e.g., to water
chemistry and stress, apply to cracking under unirradiated conditions as well. No specific
analysis of these effects for Sequoyah was attempted. The results from the test specimens in
the surveillance capsule may be non-representative of what the Sequoyah pressure vessel wall
experiences in this regard due to their isolation from water chemistry effects.

A potential more-detailed evaluation of atomic displacement would include the following:

1. a coupled neutron/photon calculation of the Sequoyah Reactor, at least in one (radial)
dimension, out through the pressure vessel. This would greatly increase the accuracy
of both the total neutron to total photon flux ratio as well as provide the correct neutron
and photon energy spectra for use in determining the dpa cross sections and reaction
rates.

2. writing a Fortran program which will calculate the gamma-induced Dpa production
cross section. EG&G Idaho Report RE-P-81-095 outlines the formalism. This report
was authored in December 1981 and must first be brought up to date. We have
checked and found that no one else has developed such a capability since 1981.

Conclusions 2 and 3 above are based on a qualitative assessment of the literature. A multi-
discipline effort might further investigate these phenomena including an effort at quantification.
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ABSTRACT

This report provides a cost/benefit (value/impact) analysis for Generic
Safety Issue 15 (GSI-15). It assesses the core damage frequency and the risk
associated with neutron embrittlement of the reactor pressure vessel supports

(RPVSs). Five options for the resolution of GSI-15 are also evaluated. It
then calculates the cost/benefit ratio that would result from implementation
of any of the proposed options.
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SUMMARY

Generic Safety Issue 15 (GSI-15) is concerned with neutron _
irradiation of the reactor pressure vessel supports (RPVSs). Neutron
irradiation of structural materials causes embrittlement that may increase
the probability of material failure due to a propagation of pre-existing
flaws. The potential for neutron embrittlement of the RPVSs could be
greater than was formerly anticipated. This report estimates the core
damage frequency and the risk associated with RPVS failure, the cost
involved in implementing any of five proposed resolutions, and the
cost/benefit ratio that would be realized by implementation of each of the
alternatives. ‘

The five options proposed as resolutions for GSI-15 include:
shielding the RPVSs from neutron irradiation, increasing the RPVS’s
operating temperature above the NDTT, replacing the RPVSs, heating the
RPVSs sufficiently to anneal out any embrittlement, and strengthening or
adding additional RPVSs.

The results indicate the estimated per plant costs range from a low
value of $920,000 to increase the operating temperature of the supports to
a high value of $89,000,000 to replace the existing supports. The low
value takes into account averted onsite costs and assumes no replacement
power would need to be purchased. The high value takes into account
averted onsite costs, but assumes replacement power would havée to be
purchased for a 20-week period.

The results of the benefit analysis indicate a per-plant offsite dose
risk of 2.9 person-rem/year of remaining reactor lifetime. This risk
includes all the risk associated with support failure after embrittlement
occurs. It was assumed that the implementation of any of the proposed
options would remove 100% of the risk associated with failure of an
embrittled support. The core damage frequency was found to be 8. 8x105/yr
This information provided cost/benefit ratios ranging from $5,300 per
/7person-rem to $3,100,000 per person-rem.
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COST/BENEFIT ANALYSIS OF GSI-15: RADIATION
EFFECTS ON REACTOR VESSEL SUPPORTS

1. INTRODUCTION

Neutron irradiation of structural materials causes embrittiement that
may increase the probability of material failure due to a propagation of
pre-existing flaws. In April 1988 data produced by Oak Ridge National
Laboratory' (ORNL) suggested that the potential for neutron embrittlement
of reactor pressure vessel supports (RPVS) could be greater than was
formerly anticipated.

The first part of this report estimates the core'damage frequency and
risk associated with RPVS failure. The second part of this report presents
the cost/benefit ratio for implementation of any of five solutions.

Normally the potential for brittle fracture in a material is
quantified in terms of the material’s nil ductility transition (NDT)
temperature. The NDT temperature for a material is the temperature at
which the material becomes prone to brittle failure. If the material is
kept at a higher operating temperature than its NDT temperature, brittle
fracture of the material will be prevented. The possible corrective
measures to the damaged pressure vessel supports would fall in one of five
categories:

e The supports can be shielded to reduce the neutron
radiation exposure.

e The operating temperature of the supports can be.
increased above the NDTT of the support material.

e The embrittled supports can be replaced.

e The supports can be heated such that the embr1tt1ement
is annealed out.

e The embrittled supports can be left in place.and
additional supports can be added. -
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The RPVS designs for light water reactors (LWR) have been divided
into five different categories (Reference 1). The support categories are
skirt, long column, shield tank, short column, and suspension. The skirt -
type supports are located far enough away from the reactor core such that
embrittlement induced failure of the support is not anticipated. A1l
operating boiling water reactors (BWRs) except Big Rock Point have skirt
type supports; therefore, they are not included in this studyﬂ Big Rock
Point Nuclear Plant is the only operating plant with suspension type
supports; it was not included in this study because of its small size (240
MWt) and low surrounding population density.

Table 1 lists the support type and the number of PWRs of each type in
use. Since the skirt type supports are not Tikely to fail due to neutron
embrittlement, they are removed from further consideration leaving 76
plants with susceptible supports.

Table 1. PWR Reactor Pressure Vessel Support Utilization. -

Skirf“ B | | 7

Long Column 11

Short Column 57
“Shield Tank 8
Total susceptible plants 76

The analysis first estimated the core damage frequency and the risk
associated with operating the 76 PWRs with possible radiation damaged
RPVSs. It is assumed that any one of the 76 PWRs could have suspect RPVSs.
Therefore, the event tree analysis was.very conservative to be able to
bound the different failure modes for the four different support types.
Also, it was assumed that modifying the supports would reduce the
embrittlement risk. ' :
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The second part of the analysis estimated the costs associated with
fixing the different support types. The reduction in risk is understood to
be the benefit, while the expenditure in fixing the supports is the cost.
The cost/benefit ratio is then used as a basis for recommending what action
should be taken. Consideration is also given to the-core damage frequency
resulting from embrittled supports. ’
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2. BENEFIT EVALUATION

The benefit is defined as the reduction in risk obtained by fixing
the neutron embrittled RPVS. To estimate the risk, two different scenarios
were considered that could fail the supports. Event trees for each
scenario were developed to obtain the associated probability of RPVS
failure. The probability of RPVS failure was then multiplied by the
associated consequence of the failure, thus obtaining the failure risk.

2.1. Event Tree Analysis

The GSI-15 event tree evaluation involves two difféerent scenarios.
The first scenario is a safe shutdown earthquake (SSE) as an initiating
event and the potential failure of the RPVSs. The second scenario involves
a small break loss-of-coolant-accident (SBLOCA) as the initiating event.
The discussion of the scenarios includes the associated event tree and a
detailed explanation of each event contained in the event tree. |

Typical event tree methodology is used in the generation of the
scenario event trees. At each branch node, the downward path represents
the failure event that is Tisted above that node, while the upward path
symbolizes the complement of the failure event. Each failure event
portrays a phase in the scenario development and represents the failure of
a particular safety function. Human errors and procedural guideline flaws
are not incorporated into the event tree model.

The sequence outcomes are grouped into one of seven different
categories. Table 2 lists the different categories along with a
description of each category. The offsite release categories are taken
from the WASH-1400° reactor safety report and classify various degrees of
radioactive releases from containment. Each sequence was assigned to the
offsite release category that best modeled its outcome. When a sequence
could fall into one or more release categories (i.e., PWR 1 or PWR2, PWR 3
or PWR 4, etc.), the most consefvative'ré1easé category Wwas seTected."'
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Table 2. Event Tree Sequence End State Categories.

“ CONSEQUENCE

. LABEL

|

The sequence results in an event sequence whose risks
are not associated with GSI-15. The sequence is not
further developed on the event tree.

SF-PSD

The sequence results in an emergency plant shutdown.
Thus, the plant is safe and in a shutdown mode.

PWR 1

The sequence results in core meltdown followed by a
steam explosion. The containment sprays and heat
removal systems are assumed to have failed.
Radioactivity is released over a 10 minute period. The
total release contains approximately 70% of the iodines
and 40% of the alkali metals present in the core at the
time of release.

PWR 3

The sequence results in containment failure prior to
commencement of core melting. Core melting would cause
radioactive materials to be released through a ruptured
containment barrier. Approximately 20% of the iodines
and 20% of the alkali metals present in the core at the
time of release would be unleashed to the atmosphere.
The release time would be approximately 1.5 hours.

PWR 7

The sequence results in core meltdown but is mitigated
due to the fact that the containment barrier retains its
integrity until the molten core melts through the
containment. The release involves 0.002% of the iodines
and 0.001% of the alkali metals present in the core at
the time of release. The release time would be 10
hours.

PWR 8

1 The sequence results in large pipe break with failure of

containment. The core would not melt. The release
would involve 0.01% of the iodines and 0.05% of the
alkali metals. Most of the release would occur in 0.5-
hours.

PWR 9

The sequence results in a large pipe break. The core
would not melt, and the containment would not fail. The
release would contain 0.00001% of the iodines and
0.00006% of the alkali metals. The release wou1d occur
over da 0.5-hour time period. :
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;3 g‘i‘ﬁ“‘s commonjly ac¢epted th% gearthquakes producing Tower loads dn §
St ryctures decur more orten ¥han those resulting in higher loads, such as
tﬁ,;é S;EE /3«8150, if plastic design methods. are used, as_iéscm’bed in Chapt®r
N B ﬂ'é AEC Man al*, the alllowable stress in the 1oad:; gombinations <
iueag [SSE is 0.9xF,°, i.el. for A36 steel this woulg|®esult in aboyt &
<§. Taking 6 ks1 as the minimum stress corresponding to the threshold é;f
b riiﬁgr@pt, the ratio of the stresses {fthe stress at the SSE and the @
n'uirr@ﬁl‘glgtriss which might be considered jgr brittle fracture) would be %
3&?1& to fiMe. Since force is proportion%’z to acceleration, and stregs 13
Jroport10r1a1 to force, it may |pe inferred that the stresses induced by an
=arthq§@ke=umﬂ be in the samg pr'oportio.n as peak ground acce]eration_(PGé\)
for dfi}fer et earthquakes. | ' 2
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Now, examination of the seismic hazard curves, relating annual
frequency of exceedance of SSE and PGA®, indicates that frequency of
occurence of the earthquake corresponding to 6 ksi would be about five -
times that of the frequency of occurance of the PGA for the SSE. Reducing
the stress threshold by a factor of five has the effect of increasing the
frequency of the earthquake by about a factor of five. Consequently, it is
justifiable to increase the dimensionless parameter v for the Poisson
distribution for one year by a factor of five, tov = 1.25x10°. The
probability of a damaging earthquake is then: |

x 14
P(SSE) = 1-P(x=0) = 1- ”Xf = 1-e"1-25x10° = 1 25x10"3

RPVSF. Event RPVSF represents the failure of the RPV supports if a
damaging earthquake occurs. The calculation for the probability of RPVSF
should be site specific due to variables such as RPV support design and
material composition, plant age and operating history, and RPV load before
and after the earthquake. In order to keep the analysis generic, the
conditional probability of RPVSF is conservatively estimated to equal 0.5.
This assumption implies that if a damaging earthquake occurs, fifty percent
of the time the RPV supports will fail. Also, it implies that below the
damaging earthquake level the RPV supports will not fail. In the
sensitivity analysis contained in Appendix B, the frequency of having a
damaging earthquake was increased by a factor of 10 to account for the
possibility of a Tower peak-ground acceleration level earthquake which
results in RPV support failure.

LBLOCA. The event LBLOCA models a large break LOCA if the RPV support
system undergoes a failure. If the RPV support does fail, the resulting
load on the reactor cooling system (RCS) piping may cause a rupture. A
conservative estimate of the probability of a LBLOCA is assumed to be 0.5.
The sensitivity analysis in Appendix B investigated the worst case of RPV
support failure coupled with a LBLOCA by setting both probabilities to 1.
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RPSF. The event RPSF models the failure of the reactor protection
system. In the event of a SSE, the operator will attempt to manually scram
the reactor. However, it is possible that the protection system will fail
due to the tilting of the RPV, which causes the reactor control rods to
become mechanically jammed. Thus, detailed analysis for this event should
include both possible mechanical failures and human errors of commission.

Event RPSF is conditional on a LBLOCA not occurring. If a LBLOCA
does occur, the moderator for the reactor will be removed and the reactor
will shut down due to voiding of the core. Consequent1y, if a LBLOCA does
not occur and the reactor protection system fails, the core will eventually
melt even though the reactor coolant is still present. It is
conservatively assumed that the probability of RPSF is 0.5. The
sensitivity analysis in Appendix B investigated the worst case scenario by
setting both RPYSF and RPSF to one. This would model coupled failure of
both the RPV supports and the reactor protection system.

CSDSF. The event CSDSF models the failure of the chemical shutdown
system. Typically, precise analysis of this event would include both the
possible mechanical failures and human errors. For this analysis, the
probability of CSDSF was found from the Sequoyah PRA” and is equal to 0.2.
The sensitivity analysis in Appendix B investigated the worst case scenario
by setting the probabi]jty of CSDSF failure to one.

ECCSF. Event ECCSF models the failure of the emergency core cooling
system. If the emergency core cooling system works, it can prevent core
melt even if a large break LOCA occurs. The probability of failure for
this event is based upon typical PRA analysis. Based upon the Sequoyah
PRA, the conditional probability of ECCSF is equal to 0.02. This mean
conditional probability measures the failure probability of the systems
(including human and mechanical) comprising the ECCS. Failure of ECCS
following RPVS failure and the resulting RPV displacement and increased
primary piping stresses -would result in higher stresses on ECCS piping and
components and would increase the conditional failure probability.
Therefore, the event ECCSF probability was increased by a factor of five to

8
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0.1. The sensitivity analysis in Appendix B investigated the worst case
scenario (where the ECCS always fails given the appropriate initiating
event) by setting the probability of CSDSF failure to one.

RCF. The event-RCF represents the failure of the containment heat
removal system along with the containment structure and containment
isolation. Since the reactor containment and most of the systems in it
have a median capacity of 1.5-2g peak ground acceleration, a SSE should not
have a noticeable effect on the containment failure rate.. Therefore, a
typical PRA based failure rate is assumed for the reactor containment.
Based upon the Sequoyah PRA. the probability of RCF is 1x10° in the
mission time of one year. For those cases where ECCS has failed, the
probability of RCF was assumed to be 1x1072, which accounts for the
possibility of a dependent ECCS/RCF failure mode.

~ Also, the Salem Nuclear Generating Station PRA® was used to compare
the failure rates of the mechanical components for the analysis of both
event trees.

2.3. Small Break Loss-Of-Coolant Accident Event Tree

The second event tree is shown in Figure 2. The event tree models
the occurrence on a non-seismic induced SBLOCA and the resulting failure of
the RPV supports. Given that a SBLOCA occurs, the resulting load normally
carried by the fractured pipes will be transferred to the RPVSs thereby
causing an additional load on the supports. If the supports have undergone
neutron embrittlement, the addition of the SBLOCA induced load may cause
the RPVSs to fail. If the RPVSs do fail, a large break LOCA may occur.

As can be seen in Figure 2, the SBLOCA event tree is similar to that
from the SSE sequence discussed above. The basis for using a similar event
tree with identical event probabilities is that if the RPVSs fail, the
possible resulting.LBLOCA, reactor perection system failure, chemical
shutdown system failure, emergency core coo]ing system failure, and reactor
containment failure events will most 1ikely fall within the same realim

9
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Generic Safety Issue 15 Small Break LOCA Event Tree
Smali Break Pressure Large Break Reactor Chemical Emergency Reactor SEQUENCE SEGQUENCE SEQ. #
LOCA Vessel LOCA due to Protection Shut Down Core Containment PROB CLASS ’
Support PVS Falliure System System Falis Cooling Falls :
Fallure Fatlure System Falls
SBLOCA RPVSF LBLOCA RPSF CSDSF ECCSF RCF
2.50E-04 SPRA 4
6.25E-05 SF -PSD 2
S . 00E-04 5.00E-05 SF-PSD 3
SBLOCA
5.00E-01
RPSF 1.25E-05 PWR 7 4
. 2.00E-01
s 0 CSDSF
1.00€-03 1.25E-08 PWR 3 s
S.00E-01 RCF
RPVSF
: 1.12E-04 PWR 9 6
1.00€E-03 1.13€-07 PWR 8 5
RCF
S.00E-01
LBLOCA
1.24E-05 PWR 7. 8
1. 00E-01
ECCSF
1.00E-02 1.95€-07 PWR 1 g
ACF .
Figure 2. Small Break LOCA Event Tree
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regardless of the cause of the RPVSs failing. Thus, the only difference
between the two event trees is the initiating event and its associated
frequency.

SBLOCA. The initiating event for the second event tree is the
occurrence of a small break LOCA. The freguency of occurrence was obtained
from the Sequoyah PRA’ source numbers. The nominal frequency for a small
break LOCA is found to be 1x10°. The assumption was made that only one-
half of the possible small pipe breaks were close enough to the RPV to load
the RPV supports such that failure of the supports may occur. Therefore,
the frequency of occurrence for a SBLOCA is estimated to be equal to the
nominal SBLOCA frequency multiplied by one-half, or 5x107*/RY. Assuming
the SBLOCA event can be modeled as a Poisson event, the probability of a
SBLOCA in the mission time of one year is equal to 5x107.

The remaining events in the SBLOCA event tree have previously been
defined and will not be reviewed. In both the SSE and SBLOCA sequences the
following preexisting conditions must be met before the RPVSs can fail:

The support must contain a critically sized flaw.
e The support must have been subjected to enough radiation
for embrittlement to occur.
e Sufficient stresses must be present to cause brittle fracture.

Requirements for toughness were implemented after some plants were
built. Therefore, some older plants may have been at or near the NDT
temperature at the beginning of plant 1ife. If this is the case, they may
be susceptible to brittle failures without significant exposure to neutron
radiation. '

2.4. Event Tree Results

Since the two event trees lead to similar sequence outcomes., the
identical outcomes from each tree can be combined to form a total
probability of a particular end state. The end states can occur with

11
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either the SSE or the SBLOCA as the initiator. Thus, the end state
probability for the PWR 1 category is calculated by:

P(PWR1) (pray = P((PWR:L')SSEU (PWR1)sBLOCA)
' ~ P(PWR1) o + P(PWRL) g 0n (if P(PWR1) << 1).

Table 3 Tists the sequence end states and the expected probabi]ity of
occurrence for the mission time of one year. Since the expected
probability is calculated by multiplying several random variables together,
the probability distribution for the resultant product would tend to be
log-normally distributed. As seen in Table 3, the total core damage
frequency due to RPVS failure is 8.8x107°/yr.

Table 3. Event Tree End State Ana1ys1s Results.

ORE DAMAGE
CY (per yr)

?;_ENU STATE__ﬁF
SPRA
SF-PSD
PR 9
PWR 8
PWR 7 8.7x10° - Yes ‘
PWR 3 - 4 .4x10° T Yes 8.8x10°
PR 1 4.4x107 Yes

N/A

2.5. Sequence Risk Analysis

The risk is defined as the probability of occurrence of an event
multiplied by the radioactive release consequence associated with the

event. The risk is then extrapolated over the estimated remaining 11fet1me '

of a typical reactor. The risk from each event sequence is then summed to

12
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provide an upperbound total risk.

The fracture mechanics analysis reported in NUREG/CR-5320 ‘described
radiation embrittlement as a credible end-of-1ife failure mode, assuming 32
Effective Full Power Yeafs (EFPY). Given the current "40-year license
1ifetime" and assuming an average plant is twenty years old, it is assumed
that a remaining plant Tifetime is 20 years, with the last 10 p]antlyears
encompassing the plausible radiation embrittlement failure mode.

Table 4 lists the consequence associated with each end state
category. The consequence data quantify the WASH-1400 end states and are
taken from NUREG/CR-2800°. The consequences for the SPRA and SF-PSD end
states are both assumed to be zero (no additional risk).

Table 4. End State Radioactive Release Consequences (from NUREG/CR 2800) .

1

io?e_Body Dose”Consequence

PWR 1 5.4x108
PWR 3 5.4x10°
PWR 7 2.3x10°
PUR 8 | 7.5x10°
PWR 9 1.2x10°

The WASH-1400 release categories were assigned to those event tree
sequences that resulted in a radioactive release not covered by the normal
plant specific design PRA. The release category that best fit each
sequence was used to obtain an offsite dose for that sequence. As
discussed in NUREG-2800, the total offsite rad1oact1ve dose was calculated
based on the following assumpt1ons ‘ a

13
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1. Calculations were based on a typical midwest site, adjusted to
reflect the population density within a 50-mile radius of U.S.
nuclear power plants. . ‘

2. Dose consequences répresent whole-body population dose
commitment (person-rem) received within 50 miles of the site.

3. A 1/2-mile exclusion area was assumed, with a uniform
population density of 340 persons per square-mile from the
exclusion area to the 50-mile exposure radius.

4. Evacuation was not considered.

5. Meteorological data were taken from the U.S. Weather Service
station at Moline, Illinois.

6. Core inventory at accident initiation time was assumed to be
represented by a 3412 MWt (1120 MWe) plant.

7. A1l exposure pathways except ingestion were included.

2.6. Risk Analysis Results

Table 5 lists the results of the risk analysis. The end state
release consequence (Table 4) is multiplied by the end state probability
(Table 3) to get an end state risk. The risk is then summed and multiplied
by the remaining reactor lifetime to get the total additional population
risk associated with the possible RPVS failure due to a SSE or a SBLOCA.

As shown in Table 5, the expected risk is 2.9 person-rem/year for the
remaining plant lifetime after embrittlement occurs. The 2.9 person-
rem/year risk is based on the operation of ohe reactor and is estimated -
using very conservative event probabilities. To get a total 1ndustry¥w1de
risk value, the 2.9 person-rem/year should be multiplied by the total

14
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Table 5. Risk Analysis Results.

e Aperson-rem) . .
SPRA ‘ 0/year
SF-PSD 0/year
PUR 9 | 0.047/year
PWR 8 _ 0.029/year
PUR 7 | 0.20 /year
PWR 3 0.24 /year
PWR 1 2.4 /year
2= 2.9 /year
x 10 years ‘ 29
x 20 years | 58
x 40 years ‘ 120
x 60 years : 170

number of embrittiement susceptible plants and their respective remaining
lifetimes. Assuming seventy-six susceptible plants, the total industry-
wide risk value would be 2200 person-rem for a ten-year time period. If
every embrittlied support in the seventy-six plants were repaired, the
expected total benefit from the reduction in risk would be 2200 person-rem.

3. COST EVALUATION

The proposed resolution modifications will have the effect of either
preventing embrittlement from occurring, replacing or repairing potentially
failed components, or changing the operating environment of embrittled
components such that further embritt1ément cannot occur. The risk
reduction possible from the implementation of any of the proposed
modifications is obtained from the event-trees developed in Section 2.
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3.1. Proposed Solution Options

Five possible options or alternatives were proposed as resolutions
for GSI-15. It should be kept in mind that these are only potential
solutions. A substantial engineering effort will be required before the
feasibility of implementing any of these solutions at any given nuclear
power plant is shown to be practical. The five options are:

1. Shielding the RPVSs from neutron radiation. This would prevent
the RPVSs from becoming embrittled.

2. Increasing the operating temperature of the RPVSs above the new
(embrittled) NDTT. This would remove the brittle fracture
~failure mode.

3. Replacing the existing RPVSs before embrittlement occurs.
4, Annealing the RPVSs to remove the effects of the embritt1ement;
5. Strengthening the existing RPVSs or adding new supports.

3.2. Discussion Of Optiqns

Before any proposed modification could be made to resolve this issue,
an extensive engineering analysis would be required on a plant-by-plant
basis. Included in this effort, the analysis would have to: assess the
effects of neutron embrittlement on a plant-specific basis, calculate the
risk associated with the possible embrittlement, insure that the
implementation of any proposed modification is possible and that it will
actually solve the problem, perform the design and engineering work for any
proposed modification, pass the required engineering reviews, and obtain
NRC design approval. )

It should be noted that the RPVSs are 1bcated in an area of high"
radiation with extremely limited access. Even the act of visually

16



DRAFT 2

inspecting them would be a major undertaking, which would result in a
considerable occupational exposure. Therefore, any proposed solution needs
to be evaluated both on the merits of its cost-to-benefit ratio and in
light of the additional occupational exposure that would result. from its
implementation.

Option 1 is to shield the RPVSs from neutron radiation. This would
prevent the RPVSs from becoming embrittled. Because of the Timited space
available in the area of the RPVSs, adding shielding would not be practical
unless a shielding with an extremely large neutron absorption cross-section
is used. The procurement of suitable shielding would probably be
expensive. Also, the shielding must not interfere with the normal,
inherent heat transfer mechanisms of the RPVSs.

Option 2 is to increase the operating temperature of the RPVSs above
the new (embrittled) NDTT. This would remove the brittle fracture failure
mode. It is questionable if this option is applicable to the short column
RPVSs. The short column supports have a small profile with a Targe
temperature differential. In NUREG/CR-5320 it is estimated that for the
Trojan plant, after 32 EFPY, there will be a 75°F shift in the NDTT in the
area most Tikely to contain a critically-sized flaw. In order to elevate
the RPVS’s operating temperature sufficiently to accommodate this shift, it
would probably require exceeding the temperature 1imit of the supporting
concrete. This would have the effect of changing the failure mechanism
from failure of the RPVS to failure of the supporting concrete structure.

Option 3 is to replace the existing RPVSs before embrittlement
occurs. It is unlikely that this option could be completed during a
scheduled shutdown. It would, therefore, involve the buying of replacement
power. Because the RPVSs are keyed to the RPV nozzles, the replacement of
the RPVSs would most likely involve either 1ifting or removing the RPV
until the supports are replaced. '

Option 4 is to ahneé1 the RPVSs to remove the effects of neutron
induced embrittlement. There are two methods by which the RPVSs could be

17
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annealed.  The possibilities are either in-place annealing of the supports
or removing the supports and annealing at a remote location. In-place
annealing would probably be the most cost effective; however, for those
RPVSs that are attached to or imbedded in concrete (i.e. short column
RPVSs) this may not be possible due to the temperature limit of the
supporting concrete. Option 4 is calculated in two ways; the first way
(Option 4A) takes into account removal of the RPVSs to an out-of-
containment location for annealing, and the second way (Option 4B)
calculates the cost of in-place annealing. Like Option 3, both options
would most Tikely involve the buying of replacement power.

Option 5 is to strengthen the existing RPVSs or add new supports. It
is .questionable whether or not this option is possible. For most reactors,
all the locations that can be used to support the RPV are currently in use,
and any attempt to strengthen the existing supports would be akin to
replacing the RPVSs, with all the implementation problems associated with
Option 3. Like Options 3 and 4, this option would involve the buy1ng of
replacement power during the modification downtime.

3.3. Cost Analysis Methodology

The cost estimates of the five options were developed using the
guidelines of NUREG/CR-3568Y, "A Handbook for Value-Impact Assessment,"”
and NUREG/CR-4627", Revision 2, "Generic Cost Estimates,” and the computer
code FORECAST 2.1%, which incorporates the cost evaluation information.
FORECAST was developed under the auspices of the NRC. It has been used as
the basis for estimating costs in several cost/benefit analyses prepared
for the NRC. Cost estimation involved making an evaluation of each
proposed modification, identifying equipment and materials necessary to
make the proposed modifications, and assessing the work area in which the
proposed modifications would be made. The following assumptions were
included in the cost estimates:

1. If implemented, the solution would resoive thé prob]emAwith
100% assurance.

18
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Options 3, 4A, and 5 probab1y cannot be implemented without
replacement power costs. Options 1, 2, and 4B may possibly be
implemented without buying replacement power. ‘ ‘

Socio-economic impacts will be considered minimal and will not
be included as an increment of cost.

Costs were calculated using 1991 dollars.

Costs were calculated assuming that modifications would be
required on the total support system.

For Option 1, shielding would have to be constructed from an
alloy of cadmium. Based upon engineering judgement, material
costs would be approximately $50,000 per support, for a total
cost of $200,000 for four supports.

Option 4 has no equipment or materials costs.

Options 1, 2, and 5 have no removal labor costs aésociated with
them. Option 4B removal costs would be the cost associated
with removal of the annealing equipment and is estimated to be
one-third of the installation cost.

Due to the high radiation dose present in the area containing
the RPVSs, no modifications could be made without first
defueling and draining the reactor vessel.

For Option 2, NUREG-0933" estimated that some plants would

have material costs as Tow as $5200 and labor costs as low as
$25.000. The numbers were calculated based on the assumption
that the temperature of the RPVSs could be raised above the new
NDTT by simply adjusting .cooling flow to-the RPVSs. We feel -
that even if this fix is possible, it would fequire the
installation of additional temperature monitoring equipment,
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such that the cost would be similar to the costs associated
with the installation of heating systems discussed in NUREG-
0933. ' '

11.  The cost of buying replacement power was made on the assumption
that Options 1, 2, and 4B would require an additional 4 weeks
of outage time, Options 3 and 4A would require an additional 20
weeks, and Option 5 would require an additional 16 weeks.

Expenses were calculated in accordance with FORECAST 2.1. The total
cost of a modification is the sum of many different types of expenditures.
The costs that were analyzed were limited to the following categories:

1. Equipment and material costs.
2. Labor costs associated with installation and/or removal.
3. Costs associated with engineering and quality

control and quality assurance (QA/QC).

4. Radiation exposure.

5. Costs associated with health physics.

6. The costs to defuel, drain, and restore the reactor.
7. Replacement power costs.
8. Total NRC costs, both one-time and recurring costs.

9. Averted onsite costs (AQSC).
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3.4. Cost Estimate Categories
Labor, Equipment, and Material Costs

The Energy Economic Data Base (EEDB), which is-built into the
FORECAST code, provided the basis for the equipment costs, material costs,
and labor estimates. The EEDB incorporates "as-built" cost information
(both the material unit cost and the installation or removal labor hours)
for nuclear plant activities. Additionally, for operating nuclear power
plants there are a number of workplace characteristics which significantly
reduce the Tevel of productivity and thus increase the number of Tabor
hours required to accomplished a task. These characteristics, discussed in
detail in FORECAST 2.1, include access, congestion and interference,
radiation, task management, etc. Since the EEDB reflects only new (or "as-
built") plant conditions, the installation labor hours were adjusted using
FORECAST 2.1 to properly consider actual working conditions existing at
operating nuclear plants. FORECAST 2.1 can modify the EEDB to take into
account the factors that reduce worker productivity.

The total labor costs associated with the proposed modifications
include overhead charges to account for contractor management,
administrative support, rent, insurance, etc. Options 1, 2, and 4B
installation labor hours were estimated based on 105 man-weeks obtained
from Reference 13. The labor hours and material costs associated with
Option 3 were obtained directly from the EEDB. Option 4A labor hours were
assumed to be the same as Option 3, but its material costs were assumed to
be zero. Option 5 material costs were assumed to be the same as Option 3,
but the labor hours were adjusted to reflect that there would be no removal
costs associated with Option 5. ‘

Costs Associated with Engineering and QA/QC

These costs reflect the cost of engineering and design, as well as
quality assurance and quality control (QA/QC) activities associated with
implementing the requirements. For requirements affecting structures or
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systems already in-place (operating plants), the guidelines of Abstract 6.4
of FORECAST recommend a 25% engineering and QA/QC factor be applied to the
direct cost (i.e., the labor and materials cost without any overhead
charges). All cost estimates developed in this study include this-
engineering and QA/QC cost component. In the case of Options 1, 2, and 4B,
a large analytical effort would be required to insure that the
implementation of any proposed modification is possible, that it will
actually solve the problem, and that it can acquire NRC design approval.
Therefore, for these two options a 40% engineering and QA/QC factor was
applied.

Radiation Exposure Estimation

Worker radiation exposure estimates were derived based on guidelines
presented in FORECAST. The collective radiation exposure associated with
the implementation of a proposed plant modification is estimated by taking
the product of the in-field labor hours necessary to perform the task and
the work area dose rate associated with that particular task.

In this study, the work area in which the modifications would take
place is considered to be high-dose contaminated area (inside the
biological shield). Based on engineering judgement, radiation exposure
Jevel (with the reactor’'s fuel removed) is estimated to be 10 mrem/hour for
the proposed modifications.

Costs Associated with Health Physics

Health physics requirements for the potential plant modifications
were developed based on information and guidelines presented in Abstract
2.1.6 of Reference 12. Two factors were considered:. the size of the work
crew and the magnitude of the radiation field. The plant health physicist
(HPs) monitor personnel radiation doses, perform radio]ogica] surveys
throughout the modification duration, staff rad1olog1ca1 checkpoints; set
up anti-contamination clothing removal areas, as well as determine
allowable stay times and badging requirements.
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Cost to Defuel, Drain, and Restore the Reactor

If the nuclear reactor core is left in place, high radiation Tevels
(2-3 REM/hr)® would be experienced in the area where the modifications
would be made. Therefore, if any modification is to be made, the reactor
must be defueled and drained and then refueled after the modifications are
completed. In accordance with Abstract 2.1.3 of Reference 12, these
defueling and restoring costs were developed for a typical PWR. Not
included in these costs are the costs associated with fuel sipping and
vessel surveillance and inspection.

Replacement Power Costs

~ Replacement power costs for the potential plant modifications were
developed based on information and guidelines presented in Abstract 2.1.2
of Reference 12. A best estimate of $500,000/day was used, with high and
Tow values of $900,000/day and $150,000/day, respectively.

Total NRC Costs

The total NRC costs include the one-time cost associated with
supporting the implementation of any proposed modifications and the
recurring costs associated with reviewing the operation and maintenance of
a modification after it is implemented.

NUREG-2800 estimated it would take 16 man-weeks of staff effort to
develop possib]é solutions. At a rate of $45.35 per hour, this amounts to
$29,000. Supplementary contractor support was estimated to cost an
additional $500,000, for a total cost of $529,000 for all 76 affected
plants (or $6960/plant).

a

As measured in thé area of the reactor vessel nozzle’s at the
Trojan Nuclear Power Plant, per telephone conversation between R.W. Garner
of the INEL and Arnie Fero of Westinghouse Electric on 5/16/90.
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NRC efforts to support and review implementation of any modification
was estimated by NUREG-2800 to be 15 man-weeks/plant. Also, it was
estimated that for some modifications only 2 man-weeks would be required.
However, due to the complicated issues involved in all of the proposed
modifications, we feel the 15 week figure abp]ies to all modifications. At
a rate of $45.35 per hour, the 15 man-weeks/plant totals $27,000 per plant.

Recurring costs were estimated to be 1 man-week/RY per plant.  Given
ten years of remaining reactor 1ife, at a cost of $45.35 per hour, this
amounts to $18,100 per plant. Based on the above estimates, the total NRC
cost per plant is given by:

$(6960 + 27,000 + 18,100) = $52,000

Averted Onsite Costs (AOSC)

In addition to the costs associated with the modification, the
potential reduction of severe onsite consequences was evaluated. A
Handbook for Value-Impact Assessment was used as the reference for this
evaluation. The AOSC was calculated using the following equation:

Vy, = NUCFo-F)

where , A

Vo, = the cost of avoided ensite property damage

N = the number of affected facilities (on a per plant
basis, N =1)

U = the present value of onsite property damage given a
release

Fo = the original core damage frequency (base case)

Fu = the core damage frequency after implementing an option
(assumed to be zero)

Fo-Fy = -8.8E-5 (from summation of core me]t frequenc1es
contained in Table 3) '
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and
v=2S5 e—rti](l e T8 (1- )
. m r? .
where
C = cleanup, repair, and replacement power costs
($1.65x10°, the data associated with scenario 3)
t; = years remaining until end of p1ént life (10 years)
T, = years before reactor begins operation (0 years)
= period of time over which damage costs are paid out
(10 years)
r = discount rate (for 10%, r=-0.10).

When uncertainty in the calculation of V,, is considered, it is
appropriate to calculate a low, best, and high estimate for the value of U.
These values can then be multiplied by the change in core damage frequency
to yield a Tow, best, and high value for V. The cost handbook was used
as a guide, and the best, high, and low estimate values for U were
determined by:

1. The best estimate was calculated as discussed above.

2. The high estimate was assumed to be three times the best
estimate. '

3. The low estimate was calculated using data from scenario 2
($103.5M over 7.5 years).

A Handbook for Value-Impact Assessment states that "the quantity. U,
must be interpreted carefully to avoid misunderstandings. It does not
represent the expected onsite property damage due to a single.accident; - _
Rather, it is the present value of a stream of potential -losses extending
over the remaining lifetime of the reactor. Thus, it reflects the expected
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loss due to a single accident, the possibility that such an accident could
occur with some small probability at any time over the remaining reactor
Tife, and the effects of discounting these potent1a1 future losses to
present value. When the quantity, U, is multiplied by the accident
frequency, the result is the expected Toss over the reactor life,
discounted to present value."

The best, high, and low present onsite property damage costs
(including cleanup cost, repair and refurbishment cost, and replacement
energy cost) given a release were calculated as:-

$4.6x10% /severe accident event
$6.6x10° /severe accident event
$2.0x10'%/severe accident event

Low estimate of U
Best estimate of U
High estimate of U

These values were then applied to the potential change in accident
frequency to obtain dollar values for AOSC, as follows:

Vo (Low Estimate) = $40,500°
V,(Best Estimate) =  $581,000°
V,,(High Estimate) = $1,760,000°

3.5 Cost Evaluation Uncertainty

The areas of uncertainty associated with the cost estimating mode]
for this study included the following:

1. Labor rate variations due to plant site location,

® V,, is dependent on the remaining plant lifetime (t;). These values
were obtained using a 10-year t,. If the remaining plant Tifetime
increases to 60 years, the best estimate of V,, increases to $922,000.
This will not have a significant impact on thé cost/benefit results.
Therefore, only the 10-year remaining lifetime AOSC value was used.
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2. Variability of in-plant work environment conditions,
3. Variations in the cost of replacement power,
4. NRC procedura1/administrative/ané1yt1ca1'cost.
5. Equipment and méteria] costs variations,
6. The degree of engiheering effort required to obtain NRC

approval of any proposed modification.

Each proposed option’s cost estimate was evaluated to determine the
areas of uncertainty. For the cost analysis uncertainty, the following
assumptions were made: ‘

1. Labor rate variations due to plant site location
are considered when calculating labor costs. In
accordance with FORECAST recommendation for labor
cost variations, the assumed labor rate variation
was as follows: best estimate is 100% of the labor
cost, the high cost estimate is 112%, and the Tow
cost estimate is 88%. These variations are
applicable to installation and removal Tabor,
health physics labor, NRC labor, and the costs
associated with defueling the reactor.

2. Equipment and material costs were obtained from the
FORECAST data base (or, in the case of Option 2,
from NUREG-2800). The low estimate was assumed to
be 75% of the best estimate and the high value was
assumed to be 125% of. the best estimate.

3. Best estimates for engineering QA-QC costs were
obtained using FORECAST. However, due to the large
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uncertainty in the degree of the engineering effort
required to obtain NRC approval of any proposed
modification, the low estimate was assumed to. be
50% of the best estimate and the high estimate was
assumed to be 150% of the best estimate.

4, Cost estimates for buying replacement power were
found from the FORECAST data base. A best estimate
of $500,000/day was used, with high and Tow
estimates of $900,000/day and $150,000/day.
respectively.

Table 6 shows the mean, the coefficient-of-variation (COV), and the
standard deviation of each cost category for the five different proposed
modifications. The COV is defined as the standard deviation divided by the
mean and is a measure of the possible variation in the cost. For a
detailed discussion of uncertainty calculations, see Appendix A.

3.6. Plant Modification Cost Estimate Results

A mean and standard deviation for the total cost of each option was
calculated for each modification by using a numerical Taylor series
expansion routine. Table 7 Tists the cost results for the various
modifications. Included in the table are the total cost estimate without
AOSC or replacement power, the total cost including AOSC without
replacement power, and the total cost with both AOSC and replacement: power.

It should be noted that the normal costs are éonsidered to be

positive dollars. The AOSC cost is measured in negative dollars, thereby
helping to Tower the total costs.
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Table 6. Cost Analysis Category Parameters.

Equipment and | ooy | sgok | 50K 52K 13 M 250 | n/a n/a n/a n/a M | 250K
Materials .
I”Sﬁi;lif19” 5 | ok | ook | mok | o oM | oraw | oom | 1w | ok | e | 1w | 1o
Removal Labor | o4 | 1a n/a n/a n/a a.am | 08 | 3.4M | s08k | 250 30K n/a n/a
E”QAZfZE‘”g 50% | 390K 195k | 330K 165 | 1M | 9sok | 1.8M | 900k | A10kM | 205K | 1.5M°| 750K
Health Physics | o0 | 1sox | 18 | sk | 18 | 3w | a7k | 3w | arx | 200k | 2k | 2.8M | 300
befue]. Drain,
x| 1es | 2 | wesc | 2ok | 1esk | 2ok | 1esk | 2ok | sk | ok | 1esk | 2o
and Recover : :
eplacenent | o | aw | oasn | 1 | ossn | | | 7ow | 184 | oae | 381 | s |l
NRC Cost 28 | s 6.2 | 5% 62k | sk | e | sk | eax | sk | ek | sk | 6.
ADSC (-$)

c 581K 226K 581K 226K 581K 226K 581K 226K 581K 226K 581K 226K

. For a description of ‘the different options refer to Section 3.1.
" K = thousand, M = million. B
¢ Standard deviation is found by 3e=([Highvalue-Best]+[Best-Lowvaluel)/2, where ¢ = standard deviation.
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Table 7. Cost Analysis Results.
| optioN 4B | - OPTION 5
an | std. | wean | sta.
(8. Dev.. | ($) | Dev.
Total Cost
woAOSC & | 1.7M | 220k | 1.5M | 190k | 20 | 1.6M | 19M | 1.6M | 1.8M | 230k | 15M | 1.5M
w/0 RP?
“tjlgg“: 1M | s20¢ | g2ok | zook | aom | 1.em | 1M | 1M | 1.3m | 320¢ | 18M | 1.5m
Total Cost | 15M | 3.5M | 15M | 3.5M | soM | 18M | 88M | 18M | 1eM | 3.5M | 7IM | 1aM
® RP = replacement power.
M =million.
3.7. Radiation Exposure

These doses were calculated based on a 10 mrem/hour radiation field.

The occupational radiation exposure results are presented in Table 8.

This

dose rate was applied only to those installation or removal labor hours
that were estimated to be performed in the radiation area (37.5% of total

installation or removal labor hours).

Due to the congested nature of the

area where the work would be performed, the installation of additional

shielding to Tower the exposure would not be possible.

Table 8. Total Occupational Radiation Exposure.

]

(person rem)

 Exposur B | oPTINS
II Total labor 4,200° 4.200° 90.,000° 90,000° 5.600° 71.000°
hours
Labor hours 1in
or 1,600 1,600 33,000 33,000 21,000 25.000
radiation zone
Total exposure 16 330 330 21 250

® Estimated from Reference 13.
® Estimated from FORECAST data base.
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The total exposures presented in Table 8 represent the total dose
that would be received by the labor force. This total dose would be
distributed throughout the work force performing the 1mp1ementation of an
option. The site as-low-as-reasonable-achievable (ALARA) program should
ensure that none of the individual workers exceeds the maximum dose rates
set by 10 CFR Part 20.

4. COST/BENEFIT ASSESSMENT
4.1. Dollar-to-Person-Rem Averted Ratio

One measure of the benefit achieved by modifying a plant, is the
Dollar-to-Person-Rem Averted Ratio (DPR) as described in Reference 11. A
-value of $1000 per person-rem is generally used by the NRC as an upperbound
guideline in deciding whether corrective measures may be éppropriate. The
DPR is calculated as cost of modification divided by the offsite person-rem
averted if the modification is performed, or:

Modification Cost

DPR = "
Averted Offsite Dose

NRC policy recommends inclusion of the AOSC in the expression for the
DPR. The inclusion of averted onsite costs reduces the cost of the
modification, causing the cost benefit ratio to becomes more favorable.
The DPR could then be calculated by:

DPR = Modification Cost - AOSC _ Total Costs
Averted Offsite Dose Averted Offsite Dose

4.2. Cost/Benefit Results
The results of the cost/benefit analysis were calculated using the
formulas presented above, the modification costs developed in Section:3, -

and the offsite doses developed in Section 2. Tables 9 through 14 show the
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cost/benefit results for the GSI-15 modifications (options 1-5), including
the case where the occupational exposure is included in the calculation.
Inclusion of the occupational dose is accomplished by subtracting the '
occupational exposure from the averted offsite dose, or:

Total Costs .

DPR = ; -
Averted Offsite Dose - Occupational Dose

For those cases where the occupational exposure exceeds the averted
offsite dose, no net benefit (NNB) is reported as the result. This is done
because once the benefit becomes zero or less, the cost/benefit ratio
indicates that performing the modification will result in a larger
occupational dose than what would be expected for the populational dose if
the modification is not implemented.

Tables 9 through 14 include the best estimates for a ‘10 year
remaining 1ifespan, 20 year remaining 1ifespan, 40 year-remaining 1ifespan,
and 60 year remaining 1ifespan (see Appendix A and Appendix C for an
example of the uncertainty calculations). The remaining Tifespan is the
time left to operate the plant after the supports have become brittle. The
results in the tables are calculated for the three cost categories:
without either AOSC or replacement power, with AOSC but without replacement
power, and with both AOSC and replacement power. The calculated values are
considered to be the "best" value and are presented as the results of the
analysis. Graphical results of Tables 9 through 14 are presented in
Appendix D. The graphs are given to assist in evaluating the relative
cost/benefit magnitudes between the different options and the different
cost categories.
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st/Benefit (with

6.3K

O R Gy
10 59K° 8K | 520K | 130K 86k - | 1.2M
20 3K | 1K | 260K 41K 26k | 360K
40 15K 9.5k | 130K 17K 11K | 150K
60 9.8K 87K 11K 7.0 | 96K

? RP = Replacement Power

b ¥ = thousand, M = million

Table 10. Cost/Benefit results for Option 2.

®RP = Rep]acement'Power

" ® K = thousand, M = million
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20 26K 16K 260K 36K 22k | 360K
40 13K 8K 130K 15K 9.3k | 150K
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Table 11. Cost/Benefit results for Option 3.

10 690K 660K 3.1M NNB® NNB NNB

20 350K 330K 1.6M NNB NNB NNB

40 170K 170K 780K NNB NNB | NNB

60 120K 110K | 520K NNB NNB NNB
® RP = Replacement Power b K = thousand, M = million

© NNB = no net benefit

Table 12. Cost/Benefit results for Option 4A.

10 660K 630K 3.1M NNB® - NNB NNB

20 330K 320K | 1.6M N | B | B

40 170K 160K 780K NNB NNB NNB

60 110K 110K 520K NNB NNB NNB
® RP = Replacement Power ° > X = thousand, M = million

© NNB = no net benefit
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63K°

45K

560K

170K
20 32K 23K 280K 49K 36K 440K
" 40 16K 11K 140K 19K 14K 170K
|| 60 11K 7.5K 93K 12K 8.6K 110K

® RP = Replacement Power

® K = thousand, M = million

Table 14.

Cost/Benefit results for Option 5.

NNB®

10 520K 520K 2.5M NNB NNB

20 260K 260K 1.3M NNB NNB NNB

40 130K 130K 630K NNB NNB NNB

60 87K 87K 420K NNB NNB NNB
? RP = Replacement Power P K = thousand, M = million |

© NNB = no net benefit °
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5. SUMMARY OF COST/BENEFIT FINDINGS

The cost results (see Table 7) indicate the estimated per plant costs
range from a low value of $920,000 for Option 2 (increasing -the operating
temperature of the supports) to a high value of $89,000,000 for Option 3
(replacing the existing supports). The low value takes into account
averted onsite costs and assumes no need to purchase replacement power.

The high value also takes into account averted onsite costs, but assumes
replacement power would have to be purchased for a 20-week period.

The results of the benefit analysis indicate a per plant offsite dose’
risk of 2.9 person-rem/year with a calculated core damage frequency of
8.8x10/yr. The risk value includes all the risk associated withAsUpport
failure after embrittlement occurs. It was assumed that the implementation
of any of the proposed options would remove 100% of the risk associated
with failure of an embrittled support.

The above information provided cost/benefit ratios ranging from $53
per person-rem (Option 2 with AGSC and without replacement power and
occupational dose over a 60-year embrittlement period) to $3,100,000 per
person-rem (Options 3 with AOSC and replacement power and without
occupational dose over a ten year embrittiement period). When the
occupational dose is considered, the cost benefit ratios increase. And in
those cases where the occupational dose exceeds the averted offsite dose,
no net benefit is obtained. Appendix B presents a number of sensitivity
studies to show how the results can change given changes in the modeling
data. Table B-2 gives four extreme cases of cost/benefit. In the case of
minimum cost/maximum benefit, a potential cost/benefit ratio of $53 per
person-rem is obtained. This represents the case where the minimum-cost
option would correct the problem for a plant Tocated in an area of high
populational density (assuming no occupational dose and a 60-year
embrittiement period).
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[DRAFT] ' ‘ ENCLOSURE 1
REGULATORY ANALYSIS
Resolution of Generic Safety Issue

No. 15, "Radiation Effects on
Reactor Vessel Supports”

1. Statement of the Problem

Generic Safety Issue 15 (GSI-15) was estabTished to evaluate the concern that
low-temperature, Tow-flux neutron irradiation might embrittle reactor pressure
vessel (RPV) supports more rapidly than predicted based on traditional trend
bands. The concern arose when it was observed by the Oak Ridge National
Laboratory that HFIR (steel) surveillance samples were embrittled considerably
faster by radiation than expected (Ref. 1). At the time it was believed that
the cavity environments of operating reactors were rather similar to that of
the HFIR surveillance capsules; therefore, the potential for excessive
embrittlement of RPV supports needed to be considered. The technical problem
at the heart of GSI-15 was to determine how, and why. the fracture resistance
of RPV supports in operating nuclear power plants will change with time and
the degree to which the integrity of the supports may have been compromised.

Originally, prioritization of GSI-15 in November, 1983 resulted in a LOW
priority ranking. In June, 1987, after reviewing the HFIR data presented in
Ref.2, the ACRS requested the NRC to initiate further study of support steel
embrittlement by exposure to low flux radiation at low temperature. GSI-15
was reprioritized, considering the impact of the new ORNL information on
operating reactors (as interpreted in 1987), resulting in a HIGH ranking.

Experience has shown that the nil-ductility-transition should be well below
the lowest operating temperature, or commonly observed flaws could serve as
brittle fracture initiators. Traditionally. the NDT shift (increase) has.
served as an indicator of neutron radiation damage, displayed as a function of
fast (energy > 1 MeV) neutron fluence. This method has been satisfactory for
the RPV and reactor internals but it does not account for all of the low
energy (< 1 MeV) neutron damage. Neutron-atom interactions will occur: an
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atom will absorb a neutron; atomic recoil on subsequent transmutation will
result in damaging displacements. The environment in which RPV supports
operate includes radiation by a neutron spectrum with an abundance of Tow-
energy neutrons and a relatively low temperature, below about 150°F. At that
temperature, the atomic diffusivity in steel is several orders of magnitude
Jower than in a vessel operating at about 550°F so the tenacity of the damage
is comparably larger. Individual low-energy neutrons do not create much
atomic damage but in abundance their resulting damage may be cumulatively
significant. The net result is that different neutron spectra may induce
different amounts of embrittiement for a given fluence.

Greater accuracy in neutron damage predictions can result by using
displacements per atom (dpa); i.e., the calculated number of atomic
displacements (vacancy-interstitial pairs) per atom resulting from
jrradiation. However, the dpa parameter only accounts for elastic collisions.
Because some displaced atoms will recombine with vacancies, some of the point-
defect damage is effectively annealed. To account for the presence of low
energy neutrons and the resulting variety of atomic-level damage mechanisms, a
modified dpa parameter (dpa mod.) was developed (Ref. 3). Before the staff
could take steps to assess the intrinsic value of dpa mod, additional HFIR
dosimetry experiments, designed in support of the GSI-15 Task Action Plan
(TAP). Ref.4, resulted in high measured gamma radiation doses (Ref. 5).
Analysis of the new experimental evidence led to a reassessment of the HFIR
surveillance data and their relevance to RPV supports. First, the additional
embrittlement beyond that predicted on the basis of neutron fluence can be
accounted for by including the y radiation in dpa calculations. Second, the
finding that the HFIR y flux is about 3,000 times greater than the peak y
measurement at the beltline in the cavity of an operating power reactor showed
that the two environments were significantly different and that the HFIR
surveillance data do not represent RPV support embrittliement.

2. Value/Impact Analysis

The GSI-15 cost-benefit analysis consisted of three steps. First, estimates
were made of core damage frequency and risk associated with RPV support
failures: second, detailed cost estimates were made of five alternative




C D,

3

corrective measures: third, cost/benefit (C/B) ratios were calculated for each
of the five corrective measures. A detailed report of the (C/B) analysis can
be found in Ref. 6. | ) ' '

Among the several scenarios used in past nucledr plant PRAs, two were judged
to be potentially capable of failing the supports. The initiating event for
the first scenario was a safe shutdown earthquake (SSE) and for the second
scenario was a small break loss of coolant accident (SBLOCA). Benefit was
defined as reduction in risk from implementing corrective action. Risk was
estimated for the two (different) scenarios. The subsequent event in both was |
failure of the RPV supports. Typical event tree methodology was used to
generate event trees. Initiating event frequencies were adjusted to fit the
scenario of brittle failure of supports. In the SSE event tree, the
earthquake probability was reduced to correspond to the peak ground
acceleration and RPV support stress level at which brittle fracture could be
expected to occur. In the SBLOCA event tree, the frequency used was taken
from the Sequoyah 1 PRA, ?educed by a factor of 2 under the assumption that
not all break locations would produce significant loads on the RPV supports.
Given the initiating event, it was assumed that the support failure
probability would be 0.5. The event trees were quantified and the event
sequences which led to core damage were groubed into one of seven different
categories. Each sequence was assigned to the offsite release category which
best modeled its outcome. The offsite fe1ease categories were taken from Ref. -
7 in which various degrees of release from the reactor containment were
classified. The best estimate base case considered in the analysis led to a
total calculated contribution to core damage frequency from RPV support
failure of 8.8 x 10°. The staff recognizes that the source terms in WASH-
1400 (Ref. 7) are considered rather conservative. However, had newer
information been used instead it would have served only to bolster our
decision. ' '

Five alternative corrective meastires (options) were identified from the B
Contractor’s engineering expertise, each of which would be capable of
precluding RPV support failure in the event of an SSE or SBLOCA. They were:
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1. shielding the RPV supports from neutron radiation;
increasing the RPVS operating temperature above the NDT
temperature; | - '
3. replacing the RPV supports;
4. heating the RPVSs sufficiently to anneal out any embrittiement:
5. strengthening or adding additional RPVS.
Discussions of the alternative actions can be found in Ref. 6.

Cost estimates were made for the five options with guidence from NUREG/CR-
3568, NUREG CR-4627 (Rev. 2), and the computer code FORECAST 2.1 which -
incorporates cost evaluation information. Cost estimations included |
evaluation of each proposed option, identifying necessary equipment and
materials, and assessing the work area in which the proposed modification
would be made. Estimated costs varied widely from a maximum cost per plant of
$89,000,000 (option 3. replacing existing supports), to a minimum of $920,000
(option 2, increasing the operating temperature of the supports).

C/B ratios were calculated using dollar-to-person-rem-averted ratios (DPR),
which were calculated as modification costs divided by the offsite person-rem
averted by implementation of a modification. In calculating costs, averted
onsite costs (ADSC) were subtracted from modification costs. Occupational
exposure, when considered, was subtracted from the averted offsite dose. When
occupational exposure from implementation exceeded averted offsite dose, there
was no net benefit. C/B ratios were calculated for 10, 20, 40, and 60 year
remaining life spans (i.e., the remaining operational time left for the plant
after embrittlement of the supports). C/B ratios were calculated for three
cost categories: (1) without either AOSC or replacement power; (2) with AOSC
but without replacement power; and (3) with both AOSC and replacement power.

The benefit ana1ysis resulted in an offsite dose risk per plant of 2.9 person-
rem/year with a calculated core damage fréquency of 8.8 X'105/yr. The risk
value included all risks associated with support failure following .
embrittlement. Each of the proposed options was assumed capable of removing
100% of the risk from a support failure so that the risk from support failure
following modification was assumed to be zero.
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Sensitivity studies were conducted considering 10, 20, 40, and 60 years of
operation with embrittled supports. C/B ratios were calculated both with and
without consideration of occupatﬁona1 doses. Supplemental cases involving |
more conservative estimates of failure probability were evaluated for purposes
of judging the sensitivity of the risk calculation results to the event tree
input probabilities. Seven cases were evaluated:

Case 1 Increase the SSE frequency by a factor of ten; for most plants,
this is equivalent to a 0.5g (earthquake) peak ground acceleration and may
result in RPV support failure.

Case 2 Increase offsite dose rates by a factor of 100 to simulate a
plant at a high population density site. |

Case 3 Increase the probabilities of reactor pressure vessel support
failure and LBLOCA to 1 to expose the maximum uncertainty in the RPVS failure
mechanisms.

Case 4 Increase the failure probabilities of the RPV supports and the
reactor protection system to 1 and decrease the LBLOCA probability to 0.

Case 5 Increase the failure probabilities of ECCS and CSDS to 1 to
simulate failure of these safety systems.

Case 6 Increase the LBLOCA occurrence and ECCS failure probab111t1es to
1. simulating sufficient pressure vessel displacement (from RPV support
fa11ure) to rupture the ECCS injection Tines or render them inoperable.

Case 7 Set the failure probabilities of the RPV supports, RPS, CSDS.
ECCS and the LBLOCA occurrence to 1 as a worst case scenmario wherein the RPV
supports and reactor coolant piping are embrittled leading to complete failure
of the entire reactor protection system (with the exception of the
containment). Following the initiating event. RPV shifting results in failure
of all core protection systems.

The sensitivity analysis results were tabulated in Ref. 6. for each of the
above cases on a per year basis as well as for ten, twenty, forty and sixty
years. Core melt frequencies per year were obtained by modifying the -
appropriate events in the sequence event trees for the two initiating events:
SSE and SBLOCA. A “Base Case" set of results was for the original analysis
without modification by the sensitivity'ana1ysis parameters. For other
cases. the risk per year in person-rem was obtained by multiplying the
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probabilities for each sequence (PWR 7, PWR 3, and PWR 1) by the correspond1ng
Consequence Factors taken from NUREG/CR-2800. The risks for 10, 20, 40, and
60 years were the product of risk per year times the given number of years.
The sensitivity analysis provided extreme values of the C/B ratio.

The minimum benefit was obtained from Case 4 with a risk reduction of 27
person-rem for a period of ten years. The maximum benefit was obtained from
Case 2, with 17,400 person-rem for a period of 60 years. Costs varied from a
minimum of $920,000 to a maximum of $89M. Those minima and maxima in costs
and benefits yielded four extremes of the C/B ratio. They were:

u max _cost max _cost
a0 k9 = $3,300,000/person-rem —Ca D = $5 115/person-rem
min benefit per max benefit
min _cost min_cost
A e = $34,074/person-rem il x2S~ §53/person-rem
min benefit P max benefit “

The most significant, of course, were the max/min and min/max ratios which
resulted in 3,300,000 and 53 dollars per person-rem, respectively. The
calculations revealed the following. First, the uncertainty in the GSI-15 C/B
analysis was very large. Second,, the combination of highest cost and least
benefit would make the implementation of mitigating action not cost effective
(much greater than $1000/person-rem). =Third, implementation for a lowest
cost—to-greateét benefit ratio case would make mitigating action cost-
effective. Additional C/B ratios for the full range of parameters considered
were reported in Tables 9 to 14, inclusive, Ref. 6.

The C/B analysis results exhibited such wide variability that the staff found
them inconclusive and could not use them to support a regulatory requirement
for GSI-15. Historically, the NRC has taken the nominal value of 1,000
dollars per person-rem as a support level to justify taking regulatory action.
Although the Towest C/B-ratio (53 $/person- -rem) was well within the target. it
was clear from the sensitivity study results that the bias in the C/B ratio
‘was far above the level justifying actions to mitigate against accident
exacerbation. Moreover, the estimated Base Case reduction in core damage
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frequency of 8.8x107° per reactor year (Ref. 6), although sufficient -to
warrant further evaluation, was not large enough to serve as justification for
taking regulatory action. “Further evaluation" meant turning to the C/B
ratio, thus it was clear that value/impact considerations did not support
regulatory requirements. The staff concluded that the licensees could decide
if the integrity of the RPV supports was suspect and, for the few plants in
which there might be such a question, reevaluation could follow the technical
findings from the proposed resolution of GSI-15.

3. Elements of the Proposed Reso]ut1on
The elements of the proposed resolution of ‘GSI-15 include the following.

1. Close out GSI-15 based on experimental evidence indicating that
the HFIR surveillance data do not apply to operating plant RPV
supports.

2. Issue documents to publish the technical findings obtained in the
course of work on GSI-15.

3. Issue an NRC Information Notice to inform Ticensees of the

resolution of GSI-15 and the bases for it.

NUREG-XXXX, to be published, describes the findings from the work done under
the program set forth in the GSI-15 TAP (Ref. 4), 1hc1uding details of an
engineering approach and criteria for RPV support evaluation. At the outset
of GSI-15 it was expected that such work would be required; thus, screening
and evaluation criteria were developed to ensure the uniformity and
acceptability of the evaluations. The ACRS will be given the option of
reviewing the proposed resolution of GSI-15. The CRGR may not have to review
the resolution because no new or revised requirements will be 1mpdsed.
Assuming favorable responses from those organizations, the NRC Office of
Nuclear Regulatory Research would issue the documents setting forth the
proposed resolution. The Office of Nuclear Reactor Regulation will issue an
information notice to all licensees to inform them of the. resolution of GSI- . .
15 and the bases for it. With the issuance of the above documents, GSI-15
activities will be complete since there will be o required implementation.

4. Summary and Conclusions
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Based on the evidence at hand, it has been concluded that: .
1. the y flux at the HFIR surveillance specimen-capsules was about the '
same as that at an operating RPV inner surface but was several factors
of 10 greater than the (HFIR) companion neutron flux;

2. the fast neutron flux at the HFIR surveillance specimen capsules was
very low having been moderated by the foot or two.of intervening water;
3. consequently, a long time (about 20 years) was required to accumulate
a significant fluence of neutrons with energies greater than 1 MeV:

4. because the surveillance specimen temperature was kept low (< 200°F),
the atomic—]eve1'damage inflicted on the steel specimens by low energy
neutrons and y radiation was retained and added to the elastic collision
spikes expected from neutrons of E > 1 MeV:

5. as a result, the shift in the ductile-to-brittle fracture mode
transition temperature as measured with Charpy impact specimens was
significantly greater than expected from test reactor experiments at the
same fluence; .

6. the y flux in HFIR was much greater (by about 3000 times) than the y
flux measured in the cavity of an operating reactor:

7. therefore, additional embrittlement from y radiation observed in the
HFIR surveillance specimens should not occur in RPV supports; in which
the effect of radiation should be predictabie based on relevant dpa
values (calculated from the cavity neutron flux and energy spectrum, and -
operating time): '

8. cost/benefit ratios from an analysis of the GSI-15 issue were
inconclusive because of the wide-ranging variability of the results,
although only the most favorable set of conditions would justify taking
any regulatory action;

9. although the processes of degradation affecting the RPV supborts and
the components that can be associated with the integrity (or Tack
thereof) of the supports will continue, the resolution proposed for
GSI-15 remains unchanged for plants which may operate for 60 years.

The staff proposes that GSI-15 be resolved by taking the fo]]owing two
actions: (1) an internal close-out memorandum should be issued based on the
above conclusions; (2) a NUREG should be issued to present the GSI-15.
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findings. Upon approval of the proposed resolution, an information notice
should be issued to all holders of licenses and construction permits to.
present the technical basis for resolution of GSI-15 and to note that
addressees may choose to avail themselves of the information in the notice and
take action as deemed appropriate. '

Some licensees may find it appropriate to reevaluate the RPV supports,
verifying that the strength and fracture resistance are adequate for all
anticipated transients and accident Joadings. The idea of reevaluation is
supported by findings made during the course of GSI-15 that the initial (as-
built) transition temperature of some steels used in RPV support construction
may have been so high as to leave essentially no margin for increase by
neutron radiation. It would be prudent to ensure that the RPV suppbrts have
adequate fracture resistance, especially for those plants contemplating future
license renewal.

5. Alternatives
The following alternatives for the resolution of GSI-15 were considered by the
staff.

a. Close-out the issue with an internal memorandum but take no other
action.

b. Issue a generic letter (GL) requesting reevaluation of RPV
supports in accord with the provided recommended methodology .

C. Terminate GSI-15 as an issue resolved on a technical basis but
open a new Generic Issue under either compliance or back-fit
requirements. -

d. Close GSI-15 and issue an information notice to inform licensees

of the resolution of GSI-15 and the bases for it.

6. Evaluation of Alternatives and Deéision Rationale

a. Assessments of Alternatives .
Alternative 4.a, issue a close-out memorandum but take no other action, was
rejected because the technical findings achieved by the work on GSI-15 are
important enough that they should be called to the attention of the nuclear
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industry. Moreover. as discussed more fully below in the Alternative 4.c
analysis, the safety aspects of the issue may have to be addressed in the
future within the Plant Life Extension Program. ‘ ' '

Alternative 4.b, to request reevaluation of RPV supports by issuing a GL, was
rejected as not cost-effective. The basis for that decision was the detailed
C/B analysis (Ref. 6), previously discussed. Although a requirement to
reevaluate RPV supports and take indicated corrective actions could be
justified at one extreme value of the range of C/B ratios reported, the basic
problem with such a position is that information available to the staff .was
insufficient to categorize the 110 operating nuclear power plants into those
that are and are not potentially vulnerable to RPV support failure. Such
information would be disclosed in licensees’ responses to the GL. However,
the bias in the cost-benefit uncertainty generally was in the non-beneficial
range and by removing the concern derived from the HFIR surveillance data, a
GL requiring licensee action could not be justified.

Alternative 4.c, resolve and terminate GSI-15 but open a new Generic Issue,
also was rejected because the same C/B figures cited in the Alternative 4.b
analysis apply to this case and would not support action to go forward with a
new Generic Issue dealing with the basic question of -integrity. However,
arguments favoring the alternative should be noted. The findings accumulated
during the work on GSI-15 led to the concern that the integrity of RPV
supports could be called into question even in the absence of radiation
effects. That was based on the fact that some of the construction steels
could exhibit initial (as-built) transition temperatures high enough to be of
concern (Ref. 8). Also, there are other potential problems of material
deterioration in associated components which may further exacerbate the
effects of an accident should the RPV supports fail. Specific problems
include: aging embrittlement of stain]eés steel primary coolant loop piping
(especially centrifugally cast pipes): degradation of large hydraulic snubbers.
in the RCL supports (refer to the resolution -of GI-113 where backfitting for
improved snubber reliability was not cost-beneficial): relatively low
toughness (fracture resistance) in steam generator (SG) and main coolant pump
supports in PWRs (Ref. 9), also dismissed because back-fitting was not cost-
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effective; and service-induéed flaws in SG tubing which might fail if accident
Joads were increased as a result of RPV support failure. Cumulatively, these
findings provided an argument in favor of the alternative. Therefore, it is
prudent to ensure that the RPV supports exhibit adequate fracture resistance,
both for the current licensing period and for those plants contemplating
future Ticense renewal. However, the finding that the HFIR surveillance data
were unique to that reactor and not relevant to operating plants eliminated a
major concern regarding RPV support integrity leaving insufficient support for
Alternative 4.c.

The staff recommends Alternative 4.d. The approach includes issuing an
information notice (IN) to all licensees requiring no action on their part.
The reasons for selecting Alternative 4.d are given in the following.

b. Basis for Selection of Alternative 4.d
The proposed resolution of GSI-15 is contained in a close-out memorandum and
NUREG-XXXX, to be published. Alternative 4.d includes the issuance of an IN
to inform licensees of the resolution of GSI-15 and the technical bases for
it. The IN would be accompanied by NUREG-XXXX which sets forth the technical
findings resulting from work on GSI-15, including a detailed reevaluation
procedure.

The concern for safety embodied in GSI-15 rested in large measure on the
excessive radiation embrittiement observed by the Oak Ridge National

Laboratory in HFIR surveillance samples (Ref. 1) and the presumed similarity
in environment between the cavity at an operating reactor and the ID wall at
the HFIR vessel. The technical problem addressed by the GSI-15 TAP (Ref. 4)

was to determine the influence of initial construction and service environment
(primarily radiation effects) on the fracture resistance of RPV supports in
~ operating nuclear power plants. In the' early stages.of the work on GSI-15 it
became. evident from some of the technical findings that not all plants will be
equally vulnerable because of the great variety of RPV support designs and

fuel loadings. Later work by ORNL in support of GSI-15 included experiments
designed to provide details on the HFIR radiation environment. They showed
that the gamma flux was several orders of magnitude higher than the neutron
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flux (Ref. 5). That led to a reassessment of the HFIR surveillance data and
their relevance to RPV supports. First, the excéss NDT shift beyond that
predicted on the basis of neutron fluence can be accounted for by including
the y radiation in dpa calculations. Second, noting that the HFIR y flux is
about 3,000 times greater than the peak value measured in the cavity of an
operating power reactor, the HFIR environment was significantly different_from
the radiation at RPV supports. Thus the HFIR surveillance data are not
relevant and a major factor in the concern for RPV support integrity has been
eliminated. The staff concludes that the effect of radiation on RPV supports
should be predictable from trend curves of NDT shift as a function of dpa.

In view of the conclusion derived from the GSI-15 findings regarding the
decreased relevance of the HFIR data and lessened safety importance of the
issue, an information notice should be issued to all holders of licenses and
construction permits to inform them of the technical findings and resolution
of GSI-15. It may be appropriate for some to reevaluate their RPV supports
and verify that the strength and fracture resistance are adequate for all
anticipated transients and accident loadings but the information in Ref. 6
showed that it would not be cost-effective to make the reevaluation of RPV
supports and follow-up corrective action a regulatory requirement. The
appropriateness stems from findings made during the course of GSI-15 that the
as-built transition temperature of some steels used to construct RPV supports
may have been so high as to leave essehtia]]x no margin for increase by
neutron radiation. It would be prudent to ensure that there is adequate
fracture resistance in the RPV supports, especially if license renewal is
being contemplated. An engineering approach to RPV support reevaluation was
given in Ref. 8 including steps for screening, using criteria provided, and on -
the basis of the calculated radiation exposure and the peak tensile stress,
determining the potential for brittle failure of the supports. Given a
possibility of failure, there are several options (such as those in Ref. 8)
for demonstrating that the plant can operate without'undue.risk to the public.

C. Costs and Benefits
Because the proposed resolution of GSI-15 does not inciude any new or revised
regulatory requirements, there will be no cost to the industry. The RPV
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support reevaluation procedure set forth in Ref. 8 would be followed on a
voluntary basis and any related costs would be in the category of. ordinary
preventive maintenance. With no requirements to oversee, there will be no
implementation costs to the NRC. Likewise, there can be no claim for benefits
from this Generic Issue since nothing will be required by way of increased
safety.

d. Decision Rationale
The C/B analysis results (Ref. 6) exhibited such wide variability that the
staff found them inconclusive and could not use them to support a regulatory
requirement for GSI-15. Although the Towest C/B ratio (53 dollars per person-
rem) was far below the cost-effective cut-off of 1,000 dollars per person-rem,
the staff had no assurance that that ratio would apply to any operating plant.
Also, the estimated reduction in core damage frequency of 8.8x10° per reactor
year was just a bit too small to be considered "substantial® (Ref. 10). Since
the dosimetry experiments virtually eliminated the potential for radiation
embrittlement, the staff had no basis for requiring consideration of action(s)
to mitigate against accident exacerbation. The one factor that remains as a
threat to RPV support integrity is an initial construction NDT so high (or
fracture toughness so Tow) that even a modest amount of radiation
embrittlement could jeopardize the structural integrity. Evaluation of such a
possibility is best left to the licensee.

Another consideration in support of the idea that Ticensees may want to
reassess their RPV supports is the potential for degradation in other
components which would have to carry much higher loads than theéir design basis
in the event of RPV support failure. The other critical components are: (1)
primary coolant piping; (2) large snubbers supporting primary coolant lines;
(3) steam generator and primary coolant pump supports (in PWRs); and (4) PWR
steam generator tubing. The modes of dégradation differ in each of the above
four categories but each, in its own way, may be vulnerable to failure in a -
severe accident. These corisiderations also support reevaluation of the RPV
supports by licensees 1o ensure adequate resistance to accident loads and to
avoid conditions wherein failure of RPV supports would result in challenges to
any of the related components.
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The staff concludes that GSI-15 should be resolved by issuing an information- .
notice and a NUREG to provide technical findings and guidance, as proposed in
Alternative 4.d. '
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UNITED STATES
NUCLEAR REGULATORY COMMISSION
OFFICE OF NUCLEAR REACTOR REGULATION
WASHINGTON, D.C. 20555

April XX, 1994

NRC INFORMATION NOTICE 94-XX: GENERIC SAFETY ISSUE 15 RESOLUTION - RADIATION
: EFFECTS ON REACTOR VESSEL SUPPCRTS

Addressees

A1l holders of operating licenses or construction permits for nuclear power
reactors.

Purpose

The U. S. Nuclear Regulatory Commission (NRC) is issuing this information
notice to advise addressees that Generic Safety Issue No. 15 (GSI-15) has been
resolved technically and a NUREG was prepared for the purpose of publishing
the technical findings which were the bases for the resolution. 1licensees may
wish to avail themselves of the information transmitted by this information
notice regarding assessment of reactor pressure vessel (RPV) support
structures and take any action they deem appropriate. However, suggestions
contained in this information notice are not NRC requirements; therefore, no
specific action or written response is required.

Description of Circumstances

GSI-15 was established to evaluate a concern that low-temperature, low-flux
neutron irradiation might embrittle reactor pressure vessel (RPV) supports
more rapidly than predicted based on traditional trend bands. The concern
arose after it was observed by the Oak Ridge National Laboratory (ORNL) that
steel surveillance samples in the High Flux Isotope Reactor (HFIR) were
embrittled by irradiation considerably faster than expected. The NRC staff,
believing the environment in the cavity of operating reactors was similar to
that in the HFIR, concluded that -the potential for excessive embrittlement of
RPV supports should be considered. The technical problem at the heart of GSI-
15 was to determine the influence of initial construction and service
conditions on the fracture resistance of RPV supports in operating nuclear
power B;ants, and the degree to which the structural integrity of the supports
might compromised. -

Ex?erience has shown that the nil-ductitity-transition (NDT) should be well
below the Towest operating temperature or commonly observed flaws could serve
as brittle fracture initiators. Traditionally, the NDT shift (increase) has
served as an indicator of neutron radiation damage, displayed as a function-of
fast (energy > 1 MeV) neutron fluence. This method has been satisfactory for
the RPV and reactor internals but it does not account for all of the low
energy (< 1 MeV) neutron damage. Neutron-atom interactions will occur: an
atom will absorb a neutron; atomic recoil on subsequent transmutation will
result in damaging displacements. The environment in which RPV supports
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operate includes radiation by a neutron spectrum with an abundance of low-
energy neutrons and a relatively low (< 150°F) temperature. At that
temperature, the atomic diffusivity in steel is several orders of magnitude
Tower than in a vessel operating at about 550°F so the damage is retained much
Tonger. Individual low-energy neutrons do not create much atomic damage but
in abundance their resulting damage may be cumulatively significant. The net
result is that different neutron spectra may induce different amounts of
embrittlement for a given fluence.

More accurate neutron damage predictions can be made by using the exposure
parameter displacements per atom (dpa). However, dpa only accounts for
elastic collisions and some of the point-defect damage will be effectively
annealed through recombination of displaced atoms with vacancies. Such events
and the effect of low energy neutrons can be accounted for by using a modified
dpa parameter (dpa mod), developed in the course of work on GSI-15. More
importantly, experiments done in support of the issue provided measured gamma
radiation doses in HFIR which led to a reassessment of the HFIR surveillance
data and their relevance to RPV supports. First, the additional embrittlement
beyond that predicted on the basis of neutron fluence can be accounted for by
including the y radiation in dpa calculations. Second, the finding that the
HFIR y flux is about 3,000 times greater than that in the cavity of an
operating power reactor showed that the two environments were significantly
different; thus, the surveillance data were not representative.

Discussion

GSI-15 has been resolved and the following actions taken. This information
notice is being sent to all holders of operating licenses or construction
permits. NUREG-XXXX was prepared and placed in the NRC Public Document Room
to present the findings from the work done in the program described in the
GSI-15 Task Action Plan. This notice announces that NUREG-XXXX and some of
the documents referenced therein constituted the basis for resolution of GSI-
15. Licensees may wish to avail themselves of the information in this notice
and take action as they deem appropriate.

Reevaluation of RPV supports may be appropriate for some licensees since
findings made during the course of GSI-15 indicated that some steels used in
the construction of RPV supports may have had initial (as-built) transition
temperatures high enough to leave essentially no margin for increase by
neutron radiation. Reevaluation could verify that the RPV supports have
adequate fracture resistance, especially for those plants contemg]ating future
license renewal. One acceptable reevaluation approach could be based on the
screening process and criteria detailed in NUREG-XXXX. From accurate
calculated radiation exposures and peak 'tensile stresses, analysts can
determine the potential for brittle failure in supports. Given a possibility
. of failure, several options for demonstrating that the plant can operate -
without undue risk to the public were noted in NUREG-XXXX.. Among the
technical findings noted during work on GSI-15 was the fact that plants will
not be equally vulnerable because of the great variety of RPV support designs
and fuel mnagement procedures. ‘
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This information notice requires no specific action or written response. If
you have any questions about the information in this notice, please contact
one of the technical contacts listed below or the appropriate Office of
Nuclear Reactor Regulation (NRR) project manager.

Brian K. Grimes, Director,
Division of Operating Reactor Support
Office of Nuclear Reactor Regulation

Technical contacts: Keith R. Wichman, NRR
(301) 504-2757

Barry J. Elliot, NRR
(301) 504-2709

Richard E. Johnson, RES
(301) 415-6758

Attachment:
List of Recently Issued NRC Information Notices
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ABSTRACT

This project addresses the potential problem of radiation embrittlement of reactor pressure vessel
(RPV) supports. Surveillance specimens irradiated at the High Flux Isotope Reactor (HFIR) at
relatively low neutron flux levels (about 1.5E+8 cm™ s1) ‘and low temperature (about 50°C)
showed embrittlement more rapidly than expected'. Commercial power reactors have similar flux
Jevels and temperatures at the vessel support structures. The purposes of this work are to
provide the neutron fluence spectra data that are needed to evaluate previously measured
mechanical property changes in the HFIR, to explain the discrepancies in neutron flux levels
between the nickel dosimeters and two other dosimeters, neptunium and beryllium, and to address
any questions or peculiarities of the HFIR reactor environment.

The current work consists of neutron and gamma transport calculations, dosimetry measurements,
and least-squares logarithmic adjustment to obtain the best estimates for the neutron spectra and
the related neutron exposure parameters. The results indicate that the fission rates in
neptunium-237 (Np-237) and uranium-238 (U-238) and the helium production rates in beryllium-9
(Be-9) are dominated by photo-induced reactions. The displacements per atom rate for iron
(dpa/s) from gamma rays is five times higher than the dpa/s from neutrons. The neutron fluxes in
key 7, position 5 do not show any significant gradient in the surveillance capsule, but key 4 and
key 2 showed differences in magnitude as well as in the shape of the spectrum. The stainless
steel monitor in the V-notch of the Charpy specimens of the surveillance capsules is adequate to:
determine the neutron flux above 1.0 MeV at the desired V-notch location. Simultaneous
adjustment of neutron and gamma fluxes with the measurements has been demonstrated and
should avoid future problems with photo-induced reactions. :
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EXECUTIVE SUMMARY

This project addresses the potential problem of radiation embrittlement of reactor pressure vessel

(RPV) supports, Surveillance specimens irradiated at the High Flux Isotope Reactor (HFIR) at .

relatively low neutron flux levels (about 1.5E+8 cm2 s) and low temperature (about 50°C)
showed embrittlement more rapidly than expected.! Commercial power reactors have similar flux
jevels and temperatures at the vessel support structures. The purposes of this work are to
provide the neutron fluence spectra data that are needed to evaluate previously measured
mechanical property changes in the HFIR, to explain the discrepancies in neutron flux levels
between the nickel dosimeters and two other dosimeters, neptunium and beryllium, and to address

any questions or peculiarities of the HFIR reactor environment.

The scope of this project consists of neutron and gamma transport calculations, dosimetry
measurements, and least-squares logarithmic adjustment of the transport calculations and
dosimetry measurements to obtain the best estimates for the neutron spectra. The neutron
calculations were performed using the three-dimensional (3-D) transport code, TORT? and a
one-dimensional (1-D) transport code, XSDRN?, to obtain coupled neutron and gamma
calculations. The neutron spectral adjustments were performed using the code LSL-M2'. The
dosimetry measurements followed ASTM standards’. The measurements are traceable to fluence

standards provided by NIST {Appendix A]. The gamma dosimeters, which were irradiated in the

HFIR, were furnished and counted by NIST. The gamma measurements were performed to
verify that the gamma field as obtained from 1-D neutron and gamma transport calculations, was
adequate to determine the gamma contribution to the fast fission and the beryllium radiometric -
monitors. '

This report will show the following major findings:

1. the discrepancies for the fast flux for energies above 1.0 MeV in key 7, position 5 of
HFIR Dosimetry Experiment 1 (DOSI) are the results of photofission and photoneutron
reactions in the neptunium and beryllium monitors respectively;

2 the photo-induced reactions dominate the value for the total reaction rates in the .
beryllium and fast threshold fission dosimeters in the HFIR capsule environment. This
finding makes the use of these dosimeters good candidates as gamma dosimeters in certain
radiation fields; !

3. the fluxes at key 7, position 5 do not show any significant gradient in the surveillance
capsule. However, key 4 and key 2 show large fast and thermal flux gradients in the
capsule; :

4. the stainless steel monitor located in the V-notch of the Charpy specimens of the
surveillance capsule is adequate to determine the neutron flux above 1.0 MeV at the
V-notch; .

5. the total gémma dpa is about five times higher than the dpa from neutron$ in key 7,
- position §; and




< . )

6. the feasibility of the application of simultaneous adjustment of peutron and gamma fluxes
performed in the analysis has been demonstrated. Even though this finding does not
affect the current results, the methodology would be extremely useful in future work.

If gamma displacements can be shown to cause mechanical property changes, the HFIR
specimens should be re-evaluated using the total dpa from neutron and gammas as the exposure
parameter. Additional gamma measurements;to verify the gamma contribution may be necessary
at the surveillance keys. It is also recommended that a more sophisticated coupled
neutron-gamma calculation should be performed (preferably 3-D) that takes into account
neutrons arriving at the Charpy specimens from the photoneutron reaction in the beryllium
reflector. These neutrons from the beryllium reflector may account for the approximately 30%
scale factor in the adjustment runs. '
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ABBREVIATIONS
HAFM Helium Accumulation Fluence Monitor
SSTR Solid State Track Recorders
RM Radiometric Monitors
: ASTM American Society for Testing and Materials
: HFIR High Flux Isotope Reactor
‘; NIST National Institute of Standards and Technology
BPNL Battelle Pacific Northwest Laboratory :
’ ORNL Oak Ridge National Laboratory

' DOS1-75 First HFIR dosimetry experimeat in key 7, position 5
DOS2-75 Second HFIR dosimetry experiment ia key 7, position 5
DOS2-29 Second HFIR dosimetry experiment in key 2, position 9

1 DOS2-42 Second HFIR dosimetry experiment in key 4, position 2
DOS2-410 Second HFIR dosimetry experiment in key 4, position 10

| DOS3-75 Third HFIR dosimetry experiment in key 7, position §

t DOS3-29 Third HFIR dosimetry experiment in key 2, position 9

DOS3-42 Third HFIR dosimetry experiment in key 4, position 2

DOS3-410 Third HFIR dosimetry experiment in key 4, position 10

DOS4-75 Fourth HFIR dosimetry experiment in key 7, position 5

DOS4-G Gamma measuréments in the fourth HFIR dosimetry experiment in key 7, position 5
! F>1.0MeV Neutron flux with energies greater than 1.0 MeV
_ F>0.1 MeV  Neutron flux with energies E:satcr than 0.1 MeV
: F<04eV  Neutron flux with energies less than 0.4 eV
dpa | Displacements pei atom for iron
; dpal Displacements per atom per second for iron _
5 dpa (ASTM) Displacements per atom, calculated with ASTM displacement cross section for iron
G-dpa Displacements per atom induced by gamma rays, calculated using Baumann’s'
cross sections
G-flux Total gamma rays flux
Be-9 Beryllium with atomic weight of 9

Be (nx) He The sum of the three reactions: Be-9 (n.a) He-6 --> Li-6; Be-9 (n,2n) Be-8 (2a);
and Be-9 (n,d) Li-8 > Be-8 (2a),

Slot ET* Slot E, gradient wire at the top of the capsule
Slot EM* Slot E, gradient wire at the middle of the capsule
Slot EB* Slot E, gradient. wire at the bottom of the capsule

M Measured reaction rate in reactions per second per atom
cM Calculated-to-measured reaction rate ratios
AM The ratio of adjusted-to-measured reaction rates

M/C Measured-to-calculated reaction rate ratios

*The location of all slots are shown in Fig. L1 and T, M, B refers to top, middle, and bottom
respectively. _ . :
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1 INTRODUCTION

Surveillance specimens irradiated at the HFIR at relatively low neutron flux levels and low
temperatures exhibited embrittlement more rapidly than expected. Commercial nuclear power
reactors have similar neutron flux levels and temperatures at the vessel support structures. This

study at the HFIR:

1. finds the cause(s) for the discrepancies which were found in DOS1* neutron flux levels
inferred from the nickel dosimeter and from two other dosimeters, neptunium and
beryllium; and ‘

2 deterriines the neutron flux spectra data to evaluate the previously measured mechanical

property changes in HFIR surveillance specimens.

The results of the proposed work are needed for the resolution of Generic Safety Issue 15
(GSI-15) which addresses the potential problem of radiation embrittlement of commercial reactor

vessel supports.

This report discusses a three-step fluence spectrum determination analysis procedure® that
addresses: :

1. transport calculations to compute the flux spectra at Charpy specimens,
2. dosimetry measurements to determine reaction rates at the specimens, and

3. consolidation of measurements and calculations to reduce the uncertainties of the neutron
exposure parameters using a spectrum adjustment technique.

i

*K_ Farrell et aL, "The DOS1 Neutron Dosimetry Experiment at the HB-4-A Key 7
Surveillance Site on the HFIR Pressure Vessel,” ORNL/TM-12511, (to be published). -

NUREG/CR-6117
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J 2 EXPERIMENTAL PROGRAM
21  Experimental Locations

The surveillance locations chosen for the DOS2, DOS3, and DOS4 experiments were key 7,
position 5, key 2, position 9, and key 4, positions 2 and 10 (Fig. 1). All locations were chosen so
that the ongoing HFIR surveillance program would not be compromised.

i

22  Dosimetry Capsules

The dosimetry capsules are intended to reproduce the physical conditions of the standard
surveillance capsules. Hence, the flux dosimeters were placed in standard cans furnished from the
inventory of the surveillance program. Further details of this container are available in its quality
assurance documents recorded in File JOB 5-1-143 in the Research Reactors Division (RRD)
Document Control Center. These dosimetry cans were notched and engraved with characters to
distinguish them from the surveillance packages. All fabrication, assembly and disassembly
procedures are maintained in the RRD Document Control Center.

The three ferritic steel Charpy specimens in each surveillance capsulesare simulated by carbon
steel blocks to hold the dosimeters. A complete description of DOS2, DOS3, and DOS4
experiments and measured results were sent to the NRC project manager and to all consultants in
the program. ’

23 Radiometric Measurements

Except for the HAFMs and the SSTRs, the neutron radiometric dosimeters were analyzed at
ORNL. Prior to the counting, neutron fluence standards for the iron and nickel sensors were
used so that the results would be traceable back to NIST. Two neptunium monitors were also
verified with NIST. Several spectrometers were utilized for the counting. Periodic quality control
checks are made (daily, when making measurements) to verify that the efficiencies of the
particular counting geometry are correct and that ali components of the spectrometry system are
functioning properly. Calibrations are performed with weighted portions of a solution of mixed
radionuclides, designated QCY.48, which is produced and sold every six months by Amersham
International, plc. The daily control checks are made with a Co-60 source that was purchased
from Amersham and is traceable to NIST. The measured activity of this source is allowed to
differ from the specified value by no more than 5%. If the observed difference exceeds this
value, measurements must cease until the error is corrected. Calibrations of the energy scale of
the spectrometer systems are made with a sample of U-232 that emits gamma rays with energies
in the range 238 and 2614 keV. A presentation and passouts of the counting methods were
presented to NRC staff and independent consultants on the project at the March 4, 1993 meeting.

The HAFMs were analyzed by B. Oliver of Rockwell International [Appendix B] and the SSTRs
by F. Ruddy of Westinghouse Electric Company [Appendix C). The results from the SSTR fission
monitors were in agreement with the radibmetric fission monitors except for the U-235 SSTR at
key 7, position 5. Several adjustment runs were performed to investigate the influence of the
radiometric U-235 monitor and the SSTR U-235 monitor. The runs indicated that the =
radiometric dosimeter gave results that agreed with the middle segment of the gradient cobalt
dosimeters. '

NUREG/CR-6117 2
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3 METHODOLOGY
3.1 Background |

To determine the neutron spectra at the HFIR surveillance positions, the three-step analysis -
procedure that combines transport calculations of the neutron and gamma field and measurements
using radiometric monitors is used to obtain the best estimates for the neutron spectra and the
related irradiation parameter rates. The experimental program is described in Section 2, and the
transport calculations are presented in Appendix D.

This methodology is typically applied whenever accurate and reliable neutron irradiation
pa-ameters are needed (e.g,, in the experiments that study changes in material properties caused
by the neutron irradiation or in power reactor surveillance capsule analysis).

'Applying this procedure to the HFIR surveillance capsules created a temporarily unexplained

outcome: the DOS1 experiment showed that the fast-neutron flux (E >1 MeV) values as derived
from the measured activity of Np and Be monitors were respectively approximately 17 times and
15 times higher than the flux value derived from the Ni monitors. Careful checking of the
measurements ruled out experimental error. In order to help find the solution to this situation
additional dosimetry experiments were initiated. :

The DOS2 and DOS3 experiments provided comprehensive dosimetry results for key 7 position 5,
key 2 position 9, and key 4 positions 2 and 10. In addition to the Ni, threshold activation
monitors Al, Ti, Cu, and Fe and thermal monitors Sc, Co and Au were used. In the DOS2
experiment the dosimeters were used "bare,” while in the DOS3 experiment, a 4-mil gadolinium
cover was used in ordeér to attenuate the thermal neutron flux and to prevent interference with
the monitors responses: In the DOS3 experiment the fission monitors U-235, U-238 and Np-237
were used as radiometric monitors and independently verified with solid-state track recorders of
the same fission isotopes. Also, the beryllium HAFMs were used in the DOSZ experiment, and in
one location of DOS3.

The analysis of the DOS2 and DOS3 measurements showed again that the measured reaction
rates for the Np-237 and Be monitors, as well as for the U-238 monitors were inconsistent with
the reaction rates observed for other fast neutron monitors. The ratios of measured-to-calculated
neutron reaction rates for these monitors were much larger than for the other monitors used as
shown in Table 1. The meéasurements at key 7 position 5 were particularly suitable for analyzing
these discrepancies because measured activities showed no significant gradients inside the capsule.
For this reason it was decided to analyze data from that position first.

It is well known that fission monitors are sensitive not only to the neutrons but also to
photofission reactions. Measured specific activities contain the contributions from both gamma-
and neutron-induced fissions. A similar outcome appears for the Be monitor. The helium
generated in Be occurs from both neutron-induced reactions and photon-induced reactions.

Since the measured responses for U-238, Np-237 and Be-9 monitors were much larger than the
reaction rates obtained by folding the calculated neutron spectrum with neutron cross sections,
the attention was focused on the possible contributions from the photon~mduced reactions for
these detectors.

e e e F e T e
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Table 1 Comparison of measured and calculated
reaction rates for fission and Be monitors

: M/C for
Measured*® Calculated** M/C*** Ni monitor
KEY 75 : -
Be (nx) He .
DOS1 1.46E-15 7.60E-17 192 135 TOP
DOS2 1.44E-15 7.60E-17 189 1.42 BOT.
DOS2 1.42E-15 7.60E-17 18.7
pDOS3 1.46E-15 7.60E-17 193
U-238 (n,f) 1.60E-15 6.24E-17 25.6
Np-237 (n.f) 4.59E-15 2.25E-16 204
U-238 (n,f) SSTR 136E-15 " 6.24E-17 218
Np-237 (n,f) SSTR 4.75E-15 2.25E-16 21.1
U-235 (n,f) 1.75E-15 8.13E-15 10
U-235 (nf) SSTR 1.50E-14 8.13E-15 1.8
KEY 29
Be (nx) He 1.82E-15 2.84E-16 64 147 TOP
Be (nx) He 2.19E-15 2.84E-16 1.7 2.90 BOT.
U-238 (n.f) 2.74E-15 2.69E-16 10.2
Np-237 (n,f) 9.57E-15 1.1SE-15 84
U-238 (n,f) SSTR 2.01E-15 2.69E-16 15
Np-237 (n,f) SSTR 8.62E-15 1.15E-15 75
U-235 (n,f) 2.85E-13 2.05E-13 14
KEY 42
Be (nx) He 138E-15 1.12E-16 123 091 TOP
U-238 (n,f) 1.48E-15 1.11E-16 133 1.60 BOT. -
N-237 (n,f) 6.84E-15 S5.41E-16 126
U-238 (n,f) SSTR - 1.65E-15 1.11E-16 149
Np-237 (n,f) SSTR 6.08E-15 5.41E-16 11.2
U-235 (n,9) S5.46E-13 ! 348E-13 16
U-235 (n,f) STR 5.97E-13 : 3.48E-13 1.7
KEY 4.10
Be (nx) He 7.96E-16 ° 2.08E-16 38 0.69 TOP
U-238 (n,f) 1.62E-15 1.90E-16 85 137 BOT.
Np-237 (n.f) 6.52E-15 851E-16 71
U-238 (n,f) SSTR 1.29E-15 1.90E-16 . 68
Np-237 (n,f) SSTR 5.66E-15 g 8S1E-16 6.7
U-235 (n,f) S5.45E-13 r 3.89E-13 14
U-235 (n,f) SSTR 6.98E-13 . -3.89E-13 18

*Reaction rate per atom per second, including neutron and gamma reactions
**Reaction rate per atom per second, for neutron reactions only
*++Measured-to-calculated reaction rate ratio

5




32 Gamma-Induced Reactions

An estimation of the gamma field was obtained from a 1-D coupled neutron-gamma calculation
using the computer code XSDRN. '

In the 1-D cylindrical, axially symmetric geometry many simplifications were made to model the
actual geometry of the HFIR reactor. In particular the experimental beam tubes and other
structures between cylindrical beryllium reflector and the reactor vessel were omitted. Therefore,
one does not expect that the absolute values for neutron and gamma fluxes obtained from 1-D
calculation will agree well with 3-D calculations or the measurements.

Variation of neutron-and gamma-induced reaction rates as a function of the distance from the
core vertical axis, as obtained from the 1-D calculation, is illustrated on Fig. 2 for the Np monitor.
The neutron-induced fissions dominate strongly inside the core and beryllium reflector. However,
in the water, neutron flux attenuates much faster than gamma flux, so that at about 20 cm from
the beryllium reflector the gamma-induced and neutron-induced fission rates are equal. After 20
cm, the fissions from gammas become increasingly dominant over fissions from neutrons. Similar
behavior was found for the U-238 and Be monitors also.

At the position of the capsule, the gamma-induced reaction rates for Np-237, U-238 and Be from
the 1-D calculations were larger by factors of 51, 52 and 61 than the corresponding neutron-
induced reaction rates. However, at the location of the capsule, the fast-neutron flux from 1-D
calculation was almost an order of magnitude lower than the fast flux from 3-D calculation, for
key 7, position 5. A possible explanation, accounting for part of this discrepancy, is that in the
1-D calculation there was just water between the beryllium reflector and the capsule location,
while in the HFIR, there is a tangential experimental beam tube between the reflector and key 7,
position 5. This beam tube was modeled in the 3-D calculations, and is filled with air so that the
resulting neutron flux attenuation is significantly lower than in the 1-D water geometry. This
necessitated evaluating the 1-D results at a location closer to the core. A new location (radius)
was selected so that the fast neutron flux from 1-D calculation at this radius is equal to the fast
flux from 3-D calculation at the capsule location. The fast flux from the 3-D calculations at the
capsule location was, for key 7 position 5, 1.17E+8 neutrons cm? s, while in 1-D calculation the
fast flux of 1.16E+8 neutrons cm2. s was found at 100.06 cm from the core vertical axis (Fig. 3).

This selection was supporte& at a later date by the DOS4-G experiment, which provided the
measurement of the absorbed gamma dose rate in silicon. The measured value was 36.4 Gy/s. The
dose rate, obtained from calculated gamma fluxes at the above described location gave the value

of 36.6 Gyis (Fig. 4).

Also, the comparison of 1-D calculated neutron spectra showed only minor differences between
the capsule location and the new location. The same result holds for the gamma spectrum.
Therefore, it seems reasonable to calculate the gamma-to-neutron reaction rate ratios at the
above mentioned location and use the corrections for the Np-237, U-238, U-235 and Be monitors
in the capsule. {

NUREG/CR-6117 | 6
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33 Photon-Induced Reaction Rate Correction Factor

The correction factor CF, is deﬁncd as follows:

R.
CF = R +R
where
R = calculated reaction rate induced by gamma flux:

NOOG

R= 308,
f ol

R* = calculated reaction rate induced by neutron flux:
Novg
R = Z°:¢:
s
¢' = calculated (1-D) neutron flux in group g,
s
¢: = calculated (1-D) gamma flux in group g,
a
o . = peutron cross section in group g,
a 4 . .
. = gamma cross sections in group g,

NONG = pumber of neutron groups in 1-D calculation,
NOGG = number of gamma groups in 1-D calculation.

These correction factors for Np-237, U-238, Be-9, and U-235 are listed in Table 2. The neutron-induced
reaction rates represent only 4.5%, 5.5%, 6.1% of the total reaction rate for the Be-9, U-238, and Np-237
monitors respectively. For these three monitors, one concludes that the gamma-induced reactions account
for most of their fesponses. The “corrected® measurements bring the values for the U-238 and the Np-237
in agreement with the other dosimeters, while the Be-9 monitor appears to be over corrected. The U-235
monitor is much less affected because the neutron fission cross section is much larger than the photo

fissjon cross section.

10
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Table 2 Comparison of me¢asured and corrected reaction rates of
fission and Be monitors with calculations

(Corrections are for the contribution of gammas induced reaction'é.) :

Correction Corrected M/C for

Measured® Calculated* M/C** Factor M/C** Ni monitor
KEY 7S
Be (n.x) He
DOS1 1.46E-15 7.60E-17 19.2 4.535E-02 0.9 1.35 TOP
DOS2 1.44E-15 7.60E-17 189 4.535E-02 0.9 1.42 BOT.
DOS2 1.42E-15 7.60E-17 187 4.535E-02 08 _
DOS3 1.46E-15 7.60E-17 193 4.535E-02 09
U-238 (n,9) 1.60E-15 6.24E-17 256 S.S512E-02 14
Np-237 (nf) 4.59E-18 2.25E-16 204 6.141E-02 13

U238 (MO SSTR  136E15  624E-17 218  SSE® 12
Np237 (n) SSTR 47SEAS  225E16 211  GMIE®R 13

U-235 (n,f) 7.715E-15 8.13E-15 10 8222E-01 08
U-235 (n,f) SSTR  1.50E-14 8.13E-15 18 8.222E-01 15
-
§ *Reactions per second per atom

s*Measured-to-calculated reaction rate ratio

wnt .
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3.4 Adjustment Options

With the knowledge that the U-238, Np-237, and Bé-9',monitors detect mostly gammas in the
HFIR surveillance locations investigated, the three possible paths for the adjustment of the
calculated neutron spectrum are : :

A to perform the adjustment with all dosimeters including those that require corrections;

B. to perform the adjustment with all dosimeters except the dosimeters that require
gamma corrections; and o o

C. to perform the simultaneous adjustment of the neutron and gamma spectra using all
detectors.

Approach A has the disadvantage that large corrections are applied to the Np-237, U-238, and
the Be-9 monitors. Such large corrections to a few monitors may distort the results, but the
consistency of the corrected reaction rates with the other dosimeters can be shown through the
adjustment procedure. :

Approach B applies the adjustment procedure to all the measurements and rejects any
measurement that is inconsistent. In this study, the adjustment procedure rejected the
uncorrected Np-237, U-238, and the Be-9 measurements. The disadvantage of this approach is
that the cause for the rejection is not explained. o

Approach C represents major modification and improvement to the current adjustment
methodology. The equation used to calculate the neutron-induced reaction rates is exactly the
same as the equation to calculate the photo-induced reaction rates. By adding the gamma
spectrum and cross sections to the neutron set, the two can be adjusted simultaneously. This
approach has several advantages; no corrections for gamma contribution to the measured reaction
rates are necessary, gamma measurements can be added to the other neutron measurements, and
gamma and neutron irradiation parameters are determined (e.g., neutron and gamma dpa/s). The
disadvantages are more input data, namely calculated gamma spectrum and cross sections for
gamma reactions. Also, some assumptions need to be made regarding the gamma spectrum
covariance matrix.

335 Adjustment Procedure

The adjustment code LSL-M2 was used for all of the adjustment runs. In runs where only the
neutron spectra were adjusted, ten different locations inside a capsule were considered. Four of
- these locations correspond to the slot D, slot J, slot B, and slot A. The Ni and Co gradient wires
on the same side of the capsule (i.e., E and G on one side, and F and H on the other side) were
grouped together. A schematic of the dosimetry capsule with slot locations is shown in
Appendix I, Fig. L1. On each side three locations were considered: the top, middle and bottom
portions of the wires. This makes additional six locations, treated in the adjustment procedure.

Three-dimensional transport calculations provided multigroup neutron fluxes at 1 point per
capsule; thus the same calculated spectrum was input in the adjustment code for all ten locations
in each capsule. Measurements in all the capsules except the key 7, position S showed big'
variations in reaction rates from top to bottom of the capsules, indicating severe neutron
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adients. For this reason ar..<«0 avoid large adjustments of the neutr.. __)pectra at certain
locations, the adjustment runs employed the scaling option which splits the total spectrum
adjustment in two parts: one is scaling of the magnitude of the calculated spectrum and the other
s the "true” adjustment, or in other words actual modification of the calculated spectrum through
the adjustment procedure. Accordingly, in the tables of the calculated and adjusted values given
in Appendices E-H, the scale factors and adjustment factors are listed. Their products give the
total adjustment factors, which equal the ratios of adjusted to c;alculated values of the exposure

parameters.

The spectrum correlation coefficient matrix, as calculated for the simulated surveillance capsule
position for the ORR PSF Metallurgical Experiment, was used.”® The original calculation of the
fluence variance-covariances covers only the range from 18 MeV to 0.1 MeV. Therefore two
energy groups from 1 E-4 eV to 0.1 eV and from 0.1 eV to 0.1 MeV were added with large
variances of 150% and 75%, respectively and small correlations of 0.2 and 0.1. Also, the
variances of energy groups above 0.1 MeV were increased from the original values to 40% and
the high-energy boundary was extended to 20 MeV. The spectrum covariance matrix was
converted in the group structure used in the adjustment with the computer code FLXPRO from
the LSL-M2 code package. Obviously the assumed spectrum variance-covariance information is
only approximate; however, it does not appear to be critical for the analysis since comprehensive
dosimetry measurements are available, and in such cases the adjustment results are in general not
very sensitive to the details in the spectrum covariance matrix. The cross correlation factors for
the spectra at different locations were assumed to be 0.8. :

The activation cross-section library in 640-energy groups was created from the IRDF 90 and
ENDF V dosimetry files. To account for the 4 mils gadolinium cover in the DOS3 experiment
the set of cross sections was generated, where the 640-group cross sections were multiplied by the
attenuation factors, defined as:

AF = exp (- (D*AV/AT) * TH *C5),
where

AF = attenuation factor,

D = density of cover material (7.9004 g/lem’ for Gd),

AV = Avogadros number,

AT = atomic weight (15725 for Gd),

TH = thickness of the cover (4 mils), .

CS = total absorption cross section of Gd (taken from the IRDF90 file).

The above formula is, of course, only a crude approximation and does not consider the geometry
of the covers and the dosimeters. However, it appears to be reasonably accurate for the current
application with the possible exception of gold dosimeters.

Resulting cross sections were then converted in 40 energy groups in the same way as the bare
cross sections. Computer code FLXPRO from the LSL-M2 code package was used for this

purpose.

NUREG/CR-6117
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Data for the photofission cross sections were taken from Verbinski.’ The photoneutron cross
section for beryllium, which leads to the formation of helium through the reaction

Be’ + y 4 n + a + a,was generated first from the plot in the "Reactor Handbook™"® and
later from the Warshaw"' evaluation. No significant differences in the calculated reaction rates
were observed. The gamma displacement cross section in jron was taken from Baumann.'?

Measured activities were converted to reactjon rates, taking into account the reactor power
history for the cycle of the irradiation. Computer code ACT from the LSL-M2 code package was
used for this purpose. Reaction rates so obtained were mostly used without any further
correction, except in the following cases: -

1. For the key 7, position 5, U-238, Np-237, and Be reaction rates were corrected for the gamma
contribution as discussed in details above, ,

2. The Au and Co dosimeters were corrected for the self-shielding, since pure metal wires of
20 mils (Co) and 8 mils (Au) outer diameter were used in both DOS2 and DOS3 experiments.
The correction factors were obtained from the ratios of measured activities of diluted and
pure Au and Co wires, which were used in DOS4 experiment. The correction factors were
1.13 and 1.96 for bare and Gd shielded Co, respectively, and 1.68 and 5.10 for the bare and
Gd-shielded Au, respectively.

3. The activities for Co gradient wires for DOS2 and DOS3 and Ni gradient wires for DOS3 for
. the top, middle, and bottom segments (Fig. L1) were determined as follows:

a. the bent section of the gradient wire was cut off at the top of the capsule (Fig. L1);
1-cm sections, starting at th¢ top, were cut off from the remainder of the wire;

¢. the bottom segment was slightly longer than 1 cm and was left that way; and
the activities of the top, middle, and bottom segmenfs were plotted against the wire length
starting from the bottom (X=0). The coordinates along the X-axis of the latter segments
were plotted at their respective midpoints.

The activities of the Ni gradient wires for DOS2 were determined using the following
procedure:

a. the bend in the wires were straightened and 1-cm segments, starting at the top, were cut
off the full length of the wire; :

b. the bottom segment was slightly longer than 1 cm and was left that way;

c. the activities of all the 1-cm segments were counted and plotted on a curve starting from
the bottom segment; {

PRI R

d. the activities were plotted at the coordinates corresponding to the midpoints of each . -
segment; . L S , .

o Rndav e«

e. the activities corresponding to the coordinates for the top, middle, and bottom segments
were then obtained by interpolation.

NUREG/CR-6117 14
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The variances of the measured reaction rates were estimated from the observed spread of
! experimental data and were treated as uncorrelated.

| ' For the adjustment the neutron spectrum was collapsed from the 64 groups in which the transport
(3-D) calculation was done to the 40 energy Broups. . e

na

w
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4 RESULTS AND DISCUSSION

All three approaches described in Section 3.4 were used for key 7, posmon 5. This key is the
only location where gamma measurements were. made so that approaches A and C are supported
by experimental data.

Four different adjustment runs are presémcd in Table 3. Run R4 is taken as the standard (best
run). This rur. uses a total of 69 measured reaction rates from DOS1, DOS2, DOS3 and DOS4
experiments. Gamma corrections were made to the U-235, U-238, Np-237, and the Be-9
dosimeters. Six dosimeters were not used since their reaction rates required large adjustments
and were, therefore, rejected as not consistent with the others. The adjusted values of the
exposure parameters are listed together with their standard deviation in percent. The ratios of
adjusted values for each of the other runs (R1, R2, and R3) to the values from run R4 are listed
along with the fractional standard deviation.

The effect of rejecting the six dosimeters in run R4 is seen from the column labeled R1/R4. The
six dosimeters not used in run R4 were added to run R1. The adjusted exposure parameters from
the two runs agree within 1% and their standard deviations are also in agreement. However, the
chi square per degree of freedom is 1.2 in run R1 and 0.81 in run R4, which clearly indicates that
the rejected dosimeters were inconsistent with the others. Nevertheless, including some of the
slightly inconsistent measurements in run R1 has practically no effect on the adjusted irradiation
parameters since the adjustment is directed by the large body of 69 consistent measurements.

In the run R3 all the dosimeters that needed gamma corrections were not used so that adjustment
is performed according to Approach B. The results are in good agreement with the run R4. The
largest difference in the adjusted values from the two runs is observed for the thermal flux in the
slot J and is 12%, which is still smaller that the quoted standard deviation of 19%. One can
conclude therefore that Approach B is acceptable in determining the adjusted neutron exposure
parameters.

The monitors in run R2 were not corrected for gamma-induced reactions, but were corrected in
run R4. As expected, this change has a dramatic effect on the results as shown in Table 3. The
chi square per degree of freedom rose to the value of 23, clearly indicating that major
inconsistencies exist in the input data. The conclusion is drawn that one must not use the
Np-237, U-238 and Be monitors in the neutron adjustment procedure without correcting the
measured reaction rates for the gamma contributions.

Finally, Table 4 gives the comparison of the adjusted 1rrad1at10n parameters from run R4 (neutron
column) and the simultaneous neutron and gamma (N + gamma column) spectrun: adjustment .
run. In the coupled neutron-gamma adjustment run, spectra at only the four locations were
adjusted simultaneously because of the current limitations in the adjustment computer code
LSL-M2. At these locations the same dosimetry measurements as in run 4 were used, and the
measured absorbed gamma dose rate in silicon was added in the position of slot B. In the
simultaneous neutron and gamma adjustment the reaction rates, as measured, of the fission and
Be monitors are used as input.
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Table 3 Comparison of different adjustment ruos, key 7, position S

R4

- RI/R4 R2/R4 . R3/R4
Stot D VALUE STD.
F > IMceV* 101 £ 006 641 &+ 006 099 ¢+ 008 1.S47E+08 ¢ 6
F > 0.1McV* 101 ¢ 009 744 2 009 099 ¢+ Ol 2289E+08 2 9
F < 04¢V* 099 ¢ 0.05 100 ¢ 005 100 ¢+ 005 2835E+08 2 5
dpak*® 101+ 005 493+ 005 100 2 006 2421E-13 ¢ 5
Siot A
F > IMeV 101 2 0.07 $34 ¢ 007 100 ¢ 008 1.580E+08 ¢ 7
F > 0.IMcV 101 ¢ 010 608 ¢ 010 100 ¢+ O11 2361E+08 ¢+ 10
F<04ceV 100 ¢+ 004 1002 004 100 ¢ 004 2879E+08 2 4
dpas 101 ¢ 006 414 ¢ 006 100 ¢ 006 2474E-13 ¢ 6
Siot B
F > IMeV 101 ¢ 005 2504 ¢ 006 101 £+ 068 1504E+08 ¢ 6
F > 0.1McV 100 ¢ 008 2753 ¢+ 008 100 ¢ 068 2249E+08 ¢ 8
F<04eV 099 ¢+ 007 101 ¢ 007 100 ¢+ 008 2.742E+08 ¢ 7
dpaks 101 ¢ 005 1931 ¢+ 005 101 ¢+ 066 2346E-13 ¢ 5
Slot J
F > IMcV 101 ¢+ 006 1347 ¢ 006 106 ¢+ 008 1491E4+08 ¢ 6
F > 0.1MeV 101 ¢ 009 1515+ 009 104 ¢ O 2241E+08 ¢ 9
F<04cV 101 ¢+ 018 103¢ 019 088 ¢ 019 3086E4+08 ¢ 19
dpas 101 ¢ 005 1007 ¢+ 005 105 ¢ 007 2360E-13 ¢ s
Siot ET
F > IMeV 1012 007 5352+ 007 100 ¢ 008 1.538E+08 ¢ 7
F > 0.1MeV 100 £+ 010 6102 ©10 - 100 011 2295E4+08 ¢ 10
F < 04 eV 100 ¢ 006 100 ¢ 006 100 ¢ 006 2987E+408 2 6
dpass 100 ¢ 006 415+ 006 100 ¢ 007 2408E-13 2 6
Slot EM )
F > IMeV 101 ¢+ 007 s35 2 007 100 ¢+ 008 1.562E+08 2 7
F > 0.1MeV 100 ¢ 010 610 ¢ 010 100 ¢ O11 23325408 ¢+ 10
F<04eV 100 ¢+ 006 100t 006 100 £ 006 2.731E+08 2 6
dpas 100 ¢ 006 415 ¢ 006 100 ¢ 007 2444E-13 2 6
Slot EB
F > IMeV 101 ¢ 007 §36 s 007 100 ¢ 008 1.569E+08 3 7
F > 0.1MeV 100 ¢ 010 610 ¢ 010 100 ¢ O11 2345E4+08 ¢+ 10
F<04eV 100+ 006 100 ¢ 006 100 £+ 006 2707E+08 2 6
dpajs 100 ¢ 006 4316 ¢+ 006 100 ¢ 007 2456E-13 2 6
Siot FT
F > 1MeV 101 2 0.07 535 ¢ 007 100 ¢ 008 1.507E408 2 7
F > 0.1McV 100¢ 010 - 610z 010 100 ¢ 011 2249E4+08 ¢ 10
F<04eV 100 ¢ 006 100 ¢ 006/ 100 ¢ 006 2859E+08 ¢ 6
dpass 100 £+ 006 4152 006 100 ¢ ~ 007 2359E-13 ¢ 6
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Table 3 (continued)

RIR4 R2R4 R3/R4 R4

Slot FM : i " VALUE STD.
F > IMeV 1012 007 $35 ¢ 007 100 ¢+ 008 1.583E+408 ¢ 7
F > 0.1MeV 1002 010 609 ¢ 010 100 ¢ o011 2360E+08 ¢ 10
F<04eV 100 ¢ 006 1002 006 100 £ 006 2630E+08 2 6
dpass 100 2 006 416 2+ 006 100 £ €07 24T3E-13 ¢ 6
Slot FB :
F > IMeV 1012 007 §35 ¢ 007 100 ¢ 008 1.60SE+08 2 7
F > 0.1MeV 1002 010 610+ 010 100 £ 011 2400E+08 ¢ 10
F<04eV 100 2 006 100 £ 006 100 ¢ 006 2836E408 ¢ é
dpak 100 2 0.06 416 2 0.06 100 £ 007 2515E-13 2 6
Chi¥ = 121 Chit= 2292 Chi? = 0.52 Chi? = 0.81
#R = 65 #R = 59 #R = 45 #R = 59
DOSIMETERS Same as R4, but: Same 25 R4, but: Not used:
FROM DOS1.234 NO GAMMA all dosimeters D: Au (DOS 4)
SLOT J: ADDED CORRECTIONS thatneed gamma © .~ A: Au (DOS3)
NI (EM+FM)2 correction B: U-235-Ru
NOT USED U-238-Zr
Np-237-Ru
¥ Co (in Gd)

* Units are cm'2 . 57!

*¢ Units are g1

NOTE: Chi?is chi square per degree of freedom. #R is number of residuals. Scaling option is used, therefore, the number of residuals
is equal to the number of measured reaction rates used minus the number of locations at which the spectrum is adjusted (10 in these runs).
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_— Table 4 Comparison of simultaneous neutron and gamma adjustment
10 neutron adjustment run, key 7, position 5

Neutron N+ Gamma

Value Std. % Value Std. %
Al A2 A2/Al1 .
Slot D
F > 1 MeV* 155E+08 + 6 154E+08 % 8 0.99
F > 0.1 MeV* 229E408 % 9 226E+08 11 . 099
F<04eV* 284E408 % S 284E4+08 £ S 1.00
dpa (ASTM)** 242E-13 S 241E13 % 6 0.99
G-dpa** » 134E-12 %15
G-flux*** 139E+13 27
Dose rate in Si**** 366E401 *22
' SlotJ :
; F > 1 MeV* 149E+08 % 6 158E408 + 8 1.06
F > 0.1 MeV* 224E+08 % 9 237E408 11 1.06
‘ F<04eV* 3.09E+08 %19 3.11E+08 19 1.01
—_ dpa (ASTM)** 236E-13 % S 250E-13 % 7 1.06
G-dpa** L2E12 7
G-flux*** . 127E+13 +20
) Dose rate in Si**** 331E401 *13
residuals
3¢ runs) Slot B ,
F > 1 MeV* 1.50E+08 +* 6 141E+08 +27 0.94
F > 0.1 MeV* 225E+08 + 8 209E408 +27 093
F < 04eV* 274E408 £ 7 272E408 + 7 0.99
dpa (ASTM)** 235E-13 % S 221E-13 26 0.94
G-dpa** 131E12 + 8
G-flux*** 139E+13 + 9
Dose rate in Si**** \ 362E+01 + S
Siot A )
F > 1 MeV* 1.58E+08 * 7 1.59E+08 + 8 1.00
F > 0.1 MeV* 236E+08 10 236E+08 11 1.00
F < 04eV* 288E+08 +* 4 288E+08 + 4 1.00
dpa (ASTM)** 247E-13 6 249E-13 % 6 "1.00
G-dpa** y 138E-12 £32
G-flux*** - a 145E+13 #35
Dose rate in Si**** D 381E+01 %33 .
! *Units are neutrons cm®, s
**Units are s '
*¢*Units are gammas cm?, 5™
.“.Units are Gy's-l
' 19
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As seen from Table 4, the adjusted neutron exposure parameters from the two runs agree very
well. The largest difference observed is 7% for F > 0.1 MeV at slot B. The adjusted absorbed
dose rate in Silicon is 36.2 Gyfs, which compares well to the measured value of 36.4 Gy/s. The
measured responses of fission dosimeters and Be monitors are consistent with the responses of
other monitors not affected by the gamma field, and with the measured absorbed gamma dose
rate in the Silicon. These agreements sppport the conclusion that the measured reaction rates of
Np-237, U-238 and Be monitors are larger than the reaction rates of other threshold monitors
due to the significant contributions from the gamma-induced reactions. The chi-square per
degree of freedom for the neutron-gamma run was 0.77 and the number of residuals was 42.

Table 4 also shows that at key 7, position 5, the displacements per atom rate induced by gamma
rays is about S times higher than the neutron-induced dpa rate. Therefore, it may be of interest
to re-evaluate the mechanical property changes of the HFIR specimens based on the total dpa
from the neutrons and the gamma rays.

The analysis of key 7 position 5 showed that the neutron adjustment parameters, obtained by
rejecting all the dosimeters that needed substantial corrections for gamma contributions, gave
results that are in excellent agreement with the adjustments where the affected dosimeters were
corrected for gamma contributions and taken into account in the adjustment procedure. Also,
results from both of these adjustment runs are in good agreement with the results obtained from
the simultaneous adjustment of the neutron and gamma field. This latter approach appears to be
the most consistent technique to analyze dosimetry measurements when considerable contribution
from the gamma field is suspected. The comparisons of different adjustment runs, described
above, show also that reliable fast-flux irradiation parameters can be derived from the calculated
spectra and measured activities of the stainless steel wires, located in the V-notch of the Charpy

specimens.

Based on the results for key 7, position 5 and because no independent gamma field measurements
were available at the other locations, the neutron spectrum adjustment runs were done without
the Np-237, U-238, and Be dosimeters. Detailed results of the adjustment runs are listed in
Appendices E, F, G, and H.

Adjusted irradiation parameters for the four surveillance locations considéred are summarized in
Table 5. For each of the capsules, slot J is located at the center of the capsule. Irradiation
parameters for that location, therefore, correspond to the position of the V-notch of the Charpy
specimens irradiated in the HFIR surveillance capsules. The calculated (3-D transport
calculation) and adjusted neutron spectra for the Slot J, are illustrated in the Figs. 5-8. Adjusted
group fluxes for these locations are also tabulated in Table 6. -

From Table 5 it can be seen that the neutron field is considerably different at the surveillance
positions analyzed. Differences are in the magnitude as well as in the neutron spectrum. Even
though details can be seen from Table 5, let us mention here for example that the fast

(E > 1 MeV) neutron flux is 8 times greater at key 2, position 9 than at key 7, position 5.
Thermal flux at key 4, position 10 is even 90 times higher than at the key 7, position 5. The
thermal-to-fast-flux ratio is approximately 2, 13, 75, and 67 for the key 7, position 5, key 2,
position 9, key 4, position 2, and key 4, position 10 respectively. Therefore, while neutron flux
with energies below 0.1 MeV do not contribute significantly to the dpa rate at the key 7, position-
S, it is much more important for the other locations where neutron spectrum is considerably
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Table 5 Irradiation parameters at the centers of capsules

Key 7 ~ Key2 Key 4 ~ Keyd '
£ Position 5 Position 9 Position 2 Position 10
Value Std. % Value = Std % Value Std. % Value Std. %

F>1MeVe  149E+08 + 6 121E409 % 9 3.10E+08 + 10 4.09E+08 + 10
F>01MeV® 224E+08 £ 9 211E4+09 +12  643E+08 * 13 80SE+08 + 13

F<04eV* 3.09E4+08 19 161E+10 * 6 233E+10 £ 6 2.75E+10 £ 6

dpa*t 236E13 + 5  189E12 +7  G66EI3 + 6  8GE13 16
1 .
< *Units are neutrons . cm™ s
m s¢Units are s*
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Table 6 Adjusted neutron fluxes at the centers

of the examined capsules

o

Group Upper '
Energy Key 7 Key 2 Key 4 Key 4
Boundary Position 5 Position 9. Position 2 ‘Position 10
eV [cm? s [em? 5] [cm? s fem? s
2.000E+07 1.087E+06  ‘2.356E+06 8.033E+05 8.997E+05
1.271E+07 3399E+06 9.059E+06 2659E+06 .  3.57SE+06 ,
1.013E+07 8.408E+06 2.698E+07 7.235E+06 L102E+07
8.072E+06 1.398E+07 5.743E+07 1.310E+07 2316E+07
6.434E+06 1.150E+07 5. 791E+07 1.212E+07 2.105E+07
5.523E+06 1.301E+07 7.595E+07 1.549E+07 2533E+07
4.742E+06 1.193E+07 8.07SE+07 1L66SE+07  2518E+07
4.071E+06 8.687E+06 7.089E+07 LS47E+07 2.164E+07
3.495E+06 9.697E+06 8.778E+07 1.897E+07 24T3E4+07
3.000E+06 7.005E+06 6.626E+07 1.523E+07 1.904E+07
2.724E+06 2.126E+07 2.229E+08 S5.409E+07 6.589E+07
2.038E+06 S.608E+06  .6.294E+07 1.700E+07 2.083E+07
1.850E+06 6.937E+06  8.044E+07 2.260E+07 2763E+07
1.655E+06 6.343E+06 7.464E+07 2.198E+07 2.656E+07
1.480E+06 7.801E+06 9.213E+07 2.867E+07 3.438E+07
1.282E+06 1.248E+07 1.457E+08 4.778E+07 S.790E+07
1.000E+06 1.302E+07 1.520E+08 5.179E+07 6.111E+07
7.653E+05 2.169E+07 2.543E4+08 9.141E+07 1.106E+08
4.704E405 2.162E+07 2.591E+08 9.586E+07 L149E+08
2.297E+05 1.866E+07 2.269E+08 9.390E+07 1.097E+08
1.000E+05 4.016E+07 3.658E+08 3.27SE+08 3.942E+08
1.202E+04 1.092E+07 1.050E+08 9.783E+07  .1.149E+08
6.004E+03 1.076E+07 1.041E+08 9.995E+07 1.193E+08
3.000E+03 3.086E+0Q7 3.105E+08 3.173E+08 3.768E+08
3.911E+02 1.025E+07 1.070E+08 1.168E+08 1.389E+08
1.978E+02 1.027E+07 1.089E+08 1.235E+08 1478E+08
1.000E+02 1.452E+07 1.573E+08 1.863E+08 ~ 2.232E+08
3.817E+01 2.019E+07 2.259E+08 2.853E+08 3419E+08
1.000E+01 7.219E+06 8.386E+07 1.113E+08 1.332E+08
6.178E+00 1.084E+07 1.276E+08 1.750E+08 2.090E+08
3.000E+00 8.293E+06 1.002E+08 1.420E+08 1.684E+08
1.770E+00 2.546E+07 3351E+08 S.000E+08 SS91E+08
3.970E-01 3.824E+06  5.546E+07 9.632E+07 1.142E+08
3.300E-01 4.939E+06 9.798E+07 2.028E+08 2212E+08
2.700E-01 8.708E+06 . 2.627E+08 6.280E+08 6.4S1E+08
2.150E-01 2.178E+07  8.834E+08 2.238E+09 2.195E+09
1.620E-01 4.626E+07 2309E+09 4003E+09  4.492E+09
- 1.O40E-01 - 9470E+07 5.228E+09 6.75TE+09  8.447E+09
5.000E-02 1.170E+08 = 6.594E+09 8503E+09 ° 1.034E+10
1.000E-02 - . 1I45E+07 6.501E+08 8.364E+08 9.958E+08
1.000E-05* ‘ ' :

*Lower energy boundary of the 40th group.
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Fig. 5 Calculated and adjusted neutron spectrum, key 7, position S, J
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Fig. 6 Calculated and adjusted neutron spectrum, key 2, position 9, J
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Fig. 7 Calculated and adjusted neutron spectrum, key 4, position 2, J
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softer. Neutrons with energies below 0.1 MeV contribute 3%, 9%, 33%, and 30% to the dpa rate
for key 7, position 5; key 2, postiion 9; key 4, position 2; and key 4, position 10, respectively. The
dpa rate-to-fast-flux ratio is 1.58E-21 cm?, 1.56E-21 cm?, 2.15E-21 cm?, and 2.11E-21 cm? for the
key 7, position 5, key 2, position 9, key 4, position 2, and key 4, position 10 respectively.
Variations in these ratios from one position to the other, which are of about 35%, reflect the
considerable differences in the neutron spectrum at different surveillance locations and indicate
that besides fast neutrons, lower energy neutrons also contribute significantly to the dpa rate.
Therefore, they are included in the calculation of the neutron-induced dpa rate. Besides the
above-mentioned differences between surveillance positions analyzed within this work, it needs to
be mentioned that for all the locations except at the key 7, position 5, significant variations in the
neutron field inside the surveillance capsules were found. In all of the capsules located around
the experimental beam tubes, the neutron flux was considerably higher at the capsule end which
was closer to the beam tube. This end of the capsule is called bottom, and the opposite end is
called top. This notation is used in all of the tables given in the Appendices E, F, G, and H,
where the measured activities as well as adjusted iiradiation parameters for the locations of
gradient wires are given. As mentioned before the gradients inside the key 7, position 5 are
insignificant. For the other locations, however, the bottom-to-top ratios are 2.0, 1.8, and 2.0 for
the fast flux (E > 1 MeV) and flux over 0.1 MeV, and 3.1, 5.8, and 5.7 for the thermal flux for
the key 2, position 9, key 4, position 2, and key 4, position 10 respectively. These variations in
the neutron field are very probably caused by the neutrons that leak or are scattered out of the
rimental beam tubes. There is no significant gradient in the transverse direction in any of the

capsuled analyzed.

These gradients complicate the analysis of the dosimetry experiments, since the calculated
spectrum was provided in just one point for each capsule. However, they are not important for
the determination of the irradiation parameters based on the activities from the steel monitor
wires located in the V-notches of the Charpy specimens in the HFIR surveillance capsules.

. NUREG/CR-6117
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5 CONCLUSIONS AND RECOMMENDATIONS

A comprehensive dosimetry experiment was performed at the folldwing HFIR surveillance sites;
key 7, position 5, key 4, positions 2 and 10, and key 2, position 9. The results are

1. The best estimates for the fast-neutron flux (E > 1.0 MeV), fast-neutron flux
(E > 0.1 MeV), thermal neutron flux (E < 0.4 V), and displacement rates per atom at
the Charpy V-notch in the four capsules analyzed are shown in Table 5.

2. Photo-induced reactions accounted for the discrepancies between the nickel dosimeters
and the beryllium and fast-fission threshold dosimeters in the DOS1 experiment. The
wide water region between the beryllium reflector and the pressure vessel of the HFIR
resulted in the extremely high gamma-to-neutron flux ratios at the surveillance capsules.

3. Insignificant flux gradients were present in key 7, position S, but the keys adjacent to the
beam tubes, key 2 and 4, show substantial fast and thermal neutron flux gradients.. The
thermal-to-fast ratios at the keys 2 and 4 are significant.*

4. In key 7, position 5, where gamma measurements were made, the dpa rate from gammas is
approximately five times higher than the dpa rate from neutrons.

5. Based on the current study, the adjustment procedure using the stainless steel dosimeter
in the Charpy V-notch and neutron transport calculations should give reliable fast neutron
exposure parameters.**

6. The feasibility of adjusting gamma and neutron fluxes simultaneously was also
demonstrated, probably for the first time. This simultaneous adjustment of gamma and
neutron spectra adds very important gamma information to the three-step procedure for
fluence determination of reactor pressure vessels.

Although it has not been shown that the rapid embrittlement of the HFIR specimens can be
attributed to gammas or to neutrons, re-evaluation of mechanical property changes of .the
specimens in key 7, using the total dpa from gammas and neutrons, may show some interesting
results. We believe that the HFIR’s special environment, mvolvmg extremely high
gamma-to-neutron ratios, is probably significantly different from the environment at the support
structures of a pressurized water reactor so that any application of the embrittlement data from
HFIR should be treated very carefully.

*L. K. Mansur and K Farrell "On Mechanisms by which a Soft Neutron Spectrum May
Induce Accelerated Embnttlemcnt, Joumal of Nuclear Matenals 170 (1990) 236-245.

**The current experiment showed that reaction rates of Ni-58 and Fe-54 are in agrcement
with the other dosimeters. In ORNL/TM-10444, page 193, Table E-1 it was shown that the
reaction rates from iron and nickel in the 304 stainless steel dosimeter used in the HFIR
surveillance capsules were in agreement with the pure iron and nickel dosimeters.
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PPORT _FOR MEASUREMENT OF NEUTRON
AND GAMMA FIFLDS AT HI SURVEILILANCE CAPSULE LOCATIONS.

_E.D. McGarry & J.A. GRUNDL
Neutron Interactions and Dosimetry Group
National Institute for Standards and Technology

Neutron Dosimetry Fluence Standards

NIST has developed and maintains both U-235 and Cf-252 neutron-
fission-spectrum fields for irradiations calibration work. The
most direct output from these fields is a certified fluence to
which a dosimeter was exposed. A natural validation of a
dosimeter-response measuring system is to derive a fluence from its
evaluation of dosimeter response and compare with the certified

“value.

Iron _and Nickel Neutron Fluence Standards for HFIR

A central issue related to measurement of the radiation fields at
the HFIR pressure vessel surveillance capsule locations was that
1992-dosimetry results from fission foils or Helium Accumulation
Fluence Monitors did not agree with fluences predicted by threshold
{(n,p) reactions.

In January 1993 NIST supplied ORNL radiocactive disks from U-235
fission spectrum irradiations of the NiS8(n,p)CoS58 and
Fe54 (n,p)Mn54 threshold reactions. In February NIST supplied test
reports for these irradiations (see attached reports). Table I
compares ORNL and NIST results, which agree within the NIST stated
uncertainties.

Np237 Fluence Standard for HFIR

Prior to the DOS-2,-3, and -4 HFIR dosimetry measurements, NIST had
received and gamma counted the DOS-1 Np-273 dosimeter. The fission
product results agreed within 5 to 7% with those found by ORNL.
Along with DOS-1, NIST also received a second Np-237 foil that was
unirradiated. It was identified as NIST-1, given a certified U-235
fluence exposure, and supplied to ORNL for additional dosimeter
measurement verification, if necessary.

Gamma Dosimetry fég HFIR

Gamma dosimetry was accomplished to confirm the unusually large
gamma dose predicted by transport calculations at the locations of
the Np237 dosimeters, which in turn explains the larger-than-
expected response of the Np237(n,f) reaction in HIFR because of
photofission in neptunium. ,

i
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The dosimetry method, suggested and implemented by Dr. William
McLaughlin at NIST, was to measure the change in optical absorption
in polychlorostyrene film after its exposure to gamma radiation.
This gamma dosimeter, developed by Far West Technology Inc., is 25
w/o chlorine, 69 w/o ‘carbon, and 5.8 w/o hydrogen, with a
sensitivity range of 2 to 50 kiloGrays. the hydrogen concentration
is low to minimize sensitivity to neutrons, which produce knock on
protons. Several sets of aluninum wrapped dosimeters, each 1 cm X
1 cn X 0.05 mm, were supplied to ORNL for HIFR jrradiation and then
returned to NIST. The optical densities were recorded by a
spectrophotometer, before and after exposure, and large exposures -
of 26.0 and 26.4 kiloGray (silicon dose) were reported. See the
attached NIST Report of Special Measurements.

Neutron Response of the Gamma Dosimeters

The gamma dosimeters are supposed . to have a small neutron
sensitivity, However, the data to substantiate this is not readily
available; perhaps because of previous security classification (?).
Therefore, an additional test of this sensitivity was accomplished
at NIST by irradiating the dosimeters in the neutron plus gamma
radiation fields near a Cf-252 source. A

The neutron-to-gamma fluence-in-air ratio for the source is 4 (in
units of neutrons > 1 MeV / gamma > 2 MeV). A pair of dosimeters
were mounted on opposite side of the source with a separation
distance of 3.8 $0.15 cm, which represents an average source~to-
dosimeter distance of 1.9 cm with an uncertainty of about 15% for
the pair response. The dosimeters were exposed to a certified
neutron fluence of 3.3E+013 x'x/cm2 (E>1 ger) . This corresponds to
a total neutron fluence of 4.8E+013 n/cm“ % 20%. The length of the
" jrradiation was 311.2 hours. This total neutron dose corresponds
to a total gamma dose of 1.6 kGy in silicon, (which divided by 0.9
is approximately the dose in tissue). The total dose is for no
absorber around the gamma dosimeters which were, however, in
aluminum. It is known from previous dose measurements with the
NIST Cf252 sources that about 0.6 of the total neutron dose is
received when the source is enclosed in two millimeters of iron.
Assuming that the thicker aluminum around the gamma dosimeters is
equivalent, the shielded total gamma dose would be (1.6 x 0.6) =
0.96 Gy Si. The dose measured with the polychlorostyrene gamma
dosimeters was 0.90 kGy Si.

Conclusions: The estimated gamma dose from the californium
jrradiation conservatively accounts for all of the m?asured
response. For the HFIR exposure, the estimated dose (if it were
assumed that all the response were from the C£252 neutrons) would
be 0.003 kGy Si, as compared to the reported 26 kGy Si HFIR dose.
However, because of a temperature dependence of polychlorostyrene,
shown in Fig. 1, the reported NIST results appear to require an
adjustment of about 20% to account for temperature response at a
HFIR irradiation temperature-of nominally 50 degrees centigrade.



TEST REPORT OF FLUENCE STANDARD MADE IN U235 FISSION SPECTRUM

Fluence Standard # Ni-AK for NiSs(n,p)CoS8 Reaction

The subject fluence standard was made in a U235 fission spectrun
irradiation that ended 5/24/1991. The irradiation was continuous at steady
reactor power. The fluence was monitored by activation of a separate
nickel foll that was subsequently counted on a GeLi gamma detector
previously calibrated against a knovm fluence exposure in a C£252 neutron

field.
Irradiation Detaiis:

soI: 16:15 EST 21 May 1991
EOX: 15:25 EST 24 May 1991
LOI: 2.5620E+05 seconds

QUANTITY . VALUE +3%
1. Cf252 Cal of Co-58 [cps/g(Sat)/Cf neut] 1.893E+05 2.8%
2. 172" Diam. Nickel Monitor [cps/g @ EOI] 3924.0 0.32%
3. This Irradiation’s Saturation Factor . 0.0286 0.15%
4., Free Field.Fluence Rate @ Center of U235 Field 2.597E+10 2.9%
(1.893E+05 * (3924/.0286) ]
5. Free Field Fluence € Dosimeter Nickel AK 7.65E+15 T3y
[2.597E+10 * 1.15 * 2.562E+05] ‘
6. Mass Nickel AK (grams) 0.2814 0.2%
f. U235 Cross section of NS58(n,p)CoS58 (mb) 105.0 2.6%
8. Nisg(n,p)Co58 Reaction Rate (8 Satuaration) 3.14E-15 4.2%¢%

{2.59E+10 * 1.15 * 0.10SE-24}1"

Note the significant part of the uncertainty in the cross section, which
does not come into play until the final conversion to reaction rate.
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TEST REPORT OF FLUENCE STANDARD MADE IN U235 FISSION SPECTRUM

Fluence Standard #'Fe-Bl for Fe54(n,p)Mn54 Reaction

The subject fluence standard was made in a U235 fission spectrunm
irradiation that ended 1/13/1991. Except for 23 minutes near the middle of
the irradiation when there was a big decrease in power, the irradiation was
continuous at steady reactor power. The fluence was monitored by
activation of a separate nickel foil that was subsequently counted on a
GeLi gamma detector previously calibrated against a known fluence exposure
in a Cf252 neutron field.

Irradiation Details:
SO0I: 15:38 EST 10 January 1991

EOX: 14:03 EST 13 January 1991
Time at Power: 2.521E+05 seconds

QUANTITY VALUB +3
1. Cf252 Cal of Co-58 [cps/g(Sat)/Cf neut]) 1.893E+05 2.8%
2. 172" piam. Nickel Monitor [cps/g @€ EOI] 5275 1.8%
3. This Irradiation’s Saturation Factor 0.02857 0.3%
4. Free Field Fluence Rate @ Center of U235 Field 3.43E+10 3.3%
[1.893E+405 * (5275/1.015)/.02857]
5. Free Field Fluence @ Dosimeter Iron Fe-Bl 9.13E+15 3.6%
{3.43E+10 * 1.056 * 2.521+05]}
6. Mass Iron Fe-Bl (grams) | ) . 0.5088 - 0.15%
7. U235 Cross section of Fe54(n,p)Mn54 (mb) 81.0 . 3.0%
8. Fe54(n,p)Mn54 Reaction Rate (@ Satuaration) 2.93B-15 . 4.7%»

{3.43B+10 * 1.056 * 0.081E-24]

Note the significant part of the uncertainty in the cross section, which
does not come into play until the final conversion to reaction rate.
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United States Department of Commerce
National Institute of Standards and Technology
Gaithersburg, MD 20899 USA

REPORT OF SPECIAL MEASUREMENT

OF: HFIR Pressure Vessel -
by use of NIST
FWT-67-20 Chlorostyrene Dosimeters

FOR: Oak Ridge National Lab (ORNL)
through
Jim Grundtl, Neutron Intéractions and Dosimetry Group Leader

ATTN: F. B. Kam
Reference:

DESCRIPTION: Chiorostyrene film packets were sent to ORNL for irradiation in
their irradiator. Each packet consisted of three calibrated FWT-
67-20 fim dosimeters, held inside a 0.015mm layer of aluminum
foil. Upon their return to NIST, the dosimeters were analyzed
, using a Cary 3 spectrophotometer( S/N 1101115, 4.0 nm
S.BW.)). Absorbed dose interpretations were made from a
calibration of the radiochromic dosimeters performed in June
1893. The results are summarized in the following table.

31-33 26.0
40-42 26.4

REFERENCE - NIST DB 108/134 April 15, 1993
. Page 1 of 3 pages .
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HELIUM ANALYSES OF BERYLLIUM HAFMs F R_OM HFIR: DOS-2/3
B. M. Oliver

Rockwell Intemational
Canoga Park, Califomia 91309

A. SUMMARY"

Helium concentrations measured in six beryllium metal helium accumulation fluence monitors
(HAFMs) irradiated in the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory
(ORNL) are reported. The samples were irradiated as part of tests DOS-2 and -3 in the HFIR.
The purpose of the tests were to check earlier measured helium generation and activation
measurements conducted as parn of the DOS-1 dosimetry experiment.

Mean helium concentration values measured in the beryllium HAFMs ranged from 1.51 appb at
the Key 4,10 location, to 4.16 appb at the Key 2.9 location. The average measured helium
concentration for the three beryllium HAFM sets at the DOS-273, Key 7.5 location is 2.7340.04
appb. which is in excellent agreement with a value of 2.7840.03 appb measured earlier at the Key
7.5 location in the DOS-1 experiment. Reproducibility between the duplicate analyses averaged
0.8%. very close to the inherent reproducibility of the analysis system.

No difference is vbserved in the measured helium concentrations for the bare and shielded
beryllium HAFMs at the Key 7.5 location, indicating that the correction for small residual boron
impurities in the beryllium is small at this location. Additionally, no difference is observed in the
measured helium concentrations for the Lot 6 and Lot 7 beryllium material at the Key 7.5 location.

B. HELIUM ANALYSIS SAMPLES

- Six sets of helium accumulation fluence monitors irradiated in the HFIR DOS-2 and -3
experiments were received from ORNL for helium analysis. The samples were received in two
separate plastic bottles, one containing a single aluminum capsule labeled HS6 and the other
containing five aluminum capsules labeled H52, HS3, HS4, HSS, and H57. The HS56 capsule had
been irradiated in a gadolinium cover. The remaining five capsules were irradiated bare.

Each capsule contained two sets of beryllium pieces from Rockwell Lot No. 6 and No. 7. The Lot
7 material had been used in the earier DOS-1 experiment. Each set had been prepared previously
at Rockwell and contained three individual pieces of beryllium metal weighing from 3 to 4 mg each
wrapped in aluminum foil The Lot 7 material was obtained from Electronics Space Products
International (ESPI). The material has a stated purity of 99.99%. Previous measurements at
Rockwell have indicated a residual helium content in the beryllium material of 0.050£0.030 appb
(107 atom fraction), and a residual boron impurity of 8.942.0 wt. ppm (7.4%1.7 appm). The Lot 6
beryllium was obtained from Kawecki Berylco Industries, Inc. The stated beryllium purity is
99.78%. Residual boron content in the material, determined by Rockwell, is §.640.7 wt ppm (4.7¢
0.6 appm). No residual helium has been detected in the Lot 6 beryltium.

Five of the six capsules also contained separate lengths of Al-Li and Al-B dosimetry wire. The Al-
Li alloy came from Rockwell Lot 5(I) material, originally fabricated by the Central Bureau for
Nuclear Measurements (CBNM) at Geel, Belgium.(!) The composition of the Al-Li is Al-
© 0.7340.01 wt.% Li, with a SLi content 0£ 95.740.1 at.%. - The Al-B alloy [Rockwell Lot &(I)] was
also fabricated by CBNM, and has a composition of Al-0.48430.01 wt.% B, wmx a 198 content of
19.8 atom %. Capsule H57 did not contain any Al-Li or Al-B material
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Table 1 summarizes the HAFM samples included in each irradiation capsule. The mass values in
Table 1 are those measured at ORNL during capsule assembly.

‘ " TABLE .
HELIUM ACCUMULATION FLUENCE MONITORS IN HFIR: DOS-2/3

Capsule Al-Li Alloy Al-B Alloy Be-Lot 6 Be-Lot 7
HS2 7.78 8.73 14.85 17.89
HS3 7.65 8.69 1346 15.51
HS4 7.38 8.90 17.70 16.90
HSS 7.64 8.80 19.81 . 17.76
HS56 7.64 8.76 19.08 - 18.28
HS? noie none 17.20 19.91

C. SAMPLE PREPARATION

Following identification by package number, each irradiation capsule was opened by cutting off the
welded end using a small wire blade saw. The contents of each capsule were removed, and the
individual samples identified and placed in separate coin envelopes. The present analysis effort
was limited to the Be-Lot 7 samples located in each capsule, and the Be-Lot § sample located in
Capsule HSS. .

Each of the analyzed beryllium samples were prepared in the same way. First, the package was
carefully unwrapped and the individual beryllium pieces removed. Each piece was then examined
under a low-power optical microscope o verify sample integrity, and weighed. The two highest
mass piecces were then taken for duplicate helium analysis. Duplicate helium analyses are
performed routinely to give an indication of the analysis reproducibility and also to give an
indication of the gross helium homogeneity within each sample.

Afier selection. each beryllium piece was etched 1o remove ~0.05 mm off the surface. The purpose
of the etching step was to remove surface material which could have been affected by a-recoil
cither into or out of the sample during irradiation. Etching was done in dilute hydrochloric acid
(HCI). followed by rinsing in deionized water and then acetone. At intervals during the etching
process, the sample was approximately weighted to verify the amount of material removed. Prior
10 helium analysis, the mass of each beryllium piece was accurately determined using a substitution
weighing scheme and mass standards traceable'to the National Institute for Standards and
Technology (NIST). . '

D. HELIUM ANALYSIS PROCEDURE

The helium content of each specimen was determined by gas mass spectrometry following
vaporization in a resistance-heated tungsten-wire crucible in one of the mass spectrometer system’s
high-temperature vacuum fumaces.) The absolute amount of “He released was measured relative
10 a known quantity of added 3He “spike.” The 3He spikes were obiained by cxyanding and
partitioning a known quantity of gas through a succession of calibrated volumes.(3) The mass
spectrometer was calibrated for mass sensitivity during each series of runs by analyzing known'
mixtures of 3He and 4He. i
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E. HELIUM ANALYSIS RESULTS

The results of the helium measurements are given in Table 2, where they are listed as total atoms
of helium released and as helium concentrations in atomic parts per billion (109 atom fraction).
Conversion from total helium to helium concentration was based on a calculated value of 6.682 x
1022 atoms of beryllium per gram of materjal. :

Two corrections have been applied to the helium data in Table 2. The first correction is to account

for the small residual helium content of 0.0540.03 appb in the Lot 7 material. This value had been .
determined at Rockwell through previous analysis of numerous unirradiated specimens of the Lot 7 -
material. During the present analysis series. an additional unirradiated piece of the beryllium was

also analyzed and gave a value of 0.053, which is consistent with the previously determined 0.050%
0.030 appb value. Analysis of a single piece of unirradiated Lot 6 beryllium, showed no detectable
residual helium (<0.006 appb). For the Lot 7 beryllium, the residual helium correction ranged

from ~1.2 t0 2.9% of the total helium generation.

The second correction was to account for helium generation from the known small boron impurities
in the two beryllium lots (5.6 and 8.9 wt. ppm for Lots 6 and 7 respectively). The correction was:
calculaied using a helium generation value for 19B of 1628 appb. as measured earlier in the Key
7.5 location of the DOS-1 experiment, normalized for the thermal neutron flux at the present HFIR
locations. Flux values used in the normalizations were from Pace et al.®). The boron impurity
corrections ranged from 0.002 appb (~0.1 %) at Key 7.5, 10 0.191 appb (~11%) at Key 4,10. No
boron comection was applied to Sample H56-Be7, since the HS6 irradiation capsule was shielded
with gadolinium. - ,

Absolute uncertainty (16) in the individual helium analysis results in Table 2. based on the
cumulative uncertainties in the sample mass, isotope ratio measurement, and spike size, is
estimated 0 be ~1%. Additional uncertainty from the two corrections applied to the data were
discussed above. .

F. DISCUSSION OF RESULTS

Mean helium concentration values measured in the DOS-2/3 beryllium HAFMs ranged from 1.51
appd at the Key 4,10 location in HFIR, to 4.16 appb at the Key 2,9 location. Reproducibility
between the duplicate analyses averaged 0.8%. This is very close 1o the inherent reproducibility of
the mass spectrometer system (from ~0.4 to 0.5%). and therefore indicates excellent homogeneity
and reproducibility in the helium contents.

In addition to the observations noted above, several important additional observations can also be
made:

1) The average measured helium concentration for the three beryllium HAFM sets at the DOS-
: 273, Key 7.5 location is 2.7310.04 appb, which is in excellent agreement with a value of
2.78+0.03 appb measured earlier at the Key 7.5 location in the DOS-1 experiment.

2) No significant difference is observed in the measured helium concentrations for the bare and
shielded beryllium HAFMs at the Key 7.5 location. This verifies that the correction for small
residual boron impurities in the beryllium is small at this location, and further, is introducing
negligible additional uncertainty. Boron impurity comections are somewhat larger at the
other irradiation locations due to significantly higher thermal neutron flux levels.

3)  Nosignificant difference is observed in the measured helium concentrations for the Lot € and

Lot 7 beryllium material at the Key 7.5 location. This verifies that there is no systematic
effect on the helium generation from any differences which may exist between the two
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TABLE1

HELIUM CONCENTRATIONS IN DOS-2/3 BERYLLIUM SAMPLES

Specimen  Measured Helium Concentration
, . HFIR Mass? “He (appm)
Specimen  Location  (mg) (101! atoms) | Measured® Corrected® *_ Averaged
H52-Be7-A Key 29 2.560 6.154 3.568 3450 345
-B bare 2.718 6.541 3.602 3454 +0.00
HS53-Be7-A  Key4.2 2109 4.054 2877 2.644 2.61
-B - bare 2.586 4.864 2.815 2.582 +0.04
H54-Be7-A  Key 4,10 2.396 2.833 1.770 1.529 1.51
-B bare 2.643 3.050 1.727 1.486 30.03
HS5-Be7-A  Key 75 2.588 4.773 2.760 2.708 2.69
-B bare 2.658 4.856 2734 2.682 10.02
HS5-Be6-A  Key 7S 2,903 - 5.289 2.727 2.725 2.73
-B bare 2430 4.455 2.74 2.742 #0.01
H56-Be7-A  Key 7S5 2.014 3.789 2.816 2.766 277
-B  shielded 2.396 4522 2.824 2.774 10.01
H57-Be7-A  Key 29 3.985 11.56 4.341 4.193 416
-B bare 3.747 10.72 4.282 4.134 .04

3Mass uncertainty is £1 pg.

bHelium concentration in atomic parts per million (10°6 atom fraction) with respect to the total
number of beryllium atoms in the specimen. 4

¢Measured helium concentrations corrected for residual helium in the material and for helium
generation from small amounts of boron impurity (see text). :

dMean and standard deviation (16) of Column 6 data.
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material lots. This strongly suggests that no unknown impurities are contributing 10 the
observed helium generation,
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NEUTRON DOSIMETRY RESULTS FOR SOLID
STATE TRACK RECORDERS IRRADIATED
IN THE HIGH FLUX ISOTOPE REACTOR
AT OAK RIDGE NATIONAL LABORATORY

F. H. Ruddy, J. G. Seidel, and J. L. Gonzaléz
Track Recorder Laboratory

ABSTRACT

Solid State Track Recorder (SSTR) neutron dosimetry sets exposed
in the High Flux Isotope Reactor at 0ak Ridge National La$oratory have
been analyzed. '

Absolute fission rates have been obtained for each of the 12
SSTR neutron dosimeters that were exposed, with 11 out of 12 having
uncertainties less than S5%.

Results of physical examination, uniformity analyses, and
calibration data review of the ultra low-mass fissionable deposits
indicate that all 12 of the deposits are reusable in subsequent

dosimetry measurements.

©3-9TD1-ORNLA-R1
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1. INTRODUCTION

Solid State Track Recorder (SSTR) neutron dosimeters were
prepared at Westinghouse Science & Technology Center (¥ STC) under
contract to Martin Marietta Energy Systems for exposures at 0ak Ridge
National Laboratory in the High Flux Xsotope Reactor (EFIR). A total of
twenty-one ultra low-mass fissionable deposits of 235U, 237Np, and 2380
with mica SSTRs were assembled into ten dosimetry packets during
November, 1992. The as-built information for these dosimeters is
contained in Table 1. Following irradiation of four of these dosimetry
packets in the reactor, the dosimeters were retrieved and shipped to W
STC for analysis. The SSTR neutron dosimeters were received and
disassembled for analyses in March, 1893. Analyses of these SSTR
neutron dosimeters have been completed, and the calculated fission
reaction rates and associated experimental uncertainties are contained

in this report.
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Table 1 SSTR Neutron Dosiwetry As-Built Information for HFIR

Packet

Location® Label®® Cover
Key 7, P5 HFIR-1B Al
Key 7, P5 HFIR-1C cd
Key 4, P2 BFIR-2B Al
Key 4, P2 HFIR-2C Gd
Key 2, P9 HFIR-3B Al
Key 2, P9 HFIR-3C Gd
Key4, P8 HFIR-4B Al
Key4, P8 HFIR-4C Gd

spare HFIR-5B Al

spare HFIR-5C Gd

Deposit Label/SSTR Label

23SU

| ¥-459/W32-1

W-482/¥W32-2

¥-433/W32-5

W-462/¥32-6

¥-451/¥32-9
W-456/%32-10

¥-83/¥32-13
W-75/W32-14
W-449/¥W32-17
W-454/¥32-20

¥-500/¥32-21

237
—Np

W-534/W32-3

W-535/W32-7

W-565/W32-11

W-564/W32-15

W-554/¥32-22

W-211/¥32-4

¥-201/¥32-8

¥-198/¥32-12

W-200/¥32-16

W-217/W32-23

*The SSTR neutron dosimetry packets were designed for irradiations in
these locations.

text and Table 6).

Bowever, the actual deployment was different (see

**Packets labeled B are for bare or Al covered irradiation positions.
Packets labeled C are for Gd ¢r Cd covered irradiation positions.

54
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2. DOSIMETRY SET DESIGN

Isotopic reaction rates for the dosimetry locations were
estimated by L. Greenwood! using his SCOPER computer code and F. Kan’s

calculated neutron spectra and ENDF/B-V cross sections (see Appenaix A).

These neutron fluences were used to calculate the fissionable
deposit masses that would give optimum track densities as a result of
exposure to fluences equal to those calculated. Deposit masses were
sized to give approximately 20,000 tracks for each location. In
235U
deposits and 238U and 237Np deposits sized to give useful results if

exposed in any of the four locations.

addition, a fifth dosimetry set was assembled containing two

All SSTR dosimetry sets were fabricated and assembled in a dust-
free laboratory. Each set was double-wrapped in 0.5 mil Al foil to
protect the dosimeters from dust while outside of the laboratory. Even
small amounts of dust can lead to fissionable background due tovthe
ubiquitous presence of natural uranium as an impurity at the ppm level.
The SSTR dosimetry sets were not designed to be sealed against the

incursion of water or other solvents.

93-9TD1-0ORNLA-R1

55

Westinghouse



PRI

Westinghouse

Westis

3. DOSIMETRY SET RECOVERY AND DISASSEMBLY

Four of the SSTR neutron dosimetry packets described in Table 1
vere loaded in dosimetry capsules and the capsules were deployed in
EFIR. At the end of the irradiation, the dosimeters were removed and
the SSTR dosimetry packets were separated and sent to ¥ STC for
analysis. _

During disassembly of the SSTR neutron dosimetry sets, the
initial as-built locations of the mica SSTRs and fissionable deposits
listed in Table 1 were verified. No exceptions to the as-built data
were noted. However, it was noted during disassembly that the packets
had apparently been washed with a solvent, rewrapped, and relabelled.

It was determined2 that, because of HPIR operating rules, the ink from
the marker pen used to label the packets had to be removed prior to
irradiation. During the course of the washing and relabling, some
solvent penetrated into the interior of the packets. Although the
packets were dry when received, some smearing of the ink markings on the
backs of deposits was noted, particularly in the case of capsule HFIR-
1C. Therefore, particular attention was directed to the appearance of
the tracks in the SSTRs. The presence of solvent within the SSTR packet
during the irradiation would attenuate the ranges of the fission tracks
in the SSTRs leading to smaller tracks. Also, damage to the deposits in
the form of partial dissolution or contamination by the solvent could
result. In all cases, the track sizes appeared normal and the track.
densities dropped abruptly at the edges of the deposits, indicating‘that
no observable deposit damage or cortamination had occurred.

No other evidence of physical damage to any of the SSTR packets
was observed, and the overall as—recéived condition of the sets was
good. After disassembly each mica SSTR and fissionable deposit-was
closely inspected under a microscope for physical damage which may have
occurred during exposure or shipment. All deposits and all SSTRs
appeared free from detectable physical damage.

93-9TD1-0ORNLA-R1
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4. SSTR PROCESSING AND ANALYSIS

All 12 SSTRs were etched in 49% HF at 22.0°C for a minimum of
one hour. Deposit uniformities were consistent with previous
experience in most cases and presented no difficulties for track
" scanning.

All SSTRs but one were scanned with the ¥ STC Automated Track
Scannera; SSTR W32-2 could not be scanned with the automated scanner
because of its large track deasity (greater than 106 tracks per cn?.).
This SSTR was subjected to a manual estimating procedure.4 Although
replicate agreement of the two manual scans was within 25%, because of
the very high track density the number counted is probably low.
Therefore, the fission rate derived from SSTR ¥32-2 should be regarded
as a lover limit. The number of fissions obtained for each SSTR is
contained in Table 2. In all cases, at least two independent scans were
performed and replicate agreement between the two scans was required.
The minimum and maximum track counts obtained were 22,957 and 1,458,815
respectively.

All of the automated track scanning data and scanner operating
parameters have been stored on computer disks on a microscope field-of-
view by field-of-view basis. A listiag of the computer file names
corresponding to each SSTR scan is contained in Table 3.

In addition'to the data files, in all cases the SSTR itself is

being stored as a permanent record of the SSTR peutron dosimetry

exposure.

57 ©3-6TD1-ORNLA-R1



Westinghouse

®

Westinghouse

Table 2. Bigh Flux Isotope Reactor SSTR Scanning Data

Manual Automated
SSTR Label JGS JLG Scan 1 Scan 2

¥32-2 894,006 1,458,815
¥32-3 329,134 324,793
¥32-4 279,720 261,401
¥32-6 103,001 99,548
¥32-7 96,639 67,404
¥32-8 208,806 208,810
¥32-10 84,028 83,174
¥32-11 75,728 77,114
¥32-12 92,338 90,802
¥32-14 23,482 22,958
w32-15 67,127 66,782
¥32-16 164,865 166,909

‘mt

1.18x10°% (+24%)
326,963 («0. 66%)
270,561 (+3.39%)
101,274 (+1.70%)
97,021 (+0.39%)
208,857 (+0.02%)
83,601 (+0.51%)
76,421(30.91%)
91,569 (x0.84%)
23,220(+1.13%)
66,954 (30.26%)
165,887 (30. 62%)

The number in parentheses represents the standard deviation of the

average of the results of independent scans of each SSTR.

03-9TD1-ORNLA-R1
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SSTR Scans

SSTR Label

¥W32-3
W32-4
w32-6
w32-7
w32-8
w32-10
w32-11
w32-12
W32-14
¥32-15
¥W32-16

Scan 1

HF32-3A
HF32-4A
HF32-6A
HF32-7A
HF32-8A
HEF32-10C
HF32-11A
HF32-124
HF32-14B
HF32-154
HF32-16A

File Name

59

Table 3. Permanent Computer Files for the High Flux Isotope Reactor

Scan 2

HF32-3D
HF32-4B
HF32-6B
BF32-7B

"HF32-8B

HF32-10D
HF32-11B
HF32-12B
HF32-14C
HF32-15B
HF32-16B

93-9TD1-0RNLA-R1
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5. SSTR NEUTRON-INDUCED FISSION RATES

The SSTR track counts and the fissionable deposit mass
calibration data were used to calculate fission rates in fissions per
atom for each of the SSTRs scanned. In all cases, the fissionable
deposit mass scales have been renormalized to the results of benchmark
irradiations of representative deposits at the National Institute for
Standards and Technology (NIST).””12 )

The measured fission rates are listed in Table 4.

The overall uncertainties were calculated from a quadrature
sumpation of the individual sources of uncertainty listed in Table 5.

After the irradiation it was reported2 that the intended
locations for the SSTR packets that are listed in Table 1 were not used.
The SSTR fission reaction rates are listed with the locations actually
used in Table 6. The relocation of the SSTR packet HFIR-1C is primarily
responsible for the generally high track densities for this packet and
the track density exceeding the scannable limit in SSTR W32-2.

In general, the reaction rates measured are higher than
calculational e;bimates1 prior to the exposures. The track densities

obtained were therefore generally higher than anticipated, but still
well within the scannable range.

©3-9TD1-ORNLA-R1
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HFIR-20
HFIR-3C

BFIR-4C

Table 4

Deposit
Isotope Label
235y ¥-482
2Ty, w534
238y ¥-211
235y ¥-462
27y, w-535
238y ¥-201
235y W-456
23759 ¥-565
238y ¥-198
235, y75
BT w-564
238, ¥-200

Bigh Flux Isotope Reactor SSTR Fission Rates

SSTR Number
Mass (n Label of Fissions

1.18x108(s24%) **
326,963 (0. 66%)
270,661 (+3. 39%)

0.8081(40.73%)  W32-2
7.897(»1.95%) ¥32-3
28.04(40.64%) W32-4

3.400x1072(a2.40%) ¥32-6  101,274(+1.70%)
3.316(+1.98%) ¥32-7  97,021(:0.39%)
26.36(+1.77%) ¥32-8  208,857(0.02%)

2.475x10"2(+1.80%) ¥32-10 83,801 (0.51%)

2.800(+1.71%) W32-11  76,421(+0.91%)
14.86(+0.40%) W32-12 91,560 (+0.84%)
0.319(+1.00%) W32-14  23,220(s1.13%)
2.937(+2.08%) W32-15 66,954 (+0.26%)
25.43(+0.91%) W32-18 165,887 (+0.62%)

Fissions/Atom

55.1x10°7**

1.63x10"8 (+2.4%)
3.81x10"2 (+4.1%)

1.13x1078 (+3.2%)
1.15x10°8 (+2.4%)
3.13x10°9(+2.4%)

1.32x1075(+2.4%)
1.07x10"3(+2.5%)
2.44x10"% (+2.5%)

2.84x10"8(+2.7%)

8.98x10"% (+2.5%)
2.58x1079 (+2.4%)

*The number in parentheses is the standard deviation of the average of at least two replicate

scans of the same SSTR.

**The track density for this SSTR exceeds the upper limit for accurate track counting. Although
a relative standard deviation of 24% was obtained, the track count may be low by as much as a

factor of two. Therefore, the derived fission rate should be regarded as a lower limit.
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Table 5. Sources 0f Uncertainty In SSTR Neutron-Induced
Fission Rate Measurements

Source of Uncertainty Magnitude (10)

1. Track Identification

Manual Estimate - agreement between :
independent scanners 25%4

Automated 1.0-1.8%°

2. Optical Efficiency*

Manual ) 0.86%5
Automated 1.19%6
< s 2 1/2
3. Statistics on number of tracks 10°(1/K) where
observed. N is the pumber of

tracks observed.

4. Deposit Mass Uncertainty < 4%
(includes uncertainties due to
radiometric counting statistics,
decay .constants, spike ratios, and
counter efficiencies).

The opticalzefficiency is the ratio of tracks/cmzlin an SSIR to

fissions/cn® in a neighboring thin deposit held in firm contact with the
SSTR. ! ‘

93-9TD1-DRNLA-R1
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Table 6. SSTR NEUTRON DOSIMETRY RESULTS FOR HFIR

SSTR ID LOCATION ISOTOPE FISSIONS/ATOM
W32-2 K2,P9 235y ©35.1x1077
¥32-3 K2,Po 23740 1.63x10"8(+2.4%)
¥32-4 k2,P9 238y 3.81x10 2 (+4.11)
¥32-6 K4,P2 235 1.13x1075(+3.2%)
¥32-7 K4,P2 237 1.15x10 2 (s2.4%)
W32-8 K4,P2 238y 3.13x1079(+2.4%)
¥32-10 K4,P10 235y 1.32x10 8 (+2.4%)
W32-11 K4,P10 237y, 1.07x1075(+2.5%)
W32-12 X4,P10 238y 2.44x10"% (22.5%)
W32-14 K7,p5 235y 2.84x10"8(42.7%)
W32-15 K7,P5 27y 8.98x107% (+2.5%)
W32-16 K7,Ps 238y 2.58x107° (+2.4%)

©3-0TD1-0RNLA-R1
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6. SUMMARY

12 SSTR neutron dosimeters were exposed in the High Flux Isotope
Reactor and fission rates have been obtained from each SSIR.

Absolute uncertainties on the fission rates are less than 4% in
ten out of twelve cases. All 12 deposits were found to be in excellent
condition and can be used for subsequent cavity dosimetry measurements.

The relevant analyses data for the High Flux Isotope Reactor
SSTR neutron dosimeters will be kept in archival storage. The SSIRs
themselves will be stored as permanent records of the dosimetry

exposure.
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for SSTR Neutron Dosimeter Design
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Calculated Reaction Rates for HFIR Surveillance Positions

Key 7, P5 Key 4, P2 Key 2, P1. Key 4, P8

U-235(n, f) 1.76E-13 1.34£-11 7.25E-12 3.97€-12
: 460 2.40E-15 2.55E-14 2.49E-14 2.336-14
U-238(n,f) . 6.29E-17 - 1.13E-16 . 2.72E-16 1.64E-16
Np-237(n, f) 2:37E-16 - 9.27€-16 1.38E-15 9.43E-16 -
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TEREE-DIMENSIONAL DISCRETE ORDINATES RADIATION TRANSPORT CALCULATIONS
OF NEUTRON FLUIES FOR BEGINNING-QF-CYCLE AT SEVERAL PRESSURE VESSEL
SURVEILLANCE POSITIONS IN TEE HIQGE FLUX ISOTOPE REACTOR

REFERENCE: Pace 1II, J. V., Slater, C. O., Smith, M. S.,
“Three-Dimensional Discrete Ordinates Radiation Traasport Calculations
of Neutron Fluxes for Beginning-of-Cycle At Several Prassure Vessel
Surveillance Positions in the High Flux Isotope Reactor,” Reactoy
posimetry ASTM STP 1228, Barry Farrar IV, E. Parvin Lippincott, and John
G. Williams, Eds., American Society for Testing and Materials,
Philadelphia, 1994.

ABSTRACT: The objective of this research was to determine improved
thermal, epithermal, and fast fluxes and several responses at mechanical
test surveillance location keys 2, 4, S, and 7 of the pressure vessel of
the Oak Ridge National Laboratory High Flux Isotope Reactor (HFIR) for
the beginning of the fuel cycle. The purpcse of the research was to
provide essential flux data in support of radiation embrittlement
studies of the pressure vessel shell and beam tubes at some of the
important locations.

KEYWORDS: radlation damage, radiation transport, reactor pressure
vessel, neutron fluxes, damage surveillance, dosimetry

The High Flux Isotope Reactor (HFIR) (Fig. 1) at the Oak Ridge
National Laboratory began full-power operation in 1966 at 100 MW. As:
indicated by its nama, it has a primary purpose of producing
transuranium isotopes for research, industrial and medical applications.
Because it has the highest steady-state neutron flux available in any of
the world’s reactors (1}, it can provide for & myriad of other test and
experiments in various irradiation facilities throughout the reflector.

The reflector core assembly is located in 2.44-m dlameter pressure
vessel (Fig. 2), which itself is ldcated in a pool of water. It has a
target in the center, inner and outer fuel regions, a reflector composed
of removable and permanent beryllium, water, and finally the pressure
vessel. '

For the first 20 years of HFIR operation, radlation damage was
monitored with a vessel-material surveillance program. In November
1986, these tests indicated that the reactor vessel was baing embrittled
by neutron irradiation faster than previously predicted. After the HFIR
was shut down for approximately two years, it was allowed to restart,
but with a power of 85 MW.

-

i f
lpesearch staff, Oak Ridge National Laboratory, P.O. Box 2008, Oak
Ridge, TN 37831-6363. . R -

71




Al
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During the two-year shutdown period, extensive studies were
undertaken to determine the radiation damage. As part of this effort,
reactor fluxeg were required to be determined independent of those
derived from experiments. Therefore, this study was initiated to
determine the thermal, epithermal, and fast beginning-of-cycle (BOC)
neutron flux at keys (surveillance positions) 2, 4, S5, and 7 (shown as
numbered line segments in Fig. 2) on the pressure vessel of the HFIR.
The purpese of the calculations was to aid in determining the reductxon
in fracture toughness of the HFIR vassol.

CALCULATIONAL PROCEDURE

The procedure to calculate the flux at keys 2, 4, S, and 7 was to
produce a broad-group cross-section set, run a two-dimensional
discrete-ordinates calculation to produce directional fluxes throughout
the model, produce three-dimensional models which included the keys of
interest, and make the three-~dimensional calculations. The initial set
of calculations was to be made for kay 7.

Neutron cross gsections required for the calculations were chosen
from the 99 neutron group ANSL-V{2] library. One- {2] and
two-dimensional (4] HFIR geometry models had been previously constructed
for the updated HFIR safety analysis. The one-dimensional model for BOC
and the cross-section library were ueed in the AMPX {S] modules BONAMI,

NITAWL, and XSDRNPM to self-shield the cross sections and reduce them to:

a 64-neutron group structure, which was more economically manageable.
This group structure contained 23 enargy groups from 20 MeV to 1.07 MeV,
12 groups from 1.07 MeV to 0.1 MeV, 19 groups from 0.1 MeV to 0.397 eV,
and 10 groups from 0.39%97 to 1. 0x10 eV. There were a total of 12
upscatter groups, which covered the energy range 3 to 1.0x10°5 eV. The
criteria for this broader group cross-section set was that the group
fluxes in the water between the permanent beryllium and the pressure
vessel could not deviate from the 99-group fluxes by more than five
percent at each one~dimensional space mesh.

The 64-group cross .sections and the two-dimensional model were
input to the DORT code {§) to produce directional fluxes at locations
near Key 7. Then the VISTA code {]] reformatted the DORT directional
fluxes for input to the DOTTOR code [8); this code transformed the VISTA
flux into a surface boundary source for the three-dimensional
discrete-ordinates transport code TORT (39].

A three~dimensional model of the HFIR which contained Beam Tube 4,
and thus Keys 4 and 7, had been developed praviously (10}. This
configuration consisted of a 32x33x6 mesh with X values between 0.0 and
128,52 cm, ¥ values between -15.24 and 88.96 cm, and ¢ values between
0.0 and 15.24 cm. The transformed directional fluxes from the
two-dimensional calculation were input to the three-dimensional
radiation transport code. The boundary sources for TORT using these
geometry models were calculated using an S;y angular quadrature and a P;
Legendre expansion cross-section set of the 64 neutron-group library.
Calculated three-dimensional flux results at Key ? indicated that
previous calculations {n the late 1980’s [1Q] had producad thermal
fluxes that were an order of magnitude larger.

At this point, two additional efforts were made to help resolve
this anomaly. First, several one~dimensional calculations were made to
determine if the present transport or cross sections or both were in
error. Second, a dosimetry specimen containing thermal activation
material was inserted at Key 7 in the HFIR, since there were no
experimental values to compare to tho zo-ultt of the transport
calculations. -
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For the first effort, several one-dimensional calculations were
made with the present set of cross sections, with those used previously
in the late 1980°’s (11), and with another set which contained many
thermal groups which contained upscatter (12). The results indicated °
that the late 1980‘s set contained thermal cross sections which were.not
correct. Results from the second effort of the irradiation in the
HFIR indicated that the thermal fluxes from the current set of
calculations were in much better agreement.

The second model contained beam tube 2 with key 2, which consisted
of a 53x16x16 mesh with X values between 27.66 and 127.0 cm, Y values
between 0.0 and 20.24 cm, and Z values between 0 and 20.24. The TORT
calculations were also performed with the same angular quadrature and
cross-section expansion as those for key 7.

The three-dimensional XYZ geometry representation for Key S was
modeled last. Previous calculations [1Q]) indicated a concern that
neutron streaming in beam tube 4 might influence the response at Key S.
Therefore, beam tube 4 was included in the calculaticnal model. .

since the model had to include Key S, fonization Chamber 3, and
beam tube 4, it was necessary to reduce the amount of data being handled
to manageable sizes. Therefore, while the calculation was performed
with the 64 neutron-group cross sections, the angular quadrature and the
cross-section Legendre expansion were reduced to S¢ and Py,
respectively. The effects which lowering those parametars have on the
fluxes at Keys 4 and 5 were studied for the top 52 groups using
two-dimensional DORT calculations (thermal neutron fluxes were not
calculated due to the additional computational time required for
jterating over those groups). The DORT calculations were performed with
an angular quadrature and a cross-section Legendre expansion of Sy
P3, S0Py and S¢Py, respectively. The results showed that the largest
effect was due to the reduction of the scattering order (fluxes lowered
by factors of 1.65 to 1.75 between the S§;oP; and S;oP; cases). The
overall effect of changing the calculation from S;oP3 to S¢Py was a
nearly uniform factor of 2.0 decrease in the flux at the specimen
positions for all 52 groups. It is not certain whether this factor
holds for Key 4 locations, where results are influenced greatly by
neutron streaming in the beam tube. Nor is it certain that the factor is
applicable to the thermal-neutron fluxes. Nevertheless, a factor of 2.0

was applied to the calculated fluxes and responses for the Key S
positions.

RESULTS

As reported above, 2 dosimetry experiment was performed in 1992 at
a HFIR surveillance location on the vessel wall at the mid-plane of the
core. Position § (8 total positions) of key 7 (rig. 2) was chosen as the
exposure location for the experiment and corresponds to the fourth
position nearest horizontal beam tube 4 which exits the reactor pressure
vessel. The dosimetry capsule contained gold, silver, cobalt, nickel,
and neptunium activation monitors; additionally, helium accumilation
monitors of lithium/aluminum, boronfaluminum, and beryllium were
included. : {

At this location, the measured thermal flux was 2.4x1012
neutrons.m2.s’! versus 3.7x10'? neutrons .ol.e! from the calculations.
The measured fast flux (> 1 MeV) from nickel monitors was 1.5x1o”

neutrons 3.8 versus 1.2x10!2 neutrons mi.8! for the calculations.

Some of these discrepancies may be due to the calculatiocn belng made at
the beginning of cycle; future work to reduce the variances will include
calculations at the middle-of-cycle and end-of-cycle.
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There were very large discrepancies in the measurements of the
fast flux from the neptunium and beryllium monitors (2.6x10!? neutrons
.o2.sly, a factor of 15 higher than from the nickel monitor. .
Initially, the problem was investigated by concentrating the effort on
neutron contributions to the beryllium monitors from neutrons produced
in the beryllium reflectors by gamma rays. Since gamma-ray cross
eections were required, a coupled 39-neutron group (subset of the
99-neutron group) and 44-gamma group library was used. Several HFIR
one-dimensional coupled neutron-gamma radiation transport calculations
were made using the model developed for the cross-section production.
This model contained the target area, inner and outer core, removable
and permanent beryllium reflectors, water, and pressure veesel. No beam
tubes were included since the model was one-dimensional. However, this
time a beryllium gamma-neutron (g,n) cross section was included to
account for the neutrons produced in the reflectors from gamma rays.

The results of these calculations indicated that the neut-on flux at the
pressure vessel could increase only by about 30 percent, which was
insufficlent to cause the experimental discrepancy.

From the one-dimensional neutron-gamma calculations, it was
noticed that the gamma-ray flux at the pressure vessel was three to four
orders of magnitude large han the neutron flux, with most of the gamma
flux coming from the core@. The HFIR was constructed such that once
gamma-rays had left the core region, the only materials they encountered
before the pressure vessel were the beryllium reflectors and the water,
all of which were low-Z materials, and thus would not reduce the gamma
flux very much. Therefore, the beryllium (g-n) and neptunium-237
gamma-fisgion (g,f) cross sections were folded with the gamma fluxes,
and compared to the beryllium neutron and neptunium-237 neutron-fission
(n,f) responses obtained from the neutron fluxes at the pressure vessel.
The ratio-of the helium production from the beryllium gamma-produced
neutron flux to that from the core-produced neutron flux was 80; and the
ratic of the neptunium-237 (g,f) response to the neptunium-237 (n,f) at
the pressure vessel was S0. Thus, it appeared very possible that the
increase in the helium production in beryllium and the increase in the
neptunium-237 fission response in the monitors at the pressure vessel
was due to the high gamma flux at that location, and thus the .
experimental flux values could not be compared with the calculated .
values. Additional experimental verification of this would be
undertaken separately.

CONCLUSION

Neutron fluxes have been calculated using the three-dimensional
discrete-ordinates code TORT for HFIR keys 2, 4, S, and 7. For the only
position where measurements were made, the three-dimensional neutron
transport calculations have yielded results that are about 50 percent
high in the thermal range and 20 percent low in the fast range. While
some activation measurements yielded inconsistent flux values, the
inconsistencies have partially been explained by gamma-ray interactions
in the foil or neutron production by gamma-ray interactions near the
vessel.
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EXPLANATION OF THE TABLES AND FIGURES IN THE APPENDICES E-H

Table E.1 Lists the irradiation parameters for the 10 locations considered in the adjustment. .

The tabulated quantities are: .

Calculated
Value
STD

Adjusted
Value
STD

Scale Fact.

Adj. Fact.

Adj/Calc.

Table E.2

M

Table E3

Fig. E1and E2

- quantities obtained from 3-D transport calculation
- value of the parameter
- standard deviation in percent

- quantities obtained after adjustment

- value of the parameter
- standard deviation in percent
- factor by which the ca!culated spectrum is scaled at the particular location
- factor by which the parameter is changed due to "true" adjustment of the spectrum
- ratio of adjusted to calculated value of the parameter. Also equal to
the product of the scale and adjustment factor as defined above.

First column at the left gives the reaction identifier.

measured reaction rate in reaction per second per atom, as were used in the
adjustment runs. All necessary corrections are already included in the values listed.
For key 7, position § listed values of fission and Be dosimeters contain correction for
the contributions from gamma induced reactions. Self-shielding corrections for Co
and Au monitors are also included.

indicates calculated-to-measured reaction rate ratios. Calculated means as obtained by
folding activation cross sections with the neutron fluxes form the 3-D caiculation.

is the ratio of adjusted-to-measured reaction rates. Adjusted reaction rates are
obtained by folding the adjusted neutron fluxes with the activation cross sections.

Lists the group structure and neutron group fluxes as calculated, that is as obtained
from 3-D transport calculation (column labeled "Calculated”) and as obtained from
adjustment (column labeled "Adjusted”). The spectrum is given for the position of
slot J, which corresponds to the middle of the capsule, that is to the position of
V-notch tips of the Charpy specimens in the surveillance capsules.

give the neutron multigroup spectra as obtained from 3-D calculations "Calculated”
and from the adjustment run "Adjusted,” for the slot D and slot A in the dosimetry
capsule.

NOTE. 'IheeqmvalentsctofTablmandF‘gur&:spmemedmAppcndme G, and H for the other
threesmveillanoe locations considered in' the analysis. - '
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Table E.1 Calculated and adjusted irradiation parameters, key 7, position S

Calculated Adjusted Scale Adj. Adj/

Value* Std.% Value Std. % Fact. Fact: Cale. -
Stot D
F > IMeV 1.17ZE+08 + 38 1.55E4+08 + 6 1.290 1.03 133
F > 0.1MeV 1.7SE+08 + 38 229E+08 + 9 1.290 101 131
F<04eV 397E+08 £ 137 284E408 5 1.290 0.55 0.71
dpa/s 1.82E-13 + 37 ‘242E-13 £ 5 . 1290 103 133
Slot J
F > 1MeV 1.17E+08 + 38 149E4+08 £ 6 1.421 0.90 1.28
F > 0.1MeV 1.75E+08 + 38 224E+08 £ 9 1.421 0.90 1.28
F<04eV 3.97E+08 * 137 3.09E+08 * 19 1.421 0.55 0.78
dpas 1.82E-13 + 37 236E-13 = § 1.421 0.91 1.30
Slot B .
F > 1MeV 1.17E408 + 38 1.50E+08 £ 6 1.305 0.99 1.29
F > 0.1MeV 1.75E+08 + 38 225E+408 £ 8 1305 0.98 1.28
F<04eV 397E+08 + 137 2714E4+08 £ 7 1305 0.53 0.69
dpa/s 1.82E-13 £ 37 235E-13 £ 5 1.305 0.99 1.29
Slot A
F > IMeV 1.17TE+08 + 38 1.58E+08 + 7 1.395 097 136
F > 0.1MeV 1.75E+08 £ 38 236E+08 £ 10 1.395 097 1.35
F<04eV 3.97E+08 + 137 283E+08 £ 4 1.395 052 0.73
dpafs 1.82E-13 + 37 247E-13 £ 6 1.395 0.97 136
Slot ET .
F > 1MeV L17E+08 £ 38 1.54E4+08 + 7 1351 0.98 1.32
F > 0.1 MeV 1.75SE+08 £ 38 2.30E+08 £ 10 1351 0.97 131
F < 0.4eV 3.97E+08 + 137 29E+08 + 6 1.351 0.56 0.75
dpak 1.82E-13 + 37 241E-13 + 6 1.351 0.98 1.32
Slot EM ,
F > 1 MeV 1.17E+08 + 38 1.56E+08 + 7 1370 098 1.34
F > 0.1 MeV 1.75E+08 + 38 233E+08 £ 10 1.370 0.97 133
F < 0.4eV 3.97E+08 £ 137 273E4+08 £ 6 1370 . 050 0.69
dpajs 1.82E-13 + 37 2.44E-l‘3 + 6 0.98 134

1.370




Table E.1 (continued)

| Adj.

Calculated Adjusted Scale ~ Adj/
Value* S1d.% Value Sid. %  Fact Fact. Calc. .

Slot EB
F>1MeV 1.17E+08 + 38 1.57E+08 * 7 1.387 0.97 1.35
F > 0.1 MeV 1.75E+08 + 38 23SE+08 * 10 1.387 0.96 134
F < 0.4eV 397E+408 + 137 2TIE+08 £ 6 1:387 049 . 068
dpafs 1.82E-13 * 37 246E-13 = 6 1.387 0.97 135
Slot FT
F > 1 MeV 1.17E+08 + 38 1S51E+408 £+ 7 1.319 0.98 1.29
F > 0.1 MeV 1.7SE+08 + 38 225E+08 £ 10 1.319 097 1.28
F < 0.4eV 397E+08 £ 137 286E+08 * 6 1.319 0.55 072
dpa/fs 1.82E-13 % 37 236E-13 = 6 1.319 0.98 1.30
Slot FM
F > 1 MeV 1.17E+08 + 38 1.58E+08 + 7 1.375 0.99 1.36
F > 0.1 MeV 1.75SE+08 + 38 236E+08 £ 10 1.375 0.98 135
F < 0.4eV 3.97E+08 137 263E4+08 £ 6 1.375 0.48 0.66
dpahk 1.82E-13 * 37 247E-13 * 6 1.375 0.99 1.36
Slot FB A
F>1MeV 1.17E408 £ 38 161E408 £ 7 1.405 0.98 1.38
F > 0.1 MeV L7SE+08 + 38 240E+08 £ 10 1.405 0.97 137
F < 04eV 3.97E+08 + 137 284E+08* 6 1.405 0.51 0.71
dpafs 1.82E-13 * 37 252E-13 = 6 1.405 0.98 1.38

* Units are neutrons . cm® s for F>1 MeV, F>0.1 MeV, F<0.4 eV, and s for dpa rate (dpak).

e e mg
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Table E.2 Measured reaction rates, C/M, and A/M ratios, key 7, position 5 .

Reaction M* CM ' AM
Slot D . -

Al-27 (n,a) Na-24 [Bare) 1.304E-18 0.63 1.05
Al-27 (n,a) Na-24 1.305E-18 0.63 1.05
Ti-48 (n,p) Sc-48 [Bare] 5.854E-19 0.52 0.85
Ti-48 (n,p) Sc-48 i 4948E-19- 0.61 1.01
Cu-63 (n,a) Co-60 [Bare] 6.548E-19 0.66 1.04
Cu-63 (n,a) Co-60 6.255E-19 0.69 1.08
Ti-46 (n,p) Sc-46 [Bare] 9.759E-18 0.59 0.88
Ti-46 (n,p) Sc-46 8.817E-18 0.65 097
Fe-54 (n,p) Mn-54 [Bare] 3.290E-17 0.76 1.06
Fe-54 (n,p) Mn-54 3.406E-17 0.73 1.02
Ti-47 (n,p) Sc-47 [Bare] 7.638E-18 0.67 0.95
Ti-47 (n,p) Sc-47 6.890E-18 0.75 1.05
Fe-58 (n,g) Fe-59 [Bare] 2.904E-16 1.45 1.04
Fe-58 (n,g) Fe-59 1.734E-17 1.61 0.99
Sc-45 (n,g) Sc-46 [Bare] : 6.328E-15 1.38 0.99
Sc-45 (n,g) Sc-46 2.367E-16 1.69 1.04
Ni-58 (n,p) Co-58 4.413E-17 0.72 1.00
Co-59 (n,g) Co-60 6.608E-16 1.62 097
Np-237 (n,f) 3.061E-16 074 0.98
Slot J

U-235 (n,f) 1.233E-14 0.66 0.96
U-238 (n,f) - 7.496E-17 . 0.83 - 1.09
Np-237 (n,f) 2917E-16 0.77 1.00
Be (nx) He 6.639E-17 1.14 1.50
Be (nx) He 6.526E-17 1.16 1.53
Be (nx) He 6.431E-17 1.18 1.55
Co-59 (n,g) Co-60 {Bare] 8.441E-15 148 1.16
Ni-58 (n,p) Co-58 [Bare]} 4.485E-17 0.71 0.94
Ni-58 (n,p) Co-58 4.465E-17 0.71 0.95
Slot B

U-235 (n,f) Ba-140 6.576E-15 1.24 1.03
U-235 (n,f) Zr1-95 6.828E-15 1.19 0.99
U-238 (n,f) Ba-140 8.852E-17 0.71 0.93
U-238 (n,f) Ru-103 8.075E-17 0.77 1.02
Np-237 (n,f) Ba-140 2.919E-16 0.77 U 1.00
Np-237 (n,f) Z1-95 3.090E-16 0.73 0.94
Li-6 (n,a) H-3 [Bare) 2.035E-13 - 148 1.01
B-10 (n,a) Li-7 [Bare] 8.540E-13 1.44 0.99
Be (nx) He { 6612E-17 115 1.50
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Table E.2 (continued)

Reaction M* - CM AM
Slot A
Ni-S8 (n,p) Co-58 {Bare] 4.296E-17 0.74 1.04
Ni-S8 (n,p) Co-58 : 4.632E-17 0.68 0.96
Co-59 (n,g) Co-60 [Bare] 8.946E-15 1.40 1.01
Co-59 (n,g) Co-60 1.045E-15 1.02 1.02
Au-197 (n,g) Au-198 [Bare] 3.998E-14 1.14 0.92
Au-197 (n,g) Au-198 [Bare] 3.856E-14 1.17 0.95
Co-59 (n,g) Co-60 [Bare] 8.880E-15 141 1.02
Ni-S8 (n,p) Co-58 [Bare] 4.483E-17 0.71 0.99
Slot ET
Ni-58 (n,p) Co-58 [Bare] 4.422E-17 072 0.98
Ni-58 (n,p) Co-58 4.332E-17 0.73 1.00
Co-59 (n,g) Co-60 [Bare] 9.376E-15 1.33 1.00
Co-59 (n,g) Co-60 9.980E-16 1.07 1.00
Slot EM :
Ni-58 (n,p) Co-58 [Bare] 4.444E-17 071 0.99
Ni-58 (n,p) Co-58 4.439E-17 071 0.99
Co-59 (n,g) Co-60 [Bare] 8.535E-15 1.46 1.01
Co-59 (n,g) Co-60 9.967E-16 1.07 1.00
Slot EB
Ni-58 (n,p) Co-58 [Bare] 4.547E-17 0.70 097
Ni-58 (n,p) Co-58 4.393E-17 0.72 1.01
Co-59 (n,g) Co-60 {Bare] 8.422E-15 148 1.01
Co-59 (n,g) Co-60 1.065E-15 1.00 1.00
Slot FT )
Ni-58 (n,p) Co-58 [Bare] 4.355E-17 0.73 0.98
Ni-58 (n,p) Co-58 4.236E-17 0.75 1.00
Co-59 (n,g) Co-60 [Bare]} 8.978E-15 1.39 1.00
Co-59 (n,g) Co-60 9.481E-16 1.13 1.01
Slot FM
Ni-58 (n,p) Co-58 [Bare] 4.525E-17 0.70 0.99
Ni-58 (n,p) Co-58 4.491E-17 071 0.99
Co-59 (n,g) Co-60 [Bare] 8.228E-15 1.52 1.01
Co-59 (n,g) Co-60 9.420E-16 113 1.01
Slot FB A
Ni-58 (n,p) Co-58 [Bare] - 4.591E-17 0.69 0.99
Ni-58 (n,p) Co-58 ' 4.562E-17 0.69 - 099
Co-59 (n,g) Co-60 [Bare] 8.880E-15 141 1.01
Co-59 (n,g) Co-60 9.986E-16 1.07 1.01

*Reactions per second per atom
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Table E.3 Calculated and adjusted neutron group fluxes, key 7, position 5, slot J
Group Upper Neutron Group
Energy Boundary* Fluence Rate
Group [eV] Calculated** Adjusted**
1 2.000E+07 6.263E+05 : 1.087E+06
2 1.271E+07 2.016E+06 3.399E+06
3 1.013E+07 5.119E+06 8.408E+06
4 8.072E+06 1.016E+07 ' 1.398E+07
5 6.434E+06 8.829E+06 1.150E+07
6 5.523E+06 1.037E+07 1.301E+07
7 4.742E4+06 9.503E+06 1.193E+07
8 4.071E+06 7.303E+06 . 8.687E+06
9 3.495E+06 ~ B207E+06 9.697E+06
10 3.000E+06 5. 7129E+06 7.005SE+06
11 2.724E+06 1.719E+07 2.126E+07
12 2.038E+06 4511E+06 5.608E+06
13 1.850E+06 5.583E+06 : 6.937E+06
14 1.655E+06 5.104E+06 6.343E+06
15 1.480E+06 6.272E+06 7.801E+06
16 1.282E+06 9.993E+06 1.248E+07
17 1.000E+06 1.031E+07 1.302E+07
18 7.653E+0S 1.709E+07 2.169E+07
19 4.704E+05 1.711E+07 2.162E+407
20 2297E+(CS 1.425E+07 1.866E+07
21 1.000E +05 2366E+07 4.016E+07
22 1.202E+04 - 6.436E+06 1.092E+-07
23 6.004E+03 6340E+06 1.076E+07
24 3.000E+03 1.818E+07 3.086E+07
25 3911E+02 6.037E+06 1.025E+-07
26 1.978E+02 6.053E+06 : 1.027E+07
27 1.000E+02 8.554E+06 1.452E+07
28 3.817E+01 1.189E+07 2.019E+07
29 1.000E+01 4.289E+06 7.279E+06
30 6.178E+00 6385E+06 1.084E+07
31 3.000E+00 4.837E+06 8.293E+06
32 1.770E+00 1.500E+07 2.546E+07
33 3.970E-01 2.253E+06 3.824E+06
34 3.300E-01 2910E+06 4.939E+06
35 2.700E-01 5.131E+06 8.708E+06
36 2.150E-01 1.283E+07 2.178E+07
37 1.620E-01 4591E+07 -, 4026E+07
38 1.040E-01 1392E+08 | "9.470E+07
39 5.000E-02 { 1.719E+08 1.170E+08
40 1.000E-02 1.682E+07 L145E+07
1.000E-05°*** . : S
*Encrgy in eV
**Group fluxes in neutrons cm’®. &
***Lower encrgy boundary of 40th group
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Table F.1 Calculated and adjusted irradiation parameters, key 2, position 9

Calculated

Adjusted Scale  Adj.  Adj/
Value* Sid.% Value Std. % Fact. Fact. Calc.
Slot D
F > IMeV . 567E+08 + 38 8S1E+08 + 8 1.357 1.15 1.55
F > 0.1MeV 9.79E+08 + 38 151E+409 + 12 1.3587 1.13 1.54
F<04eV 1.67E+10 £ 139 938E+09 + 5 1.357 0.41 0.56
dpajs 972E-13 * 41 134E-12 * 6 1.357 1.01 1.38
SiotJ
F > 1MeV S67E+08 + 38 121E+09 % 9 2.123 1.01 2.14
F > 0.1MeV 9.79E+08 + 38 2.11E+409 £ 12 2123 101 2.15
F<04eV 1.67E+10 * 139 161E+10 + 6 2.123 0.45 0.96
dpafs 972E-13 + 41  18%E-12 % 7 2123 092 1.95
Slot B
F > IMeV S67E+08 + 38 1.12E+09 £+ 39 1.950 1.0 1.98
F > 0.1MeV 9719E+(08 + 38 1.94E+409 £ 40 1.950 1.02 1.98
F<04eV 1.67E+10 % 139 1.55E+10 # 41 . 1950 0.47 0.92
dpajs 9.72E-13 * 41 1.75E-12 %31 1.950 0.92 1.80
Slot A ,
F > 1MeV 5.67E408 + 38 1.74E+09 £ 9 13.223 0.95 1307
F > 0.1MeV 9.79E+08 + 38 3.05E+09 £+ 12 3.223 0.97 3.11
F<04eV 1.67E+10 * 139 324E+10* 6 3.223 0.60 1.94
dpa/s 9.72E-13 + 41 2.82E-12 £ 7 3223 0.90 2.90
Siot ET
F>1MeV S.67TE4+08 + 38 870E+08 £ 9 1.492 1.03 1.53
F > 0.1 MeV 9.79E+08 + 38 1.SIE+09 + 12 1.492 1.03 1.54
F < 0.4eV 1.67E+10 * 139 9S7TE+(9 + 6 1.492 0.38 0.57
dpa/s 9.72E-13 £ 41 1.34E-12 + 7 1.492 0.92 1.37
Slot EM
F > 1 MeV S.67E+08 + 38 1.22E409 + 9 2119 1.02° 216
F > 0.1 MeV 9.79E+08 + 38 2Z12E+09 + 12 2.119 1.02 2.16
F < 0.4eV 167E+10 £ 139  161E+10t 6 2.119 045 096
9.72E-13 % 41 !’,905-12 * 7 2119 0.92 1.96

" dpafs



Table F.1 (continued)

Calculated Adjusted Scale Adj.  Adj/
Value* Std.% Value Sud. % Fact. Fact. Calc.
Slot EB
F>1MeV S.67TE+08 £ 38 1.70E4+09 £ 9 3.042 098 299
F > 0.1 MeV 9.79E+08 + 38 295E+09 £ 12 3042 099 3.02
F < 0.4eV 1.67E+10 £ 139 283E+10+ 6 3.042 056 1.69
dpajs 9.72E-13 + 41 270E-12 £ 7 3.042° 091 2.78:
Slot FT
F > 1 MeV S.67E+08 + 38 86SE+08 + 9 1.493 1.02 1.53
F > 0.1 MeV 9. 79E+4+08 + 38 1.50E4+09 £ 12 1.493 1.03 1.53
F < 0.4eV 1.67E+10 £ 139 927E+09 £ 6 1.493 0.37 0.55
dpafs 9.72E-13 + 41 1.33E-12 * 7 1:493 091 1.36
Siot FM )
F > 1MeV S.67TE+08 + 38 121E+09 + 9 2.132 1.00 2.14
F > 0.1 MeV 9. 79E+08 £ 38 2.10E+09 + 12 2,132 1.01 2.15
F < 0.4eV 1.67E+10 + 139 161E+10 % 6 2,132 045 0.96
dpafs 972E-13 * 41 1.89E-12 + 7 2132 091 1.94
Slot FB
F > 1 MeV S67TE+08 + 38 1.77E+09 £ 9 3.206 0.97 311
F > 0.1 MeV 9.79E+08 + 38 3.08E+09 + 12 3206 098 3.15
F < 0.4eV 1.67E+10 £ 139 301E+10+ 6 3.206 056 1.80
dpa/s 972E-13 + 41 2.82E-12 t 7 3.206 091 291

* Units are neutrons . cm™ s* for F>1 MeV, F>0.1 MeV, F<0.4 ¢V, and s for dpa rate (dpajs).




Table F.2 Measured reaction rates, C/M, and AM 1atios,

91

2, position 9
Reaction M* CM AM
Slot D ' .
Al-27 (n,a) Na-24 [Bare] 3.177E-18 0.60 0.95
Ti-48 (n,p) Sc-48 [Bare] 1.154E-18 0.61 - 096
Ti-48 (n,p) Sc-48 1.055E-18 0.67 1.04
Cu-63 (n,a) Co-60 [Bare] 1.569E-18 0.70 1.08
Cu-63 (n,a) Co-60 1.618E-18 0.68 1.05
Ti-46 (n,p) Sc-46 [Bare] 2.845E-17 0.58 0.90
Ti-46 (n,p) Sc-46 2.599E-17 0.64 0.98
Fe-54 (n,p) Mn-54 [Bare] 1.268E-16 0.70 1107
‘Fe-54 (n,p) Mn-54 1.30SE-16 0.68 1.03
Ti-47 (n,p) Sc-47 [Bare] 3.270E-17 0.58 0.89
Ti-47 (n,p) Sc-47 2.924E-17 0.65 0.99
Fe-58 (n,g) Fe-59 [Bare] 9.140E-15 1.92 1.08
Sc-45 (n,g) Sc-46 [Bare] 2.114E-13 1.75 -0.98
Sc-45 (n,g) Sc-46 5.599E-15 191 1.04
SlotJ
Ni-58 (n,p) Co-58 [Bare] 2.473E-16 0.46 0.97
Ni-58 (n,p) Co-58 2.348E-16 0.49 1.02
Co-59 (n,g) Co-60 [Bare] 4.706E-13 1.09 1.02
Co-59 (n,g) Co-60 3.144E-14 0.62 1.03
Slot B
U-235 (n,f) Ba-140 2.922E-13 0.70 1.00
U-235 (n,f) Zr-95 2.769E-13 0.74 1.06
U-235 (n,f) Ru-103 2.847E-13 0.72 1.03
Slot A :
Ni-58 (n,p) Co-58 [Bare] 3455E-16 033 1.00
Ni-58 (n,p) Co-58 3.364E-16 0.34 1.02
Co-59 (n,g) Co-60 [Bare] 9.410E-13 0.55 1.02
Co-59 (n,g) Co-60 6.766E-14 0.29 1.01



Table F.2 (continued)

Co-59 (n,g) Co-60

Reaction M+ CM AM
Slot ET _ _
Ni-58 (n,p) Co-58 [Bare] 1.763E-16 0.65 0.98
Ni-58 (n,p) Co-58 1.686E-16 0.68 1.02
Co-59 (n,g) Co-60 [Bare]) 2.785E-13 1.84 1.02
Co-59 (n,g) Co-60 1.935E-14 1.01 1.04
Slot EM - .
Ni-58 (n,p) Co-58 [Bare] 2.481E-16 0.46 0.98
Ni-58 (n,p) Co-58 2.358E-16 0.49 1.03
Co-59 (n,g) Co-60 [Bare] 4.744E-13 1.08 1.01
Co-59 (n,g) Co-60 3.007E-14 0.65 1.03
Slot EB
Ni-58 (n,p) Co-58 [Bare] 3.495E-16 0.33 0.96
Ni-58 (n,p) Co-58 3.209E-16 0.36 1.04
Co-59 (n,g) Co-60 [Bare] 8.338E-13 - 0.62 1.01
Co-59 (n,g) Co-60 5.366E-14 0.36 1.01
-Slot FT
Ni-58 (n,p) Co-58 [Bare] 1.736E-16 0.66 0.99
Ni-58 (n,p) Co-58 1.686E-16 0.68 1.02
Co-59 (n,g) Co-60 [Bare] 2.667E-13 1.92 1.03
Co-59 (n,g) Co-60 1.989E-14 0.98 1.05
Slot FM
Ni-58 (n,p) Co-58 [Bare] 2.465E-16 0.47 0.97
Ni-58 (n,p) Co-58 2.338E-16 0.49 1.02
Co-59 (n,g) Co-60 [Bare] 4.668E-13 1.10 1.02
Co-59 (n,g) Co-60 3.281E-14 0.59 1.03
Slot FB
Ni-58 (n,p) Co-58 [Bare] 3.491E-16 033 1.00 -
Ni-58 (n,p) Co-58 3.425E-16 0.33 1.02
Co-59 (n,g) Co-60 [Bare] 8.776E-13 0.58 1.02
6.025E-14 032 1.01

*Reactions per second per atom




Table F.3 Caiculated and adjusted neutron group fluxes, key 2, position 9, slot J

Group Upper . Neutron Group
. Energy Boundary* Fluence Rate
Group [eV] . Calculaied**  Adjusted**
1 2.000E+07 1.057E+06 2.356E+06
2 1.271E+07 4.058E+06 9.059E+06
3 1.013E+07 ‘1.209E+07 2698E+07
4 8.072E+06 2.7SSE+07 5.743E+07
5 6.434E+06 2.803E+07 S.791E+07
6 SS523E+406 - 3.698E+07 7.595E+07
7 4.742E406 © 3.932E+07 - 8.07SE+07
8 4.071E+06 3.444E407 7.089E+07
9 3.495E+06 4.265E+07 8.778E+07
10 3.000E+06 3.0S5E+07 6.626E+07
11 2724E+406 1.019E+08 2.229E+08
12 2.038E+06 2.874E+4-07 6.294E+07
13 1.850E+06 3.674E+07 8.044E+07
14 L65SE+06 3.410E+07 TA464E+07
15 1.480E+06 4.212E407 9.213E+07
16 1.282E+06 6.662E+07 1457E+08
17 1.000E+06 - 6.962E+07 1.520E+08
18 7.653E+05 1.169E+08 2543E+08
19 4.704E+05 1.194E+08 2.591E+08
20 2.297E405 1.057E+08 2.269E+08
21 1.000E+05 1.857E+08 3.658E+08
22 1.202E+04 5333E+07 1.050E+08
23 6.004E+03 $.285E+07 1LO41E+08
24 3.000E+03 1.577E+08 3.105E+08
25 3911E+02 5.434E+07 1070E+08
26 1.978E+02 5.531E+07 1.089E+08
27 1.000E+02 7.985E+07 . 1LST3E+08
28 3.817E+01 1.147E+08 2.259E+08
29 1.000E+01 4.258E407 8.386E+07
30 6.178E+00 6.478E+07 1.276E+08
31 3.000E+00 S.089E+07 1.002E+08
32 L770E+00 1.702E+08 3351E+08
33 3.970E-01 2.816E+07 5.546E+07
34 3.300E-01 4.975E+07 9.798E+07
35 2.700E-01 - 1334E+08 2.627E+08
36 2.150E-01 4.486E+08 8.834E+08
37 1.620E-01 1.859E+-09 2309E+09
38 1.040E-01 - 5.953E+09 5.228E+09
39 5.000E-02 7.509E+09 6.594E+09
40 1.000E-02 7.402E+08 = 6501E+08
1.000E-0S ’

*Energy in eV
**Group fluxes in neutrons cm™. s
***Lower energy boundary of 40th group
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APPENDIX G

RESULTS FOR KEY 4, POSITION 2

NUREG/CR-6117



£ :
T§5\c G.1 Calculated and adjusted irradiation pa

)

rameters, key 4, position 2

dpajs

99

2.077

Calculated Adjusted Scale Adj. Adj./
Value* Std.% Value Sid. % Fact. Fact. Calc.
Slot D .
F > 1MeV "247E+08 + 38 243E+08 * 9 0941 1048 099
F > 0.1MeVv 496E+08 £ 38  491E+08 t 13 0941 1051 099
F<o04ev 3.12E+10+ 139 999E+09 't -5 0941 0340 032
dpas 646E-13 + 68  442E-13 * § 0941 0727 068
Slot J : S
F > IMev 247E+08 + 38 3.10E+08 + 10 1421 08385 126
F > 0.1MeV 496E+08 + 38 6.43E+08 % 13 1421 0912 130
-F<04ev 3.12E+10 £ 139 233E+10% 6 1421 0525 075
dpajs 6.46E-13 + 68 6.66E-13 % 6 1421 0726 103
Slot B :
F > IMeV 247E+08 + 38  3.16E+08 + 41 1432 0895 128
F > 0.1MeV 4.96E+08 + 38 6.54E+08 * 41 1432 0920 132
F<04ev 3.12E+10 £ 139  2.50E+10 % 39 1432 0559 080
dpass 6.46E-13 + 68 6.90E-13 22 1432 0746 1.07
Slot A :
F > IMeV 247E+08 + 38 4.30E+08 £ 10 2154 03812 1.74
F > 0.1MeV 496E+08 £ 38  9.05E+08 + 13 2154 0850 1.82
F<04ev 312E+10 £ 139 720E+10+ 6 2154 1076 231
dpajs 646E-13 + 68  129E-12 + § 2154 0933 200
Slot ET
F > IMeV 247E+08 + 38 239E+08 £ 10 1037 0936 097
F > 0.1MeV 496E+08 + 38 4.92E+08 % 13 1.037 0956 099
F<04ev 312E+10 £ 139  102E+10% 6 1.037 0314 033
dpass 6.46E-13 + 68 442E-13 + § 1.037 0659 068
Slot EM
F > IMeV 247E+08 + 38 3.14E+08 £ 10 1421 0898 128
F > 0.1MeV 4.96E+08 + 38 651E+08 + 13 1421 0923 131
F<04eV 312E+10£ 139  226E+10% 6 1421 0510 073
dpafs 646E-13 * 68 6.66E-13 + § 1.421° 0726 1.03
Slot EB
F > IMeV 247E+08 + 38 435E+08 + 10 2077 0850 L77
F > 0.1MeV 4.96E+08 + 38 9.09E+08 * 13 2077 0832 1.8
F<04eVv 3.12E+10 £ 139 6.50E+10 % 6 2077 1003 208
6.46E-13 + 68 123E-12 = 5 0918 191




Table G.1 (continued)

Calculated Adjusted Scale Adj. Adj/
Value* Std.% Value Std. % Fact. Fact. Calc.
; .
Slot FT
F > IMeV 247E+08 + 38  236E+08 £ 10 1.049 0914 0.96
F > 0.1MeV 496E+08 + 38 488E+08 £ 13 1.049 0.937 098
F<04eV 3.12E+4+10 £ 139 1.1I0E+10 % 6. 1.049 0.336 0.35
dpafs 646E-13 t 68 446E-13 £ 5 1.049 0.658 0.69
Slot FM
F > 1MeV 247E+408 £ 38 3.03E+08 £ 10 1.389 0.884 1.23
F > 0.1MeV 496E+4+08 + 38 6.28E+08 £ 13 1.389 0.911 1.27
F<04eV 3.12E+10 £ 139 233E+10t 6 1.389 0.537 0.75
dpa’s 646E-13 *+ 68 6.56E-13 + 6 1389 0731 102
Slot FB :
F > 1MeV 247E408 + 38 4.17E408 £ 10 2047 ° 0.827 1.69
F > 0.1MeV 496E+4+08 £+ 38 875E+08 + 13 2.047 0.862 1.76
F<04eV 3.12E+10 + 139 S83E+10+ 6 2.047 0913 1.87
dpajs 6.46E-13 + 68 115E-12 £ 5 2047 0.868 1.78

* Units are neutron . cm2 s for F > 1 MeV, F> 0.1 MeV, F > 0.4 eV, and s? for dpa

rate (dpa/s).
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Table G.2 Measured reaction rates, C/M, and A/M ratios, key 4, position 2
Reaction C M* CcM AM
Slot D : :
Al-27 (n,a) Na-24 [Bare] 8.333E-19 099 1.05
Ti-48 (n,p) Sc-48 [Bare] 3.374E-19 0.90 0.94
Ti-48 (n,p) Sc-48 - ' 3.191E-19 095 0.99
Cu-63 (n,a) Co-60 [Bare] 4.669E-19 098 098
Cu-63 (n,a) Co-60 4332E-19 1.05 1.05
Ti-46 (n,p) Sc-46 [Bare] . 6.684E-18 100 095
Ti-46 (n,p) Sc-46 6.220E-18 1.07 1.02 -
Fe-54 (n,p) Mn-54 [Bare] 2.926E-17 1.20 1.11
Fe-54 (n,p) Mn-54 3.153E-17 1.11 1.03
Ti-47 (n,p) Sc-47 [Bare] . 8.127E-18 093 0.89
Ti-47 (n,p) Sc-47 7.619E-18 0.99 0.94
Fe-58 (n,g) Fe-59 [Bare] 9.525E-15 343 1.06
Sc-45 (n,g) Sc-46 [Bare] 2.167E-13 3.18 0.99
Sc-45 (n,g) Sc-46 7.903E-15 2.33 1.07
Slot A
Ni-58 (n,p) Co-58 [Bare] 7.278E-17 0.62 1.03
Ni-58 (n,p) Co-58 7.370E-17 0.62 1.01
Co-59 (n,g) Co-60 [Bare] 1.980E-12 0.48 1.04
Co-59 (n,g) Co-60 . 1.426E-13 021 1.03
Slot B
U-235 (n,f) Ba-140 S.644E-13 0.62 . 106
U-235 (n,f) Zr-95 5.287E-13 0.66 1.14
U-235 (n,f) Ru-103 5.433E-13 0.64 1.11
Slot J :
U-235 (n,f) S972E-13* 0.58 1.05
Ni-58 (n,p) Co-58 [Bare] 5.506E-17 082 0.98
Ni-58 (n,p) Co-58 5.302E-17 086 1.02
Co-59 (n,g) Co-60 [Bare] 6.167E-13 1.54 1.06
Co-59 (n,g) Co-60 4794E-14 - 061 1.17
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Table G.2 (continued)

Reaction M* M
Slot ET
Ni-58 (n,p) Co-58 [Bare] 4.145E-17 1.10 1.01
Ni-58 (n,p) Co-58 4.203E-17 1.08 1.00
Co-59 (n,g) Co-60 [Bare] 2.574E-13 3.70 1.08
Co-59 (n,g) Co-60 2.409E-14 1.22 1.19
Slot EM
Ni-58 (n,p) Co-58 [Bare] 5.400E-17 0.84 1.02
Ni-58 (n,p) Co-58 5.491E-17 0.83 1.00
Co-59 (n,g) Co-60 [Bare] 6.108E-13 1.56 1.05
Co-59 (n,g) Co-60 4.643E-14 0.63 111
Slot EB
Ni-58 (n,p) Co-58 [Bare] 7.652E-17 0.59 0.99
Ni-58 (n,p) Co-58 7.380E-17 0.61 1.03
Co-59 (n,g) Co-60 [Bare] 1.869E-12 0.51 1.02
Co-59 (n,g) Co-60 1.055E-13 0.28 1.03
Slot FT
Ni-58 (n,p) Co-58 [Bare] 4.223E-17 1.08 098
Ni-58 (n,p) Co-58 4.051E-17 1.12 1.02
Co-59 (n,g) Co-60 [Bare] 2.713E-13 3.51 1.10
Co-59 (n,g) Co-60 2.787E-14 1.05 1.20
Slot FM
Ni-58 (n,p) Co-58 [Bare] 5.612E-17 0.81 0.94
Ni-58 (n,p) Co-58 5.112E-17 0.89 1.03°
Co-59 (n,g) Co-60 [Bare] 6.225E-13 1.53 1.05
Co-59 (n,g) Co-60 4.945E-14 059 1.11
Slot FB
Ni-58 (n,p) Co-58 [Bare] 7.235E-17 0.63 1.00
Ni-58 (n,p) Co-58 " 1.079E-17 0.64 1.02
Co-59 (n,g) Co-60 [Bare] 1.596E-12 0.60 1.04
1.05

Co-59 (n,g) Co-60

1.168E-13

0.25

*Reactions per second per atom
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Table G.3 Calculated and adjusted neutron group fluxes, key 4, position 2, siot J

Group Upper Neutron Group
Energy Boundary* Fluence Rate
Group eV] Calculated** Adjusted**
1 2.000E+07 . 5.520E+05 8.033E+05
2 1.271E+07 : 1.858E+06 2.659E+06
3 1.013E+07 5.141E+06 7.235E+06
4 8.072E+06 LUTE+0?7 1310E+07
S 6.434E+06 LOGSE+07 1212E+07
6 5.523E+06 1.386E+07 1.549E+07
7 4.742E+06 1490E+07 1.665E+07
8 4.071E+06 : 1.363E+07 1L547TE+07
9 3.495E+06 1.668E+07 1.397E+07
10 3.000E+06 L182E+07 1.523E+07
11 2.724E+06 4.116E407 SA409E+07
12 2.038E+06 1.289E+07 1.700E+07
13 1.850E+06 1L.718E+07 2.260E+07
14 1.6SSE+06 1.671E4+07 2.198E+07
15 1.480E+06 2.182E+07 2.867E+07
16 1282E+06 3651E+07 4.778E+07
17 1.000E+06 3.967E+07 S5.179E+07
18 7.653E+05 7.020E+07 9.141E+07
19° 4.704E+05 1372E+07 9.586E+07
20 2297E+05 6601E+07 9.390E+07
21 - 1.000E+05 1.205E+08 3.275E+08
2 1.202E+04 3.599E+07 9.783E+07
23 6.004E+03 36TIE+O7 9.995E+07
AU 3.000E+03 LIGTE+08 3.173E+08
25 39IIE+02 4298E+07 1168E+08
26 1.978E+02 4.544E+07 1235E+08
27 1.000E+02 G.854E+07 1.863E+08
28 3.817E+01 1.049E+08 2.853E+08
29 1.000E+01 4.094E+07 1L113E+08
30 6.178E+00 6.436E+07 1.7S0E+08
31 3.000E+00 S2BE+07 1.420E+08
32 1.770E+00 \ 1.840E+08 5.000E+08
33 3.970E-01 3.543E407 9.632E+07
Y| 3.300E-01 74S9E+07 2.028E+08
s 2.700E-01 2310E+08 6.280E+08
36 2.150E-01 8234E+08 2.238E+09
37 1.620E-01 3471E+09 4.003E+09
38 1.040E-01 L116E+10 6.75TE+09
39 5.000E-02 1404E+10 8.503E+09
40 1.000E-02 1381E+09 8364E+08
1.000E-05%** :
*Encrgy in ¢V .
**Group fiuxes in neutrons ca®, 51
e*sL ower energy boundary of 40th group i
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Table H.1 Calculated and adjusted irradiation parameters, key 4, position 10

Calculated Adjusted Scale Adj.  Adj/

Value* Std.% Value Std. %  Fact. Fact.  GCalc
Slot D _
F > IMeV 397TE4+08 + 38  29SE+08% 9 0660 1127 074
F > 0.1MeV 7S6E+08 + 38  S.6SE+08 £ 13 0660 1139 075
F<04eV 326E+10+ 139 L1IE+10% 5 0660 0516 034
dpafs 894E-13 % 55 S34E-13 £ S 0660 0905 0.60
SlotJ _
F > IMeV 397E+08 + 38  4.09E+08 % 10 1088 0946 103
F > 0.1MeV 7S6E+08 + 38  S0SE+08 13 1088 0979 106
F<04eV 326E+10 £ 139 275E+10% 6 1088 0775 084
dpajs 894E-13 £+ 55 862E-13 t 6 1088 083 096
Slot B
F > 1MeV 397E+08 £ 38  3.90E+08 + 40 1021 0962 098
F > 0.1MeV 756E+08 + 38  7.66E+08 % 40 1021 0992 101
F<04eV 326E+10 £ 139 264E+10 £ 40 1.021 0793 081
dpajs 894E-13 + S5 822E-13 %25 1.021 0900 092
Slot A
F > 1MeV 397E+08 £ 38  6.00E+08 10 1717 0880 151
F > 0.1MeV 756E+08 + 38  120E+09 + 13 1717 0921 158
F<04eV 326E+10+ 139 801E+10t 6 1717 1433 246
dpass 894E-13 + S5 164E-12 £ 6 1717 - 1066 1.83
Slot ET
F > 1 MeV 397E+4+08 £ 38 278E+08 £ 10 0.70 1.00 0.70
F > 0.1 MeV 756E+08 £+ 38  S42E+08 + 13 0.70 1.03 0.72
F < 04eV 326E+10+ 139 LIGE+10% 6 0.70 0.51 036
dpajs 894E-13 + 55 S.IA9E-13 % 6 0.70 0.83 0.58
Slot EM :
F > 1 MeV 397E+08 + 38  3.76E+08 £ 10 0.99 0.96 095
F > 0.1 MeV 756E+08 £ 38  738E+08 + 13 0.99 0.99 0.98
F < 04eV 326E+10 + 139 256E+10% 6 099 - 080 0.79
dpals 894E-13 + 55 794E-13 : 6 099 . 090. 0.9
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Table H.1 (continued)

Scale - Adj.

Calculated . Adjusted Adjs

Value* Std.% Value Sid. % Fact. Fact. Calc.
Slot EB i
F > 1 MeV 397E+08 + 38 S47E+08 + 10 153 0.90 138
F > 0.1 MeV 7.56E+08 + 38 1.09E+09 ;- 13 1.53 0.94 144
F < 04eV 3.26E+10 + 139 6.20E+10+ 6 1.53 125 191
dpajs 894E-13 + S5 139E-12 + 6 153 1.02 1.55
Slot FT
F>1MeV 397E+08 + 38 3.26E+08 + 10 0.82 1.00 0.82
F > 0.1 MeV 7.56E+08 + 38 637E+08 + 13 0.82 1.02 0.84
F < 04¢V 3.26E+10 + 139 1.22E+10 % 6 0.82 045 0.37
dpajs 894E-13 + 55 597E-13 + 6 0.82 0.81 0.67
Slot FM .
F > 1 MeV 397E+08 + 38 444E408 + 10 117 0.96 1.12
F > 0.1 MeV 7.56E+08 + 38 872E4+08 + 13 117 099 115
F < 04eV 326E+10 + 139 284E+10+ 6 117 0.75 0.87
dpass 894E-13 + 55 922E-13 + 6 117 0.88 1.03
Slot FB : A
F > 1MeV 397E4+08 + 38 6.50E+08 + 10 1.81 091 1.64
F > 0.1 MeV 7.56E+08 + 38 129E+09 + 13 1.81 0.94 1.7
F < 0.4eV 3.26E+10 + 139 J40E+10+ 6 1.81 126 227
dpais 894E-13 + 55 165E-12 + 6 181 1.02 1.85

* Units are neutrons . cm™. s for F>1 MeV, F>0.1 MeV, F<0.4 eV, and s for dpa rate (dpajs).

110




C )
Table H.2 Measured reaction rates, C/M, and A/M ratios, key 4, position 10 -
Reaction M* CcM AM
Slot D _
Al-27 (n,a) Na-24 [Bare] 1.102E-18 1.71 1.04
Ti-48 (n,p) Sc-48 [Bare] 4.474E-19 1.53 0.94
Ti-48 (n,p) Sc-48 -~ 4.161E-19 164 1.01
Cu-63 (n,a) Co-60 [Bare] 6.529E-19 157 0.98
Cu-63 (n,a) Co-60 6.119E-19 1.67 1.04
Ti-46 (n,p) Sc-46 [Barc] 9.345E-18 1.54 0.99
Ti-46 (n,p) Sc-C46 8.734E-18 1.65 1.05
Fe-54 (n,p) Mn-54 [Bare} " 4306E-17 1.57 1.05
Fe-54 (n,p) Mn-54 4.485E-17 1.50 1.01
Ti-47 (n,p) Sc-47 [Bare] 1.065E-17 133 0.91
Ti-47 (n,p) Sc-47 '1.046E-17 1.36 093
Fe-58 (n,g) Fe-59 [Bare] 1.143E-14 295 0.99
Sc-45 (n,g) Sc-46 [Bare] 2.400E-13 297 0.99
Sc-45 (n,g) Sc-46 .8.682E-15 237 1.05
SlotJ ' :
U-235 (n,f) 6.980E-13 0.56 0.96
Ni-58 (n,p) Co-58 [Bare] 8.540E-17 1.01 0.96
Ni-58 (n,p) Co-58 . 7.895E-17 1.09 1.03
{ Co-59 (n,g) Co-60 [Bare] 7.508E-13 131 1.04
; Co-59 (n,g) Co-60 5326E-14 0.63 115
Slot B
U-235 (n,f) Ba-140 5.232E-13 0.74 1.11
U-235 (n.f) Zr-95 5.651E-13 0.69 1.02
U-235 (n,f) Ru-103 5.475E-13° 0.71 1.06
[}
€ Slot A
i Ni-58 (n,p) Co-58 [Bare] 1.181E-16 0.73 1.01
Ni-58 (n,p) Co-58 '1.169E-16 0.74 1.02
Co-59 (n,g) Co-60 [Bare] 2.261E-12 0.44 1.03
Co-59 (n,g) Co-60 1.507E-13 022 ©1.00.
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Table H.2 (continued)

Reaction M* M AM
Slot ET

Ni-58 (n,p) Co-58 [Bare] 5.512E-17 1.57 1.01
Ni-58 (n,p) Co-58 5.574E-17 1.55 1.00
Co-59 (n,g) Co-60 [Bare] 3.133E-1i3 3.15 1.04
Co-59 (n,g) Co-60 2.489E-14 1.35 1.11
Slot EM

Ni-58 (n,p) Co-58 [Bare] 7.839E-17 1.10 0.96
Ni-58 (n,p) Co-58 7.191E-17 1.20 1.04
Co-59 (n,g) Co-60 [Bare] 7.171E-13 1.37 1.03
Co-59 (n,g) Co-60 4.878E-14 0.69 1.06
Slot EB :

Ni-58 (n,p) Co-58 [Bare] 1.105E-16 0.78 0.99
'Ni-58 (n,p) Co-58 1.054E-16 0.82 ' 1.03
Co-59 (n,g) Co-60 [Bare] 1.756E-12 0.56 1.02
Co-59 (n,g) Co-60 1.14SE-13 0.29 1.02
Slot FT

Ni-58 (n,p) Co-58 [Bare]} 6.628E-17 1.31 0.99
Ni-58 (n,p) Co-58 6.428E-17 1.34 1.02
Co-59 (n,g) Co-60 [Bare] 3.170E-13 - 3.1 1.07
Co-59 (n,g) Co-60 2.940E-14 1.15 1.13
Slot FM

Ni-58 (n,p) Co-58 [Bare] 9.240E-17 0.94 0.96
Ni-58 (n,p) Co-58 8.599E-17 1.01 1.03
Co-59 (n,g) Co-60 [Bare] 7.844E-13 1.26 1.03
Co-59 (n,g) Co-60 3.774E-14 0.58 1.07
Slot FB

Ni-58 (n,p) Co-58 [Bare] 1.343E-16 0.64 0.97
Ni-58 (n,p) Co-58 1.240E-16 0.70 1.04
Co-59 (n,g) Co-60 [Bare] 2.105E-12 0.47 1.02
Co-59 (n,g) Co-60 ' 1.332E-13 0.25 1.02

*Reactions per second per atom
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Table H3 Calculated and adjusted neutron group fluxes, key 4, position 10, slot J

Group Upper Neutron Group
. Energy Boundary* Fluence Rate
Group [eV] Calculated** Adjusted*®*
1 2.000E+07 - 1.018E+06 8.997E+05
2 12NEH7 4.031E+06 3.57SE+06
3 1.013E+07 1.239E+07 1.102E+07
4 8.072E+06 2601E+07 2316E+07
.S 6.434E+06 2.306E+07 2.105E+07
6 5.523E+06 2 TIE+07 2533E+07
7 4.742E+06 2.711E+07 2518E+07
8 4.071E4+06 220SE+07 2.164E+07
9 3495E+06 2.504E+07 2473E+07
10 3.000E+06 - 1.743E+07 1.904E+07
11 2.724E406 S9SSE+07 6.589E+07
12 2.038E+06 1.881E+07 2083E+07
13 1.850E+06 2.502E+07 2.763E+07
14 1.655E+06 2.406E+07 . 2656E+07
15 1.480E+06 3.121E+07 3438E+07
16 1.282E+06 $300E+07 5. 790E+07
17 1.000E+06 5.65TE+07 6.111E+07
18 7.653E+05 1.030E+08 1.106E+08
19 4.704E+05 1.067E+08 1.149E+08
20 229TE+05 9.266E+07 - 1097E+08
21 1.000E+05 1.652E+08 3.942E+08
2 1.202E+04 43817TE+07 1.145E+08
3 6.004E+03 5.000E+07 LI93E+08
% 3.000E+03 1579E+08 3.768E+08
25 3911E+02 $.820E+07 1.389E+08
26 1.978E+02 6.196E+07 1.478E+08
27 1.000E+02 9355E+07 2.232E+08
28 3817E+01 1.433E+408 3.419E408
29 1.000E+01 5.581E+07 1332E+08
30 6.178E+00 8758E+07 . 2.090E+08
31 3.000E+00 7.058E+07 1.684E+08
32 1.720E+00 \ 2.343E408 5.S91E+08
33 3.970E-01 4.785E+07 1.142E+08
34 3.300E-0t 9.270E+07 2212E+08
35 2.700E-01 2.704E+08 6.451E+08
36 2.150E-01 9.198E+08 2.195E+09
37 1.620E-01 3.733E4+09 4492E+09
38 1.040E-01 1.174E+10 847E+09
39 S5.000E-02 1437E+10 1034E+10
40 1.000E-02 1383E+09 9.958E+08

1. *98

-

SEncrgy in ¢V

**Group Duxes in ncutrons can?, ¢!

so*] ower energy boundary of 40th group
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APPENDIX I

SCHEMATIC OF DOS3 LOWER SPLIT HALF HOLDER
(PART 2-2 DWG. M-11511-OH-001-E-R1)
* SHOWING SLOT NOMENCLATURE AND DOSIMETER LOADING ASSIGNMENT
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