
INMM
Journal of Nuclear

Materials Management

Strategies for Certifying A Bumup
Credit Cask
W.H. Lake, J-R- Boshoven, LA. Hassler

Bumup Credit Issues in Spent Fuel Transport 1 O
T.L Sanders. K.D. Seager, R.I. Ewing _t O

Measurement Techniques for Verifying
Burnup
R.I. Ewing, S.R. Bierman

MEMO — A PC Program to Establish
Measurement Models for NRTA Evaluation
Procedures
U. Bicking, W. Golly, P. Seifert

Experience in Establishing Detailed
Measurement Models for Real NRTA Balance
Data
W. Golly, R. Seifert, J. Lausch, D. Schmidt

Automating Large-Scale LEMUF Calculations
R.R. Picard 43

Published by the Institute ol Nuclear Materials Management • Volume XX, Number 3 • May 1992



Technical Editor
William A. Higinbotham

Associate Editors
William A. Higinbotham, Chairman
E.R. Johnson, Waste Management

Francis Kovac, Transportation
Jonathan Sanborn,

Domestic Safeguards, MC&A
James D. Williams, Domestic Safeguards, PP

K. Gaertner, International Safeguards, C/S

Book Review Editor
Walter R. Kane

INMM Publications Committee
John F. Lemming, Oversight

Laura B. Thomas, Chair
Charles E. Pietri, Annual Meeting

E.R. Johnson
Dennis Mangan

1NMM Executive Committee
Darryl B. Smith, Chairman

Dennis Mangan, Vice Chairman
Vincent J. DeVito, Secretary

Robert U. Curl, Treasurer
John Lemming, Past Chairman

Members At Large
Patricia Baird

Elizabeth Ten Eyck
Joseph P. Indusi
Obie Amacker

Chapters
Tom Shea, Vienna

Mitsuho Hirata, Japan

Headquarters Staff
Barbara Scott, Executive Director

Laura Rainey, Administrator
Gregory L. Schultz, Managing Editor

Mary Dulabaum, Assistant Editor
James Rayball, Assistant Editor

Sharon Trager, Production Coordinator
Betty Fisher, Data Processing

Gloria Buzanis, CPA, Accounting
Vickie Zombolo, Advertising Director

International Advertising Sales Representative
Bill Kaprelian

619 West Main Street
St. Charles, Illinois 60174 U.S.A.

(708) 584-5333

JNMM is published four times a year by the Institute of
Nuclear Materials Management, Inc., a not-for-profit
membership organization with the purpose of advancing
and promoting efficient management and safeguards of
nuclear materials.

SUBSCRIPTION RATES: Annual (U.S., Canada and
Mexico) $100.00, annual (other countries) $135.00
(shipped via air mail printed matter); single copy regular
issues (U.S. and other countries) $25.00; single copy of
the proceedings of the annual meeting (U.S. and other
countries) $65.00. Mail subscription requests to JNMM,
60 Revere Drive, Suite 500, Northbrook, Illinois 60062
U.S.A. Make checks payable to INMM.

ADVERTISING, distribution and delivery inquiries
should be directed to JNMM, 60 Revere Drive, Suite 500,
Northbrook, Illinois 60062 U.S.A. or contact Vickie
Zombolo at (708) 480-9573, Fax (708) 480-9282. Allow
eight weeks for a change of address to be implemented.

Opinions expressed in this publication by the authors
are their own and do not necessarily reflect the opinions
of the editors, Institute of Nuclear Materials Manage-
ment, or the organizations with which the authors are
affiliated, nor should publication of author viewpoints or
identification of materials or products be construed as
endorsement by this publication or by the Institute.

ISSN 0893-6188

© Copyright 1992, Institute of Nuclear Materials
Management

CONTENTS
Volume XX, Number 3 • May 1992

PAPERS

Strategies for Certifying A Burnup Credit Cask
W.H. Lake, J.R. Boshoven, L.A. Hassler

Burnup Credit Issues in Spent Fuel Transport
T.L. Sanders, K.D. Seager, R.I. Ewing

Measurement Techniques for Verifying Burnup
R.I. Ewing, S.R. Bierman

MEMO — A PC Program to Establish
Measurement Models for NRTA Evaluation Procedures
U. Bicking, W. Golly, R. Seifert

Experience in Establishing Detailed
Measurement Models for Real NRTA Balance Data
W. Golly, R. Seifert, J. Lausch, D. Schmidt

Automating Large-Scale LEMUF Calculations
R.R. Picard

.13

.18

.26

.30

.34

.43

EDITORIALS
INMM Chairman's Message
Technical Editor's Note
JNMM Comment

.2

.4

.6

INMM NEWS
Standards
Chapters
Divisions
Committees

...8

...8

.10

.11

ANNOUNCEMENTS & NEWS
Equipment, Materials & Services
Advertiser Index
Calendar
Author Submission Guidelines

.47

.47

.48

.48

MAY 1992 JNMM -1



CHAIRMAN'S MESSAGE

INMM returns to Orlando in 1992

I'm sure that you know by now that
the INMM is returning to the Stouffer
Orlando Resort Hotel in Orlando, Fla.,
July 19-22 for the 1992 Annual
Meeting (our 33rd) — and it looks like
it may be our biggest ever. With the
outstanding help of our brand-new
technical divisions, the Technical
Program Committee has selected more
than 220 papers for presentation in 33
sessions.

The program is comprehensive and
diverse, reflecting all of the areas in
which the INMM has a demonstrated
interest: safeguards and security, of
course, including physical protection
and MC&A; international safeguards,
including containment/surveillance and
NBA measurement technology; waste
management; transportation and
packaging; the environment and ES&H;
arms control and verification; and
several sessions on nuclear non-
proliferation. In addition to the techni-
cal program, the many side meetings
that usually are scheduled around the
Annual Meeting already are being
arranged.

On the lighter side, Orlando is the
home of many family-type theme
attractions: Walt Disney World, Sea
World, Disney/MGM Studios, Univer-
sal Studios, Cypress Gardens, Wet 'n

Wild, the John F. Kennedy Space
Center and many others. There's also
downtown Orlando's Church Street
Station, a nostalgic, one-of-a-kind
entertainment complex, where you can
sample unique shopping along the
quaint walking mall; partake of an
elegant three-course dinner at Lili
Marlene's or enjoy simple fare at a
variety of places; and enjoy Dixieland
Jazz and old-time songs in Rosie
O'Grady's Good Time Emporium.

Because there are so many excellent
entertainment opportunities, we haven't
planned a Monday evening event;
however, we can help you make
arrangements to visit one of the many
spots available.

Most of the members I have talked
to recently are planning to be in
Orlando — I hope you are too. See you
there.

Darryl B. Smith
Los Alamos National Laboratory
Los Alamos, New Mexico, U.S.A.
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TECHNICAL EDITOR'S NOTE

Safeguards and spent fuel

This issue contains six technical
articles. Three were presented at the
ninth annual INMM Seminar on Spent
Fuel Management in January and three
were presented at the Workshop on
Near-Real-Time Accounting for
Reprocessing Plants which was held at
Los Alamos National Laboratory, Los
Alamos, N.M., last fall. All of the
papers were selected for publication
because they should be of interest to
others than just those concerned
specifically with the management of
spent fuel or safeguards for reprocess-
ing plants.

Spent fuel must be stored and
reprocessed or permanently disposed.
National and international safeguards
should be effectively applied to the
material until it becomes consumed or
diluted in such a way as to have no
further safeguards significance. The
radioactive spent fuel should be
protected and the storage, transporta-
tion, processing and ultimate use or
disposal activities should be performed
safely and with minimum exposure of
personnel. The three spent fuel articles
discuss the subject of "burnup credit"
with regard to transportation of the
spent fuel. The design and loading of
spent fuel shipping casks must ensure
that no conceivable accident might
result in a criticality which might
disperse the radioactivity.

In most countries, the spent fuel
which might be shipped has been
removed from the reactor for five to ten
years, so that the radioactivity has
decayed significantly. Also, most of this
fuel was irradiated for several years so
that the reactivity is significantly less
than was that of the fresh fuel before
irradiation. In the United States and
elsewhere, those designing spent fuel
shipment casks would like to take
advantage of the fact that the fuel to be
shipped is less radioactive than when it
was just discharged from a reactor and

of the fact that the reactivity of the
spent fuel is considerably less than that
of fresh fuel. The three articles discuss
the program which the U.S. Department
of Energy is supporting to design
shipping casks which take advantage of
the reduced reactivity and radiation and
to ensure that the design and the
procedures to be used will be entirely
safe.

One possibility, discussed here, is to
make non-destructive measurements of
the spent fuel assemblies before they
are placed into a shipping cask so as to
ensure that no errors in calculations or
procedures could possibly permit a
serious accident. It should be of interest
to the readers of this Journal that the
instrument is one that has been devel-
oped and used by the IAEA to verify
that spent fuel assemblies have not been
tampered with. This also suggests that
there may be safety as well as safe-
guards reasons to make spent fuel
measurements.

It should be noted that these articles
refer to pressurized water reactor
(PWR) spent fuel assemblies, and not to
boiling water reactor (BWR) assem-
blies. The reason is that fresh PWR
assemblies contain no poisons and have
higher reactivity than the spent fuel
assemblies after irradiation; while fresh
BWR assemblies contain neutron
poisons and the reactivity is but little
changed with burnup.

The three papers from the near-real-
time, reprocessing meeting should be of
interest to anyone who is involved in
accounting for nuclear materials.
Whether or not near-real-time account-
ing is involved, it is necessary at any
nuclear material processing facility to
collect the accounting data for each
material balance area and to calculate
the material balances repeatedly at
certain intervals. Modelling the
measurement systems and automating
the material balance calculations should

be useful for any such activities. The
authors of these papers have docu-
mented their programs and offer to
make them available to other potential
users. Such international cooperation is
what makes safeguards R&D so
valuable.

I would be happy to hear from any
of you who have suggestions for topics
which should be discussed in the future.
Suggestions for authors would be even
more appreciated.

Dr. William A. Higinbotham
Brookhaven National Laboratory
Upton, New York, U.S.A.
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JNMM COMMENT

Progress in Spent Fuel Storage and Disposal

This issue of the JNMM includes
several papers that were presented at the
9th INMM Spent Fuel Management
Seminar that was held Jan. 15-17,1992,
in Washington, D.C.

It is becoming evident that this
growing series of annual meetings is
systematically documenting both the
technology developments and the
parallel evolution of the political
process toward the ultimate common
goal of waste disposal. The increments
of political progress between annual
meetings are also beginning to quantify
the long-time constant of the political
process.

This year, more than prior years,
served to highlight that overall progress
in nuclear waste disposal must be
measured at least as much in political
terms as in technical terms. This
meeting was notable in that there was,
for the first time in many years, direct
evidence of tangible political progress.
As a result, there was a definite tone of
optimism that the new experimental
political process crafted by Congress in
1987 might just be working — specifi-
cally the basic concept of the indepen-
dent, presidentially-appointed Nuclear
Waste Negotiator.

Much credit is due to the first
Negotiator, David Leroy, because of his
discerning implementation of that new
office, including his clear articulation of
what the voluntary siting process is, and
the related activities that must, and must
not, be pursued. One key to success
using voluntary siting is to achieve
mutual agreement on the conditions by
which each of the effected parties will
have a beneficial stake in the success of
the project. Leroy, who was the
luncheon speaker both last year and this
year, informed the seminar attendees
that his talk last year had been the first
public speech he had made as the Waste
Negotiator. He naturally took this fact
as his starting point to reiterate, now

with additional conviction, the basic
principles under which he was, and is
proceeding. By way of balance, he also
noted an important adjunct of the
voluntary siting process, that is worth
repeating, verbatim: "I have steadfastly
refused to make guarantees or commit
to artificial time lines, not because of a
lack of confidence or an expectation of
a lengthy pursuit, but rather, in this
process, artificial time lines and bold
guarantees are inconsistent with the
notion of a voluntary host-driven
solution.

It is counter-productive and even
somewhat arrogant to suggest that as
this nation reaches out to seek the
consultation and help of its states and
Indian tribes, the national government
or industry should predetermine a
schedule." This reminds us that
although DOE can, and must, have
schedules and milestones for its own
work, some of the major milestones
upon which overall progress depends,
are beyond DOE's reasonable control.

The real evidence of actual progress,
however, was the presence and
presentation of Fred Peso of the
Mescalero Apache Tribe. In response to
the Negotiator's initiative, the
Mescaleros were the recipient of the
first Phase 1 MRS Feasibility Study
Grant. The dignity and direct, simple
eloquence of Peso, and his conveyance
of the profound importance of protect-
ing the land and its people, provided the
audience with both a factual and an
emotional level of understanding. This
is the reason for the Mescalero's strong
preference for handling only clean,
sealed containers, and no individual fuel
assemblies at the MRS. To the extent
that this is important to all candidate
sites, a considerable change may be
required in the MRS, as currently
conceived, with additional potential
impacts on the utilities.

In parallel with the progress and

optimism on the political side, there
was progress and optimism on the
technical side. Dr. John Bartlett,
director of OCRWM, recalling last
year's appeal from Steven Kraft of EEU
UWASTE, to "Get on Yucca Moun-
tain," began his talk by noting that "We
are on Yucca Mountain." Bartlett
reviewed the final dismissal of each of
the three State of Nevada procedural
lawsuits against DOE, the Supreme
Court's denial of a hearing of Nevada's
appeal of its unsuccessful challenge of
the Nuclear Waste Policy Act, and the
district court order, on May 13,1991,
that Nevada act on the three DOE
permit applications necessary to
proceed with Yucca Mountain site
characterization. Nevada granted the air
quality and underground injection
control permits in mid-1991, and the
water allocation permit, not granted as
of the date of the seminar, was granted
shortly thereafter. Bartlett also noted
NRC's official approval of DOE's
program-wide QA program. As a result
of all of these events, the DOE charac-
terization of the Yucca Mountain site is
now well underway.

The talk given by Mary Louise
Wagner of the Senate Energy Commit-
tee was particularly significant in the
light of what she had noted in the
Seminar two years ago. At that time she
had given an excellent and provocative
assessment of the OCRWM program,
and among other things, had noted that
"Coping with the political problem in
Nevada — and the day-after-day
rhetoric of Nevada politicians — will
mean that DOE will have to get tough.
Hard ball will be the name of the game
if the Department is going to succeed
with the program." This year she noted
that Congress now recognizes both the
importance of the project, and that DOE
can mount an effective program. She
observed that Bartlett has increased the
technical credibility of DOE. She also
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JNMM COMMENT

applauds the industry's independent
campaign in Nevada, to counter, in a
responsible and factual way, the
misinformation being put out by the
opposition. All of these observations
contribute to the evidence that the DOE
program is now effectively led and has
the support of both Congress and the
industry.

With respect to spent fuel storage
technology, the technology of dry
storage continues its innovation and
expansion. Seminar participants
received updates on metal and concrete
casks, vault storage, transportable
storage casks and fuel consolidation.
The new 40-PWR metal cask being
licensed for Prairie Island is in licensing
review which is expected to be com-
pleted well before the first of these
casks have to be loaded in mid-1933.
The Topical Report for the vertical
concrete Ventilated Storage Cask for
Palisades has been accepted by NRC,
and a special exemption for the
construction and loading of eight casks
in mid-1992 has been given. This cask
will also be used for storage at Point
Beach. Two other concrete casks, the
CONST AR and GNSI-HDC, were
described, and an update was provided
on the continuing successful use of the
horizontal concrete storage system,
NUHOMS®, at the Oconee station, and
its upcoming use at Calvert Cliffs. With
respect to storage vault technology, the
successful construction, completion and
initial loading of Fort St. Vrain Modular
Vault Dry Storage system for HTGR
fuel was summarized.

Two other vault systems, the
FUELSTOR and MACSTOR vaults,
were described. The progress and
complications of licensing the Storage-
Transport Cask in parallel under Parts
71 and 72 were summarized. Partici-
pants were also shown impressive
videos of the analysis and drop-testing
of ductile cast iron casks in Japan.

Progress continues to be made with
consolidation technology but is being
hampered by the recent lack of opportu-
nities for large-scale hot demonstrations
of the most recent developments. In
addition, there were several sessions on
the MRS and its candidate technologies,
including two papers dealing with dry
casks transfer.

A special session of several presen-
tations on the licensing of transport
casks for burnup credit was held.
Several interesting papers on a variety
of special interest topics, including two
papers on the process of accepting
waste into the DOE system were
presented. By way of overview, spent
fuel storage technology continues to
develop such that there are now,
typically, several viable design alterna-
tives available to match the individual
circumstances at most sites. This
provides the best evidence that, with
proper planning, no utility is likely to
encounter limitations on reactor
operations arising from the lack of a
suitable and viable spent fuel storage
technology.

N. Barrie McLeod
E.R. Johnson Associates Inc.
Fairfax, Virginia, U.S.A.
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INMM NEWS

Standards: ANSI N14 Committee

The annual N14 meeting was held
Nov. 20,1991, at the U.S. Department
of Transportation in Washington, D.C.
Minutes of the meeting were mailed to
individuals on the N14 roster.

The Ad Hoc Committee chaired by
J.E. Stiegler, Sandia National Laborato-
ries, relating to the N14 Scope Change
has completed its assignment and has
been disbanded. In its place a new
committee is being established to
review scopes of proposed hazardous
materials for their merit, urgency and
potential impact. The committee will be
chaired by Robert E. Luna, and its
members will be James R. Clark,
Daniel Fisher, William H. Rucker and
Michael E. Wangler. The committee
will be effective the date the N14 Scope
Change is approved.

Highlights of N14 standards
development are:

• ANSI N14.2 — Tiedownsfor
Transport of Fissile and Radioactive
Container Greater Than One-Ton
Truck Transport (in process). The first
draft has been completed. The need for
examples and additional test informa-
tion is currently being addressed. The
examples include a flexible tiedown
system similar to those of the NuPac
7D-3.0, an ISO corner tiedown, and a
cradle and blocking-type tiedown. A
firm date for a meeting of the writing
group has not been set.

• ANSI N 14.6 — Special Lifting
Devices for Shipping Containers
Weighing 10,000 Pounds (4500kg) or
More for Nuclear Material. This
standard is in the process of being
revised or reaffirmed. George Townes,
BE Inc., and chair of N 14.6, is obtain-
ing N14.6 Writing Group consensus.

• ANSIN14.7 — Guide to the
Design and Use of Shipping Packages
for Type A Quantities of Radioactive
Materials (in process). Richard Rawl
has agreed to take over this project. A
high priority was suggested for this

standard at the Annual Meeting.
• ANSIN14.10 — Guide for

Liability and Property Insurance
Aspects in Shipping Nuclear Material.
Robert E. Luna has suggested the
following title and scope to replace the
existing title scope for N14.10:

Title: Guide for Risk Manage-
ment in Shipping Nuclear (Radioac-
tive?) Materials

Objective: This guide will
discuss methods for assessing radiologi-
cal and financial risks from the trans-
port of nuclear (radioactive?) materials,
risk management techniques, available
coverages in the private sector, required
coverage under state and federal law,
nuclear liability exclusions and Price-
Anderson coverage.

This title scope change is currently
being considered by the N14 Manage-
ment Committee.

• ANSI N14.19 — Ancillary
Features of Irradiated Shipping Casks.
This standard will be revised or
reaffirmed by the end of 1992. A ballot
was sent to N14 members on Dec. 20,
1991, with a closing date of March 2,
1992.

• ANSI N14.23 — Design Basics
for Resistance to Shock and Vibration
of Radioactive Material Packages
Greater than One-Ton in Truck
Transport. Work on this draft is
continuing within the Writing Group. A
technical report which will be the basis
for the draft standard has been com-
pleted.

• ANSI N14.24 — Barge Trans-
port of Radioactive Materials. A new
chair of the Writing Group is still being
sought. This standard will be revised or
reaffirmed by the end of 1992. A ballot
was sent to N14 members on Dec. 20,
1991, with a closing date of March 2,
1992.

• ANSI N14.26 — Guidance on
Quality Control Activities as They
Relate to the Inspection, Preventive

Maintenance and Post-Incident Testing
of Packages Used for the Shipment of
Radioactive Material. Work is continu-
ing on preparation of a draft document.

• ANSI N14.27 — Carrier and
Shipper Responsibilities and Emer-
gency Response Procedures for
Highway Transportation Accidents
Involving Truckload Quantities of
Radioactive Material. This standard
will be revised or reaffirmed by the end
of 1992. A ballot was sent to N14
members on Dec. 20,1991, with a
closing date of March 2,1992.

• ANSIN14.30 — Design,
Fabrication and Maintenance of Semi-
Trailers Employed in the Highway
Transport of Weight-Concentrated
Radioactive Loads. This draft is in the
process of being submitted to ANSI for
approval.

John W. Arendt, Chairman
Oak Ridge Associated Universities
Oak Ridge, Tennessee, U.S.A.

Chapters: Pacific
Northwest

Due to the extended off-site assign-
ment of the Chapter Chairman, the
election for 1991-92 officers was
significantly delayed. The Chapter
ultimately determined that the 1990-91
officers would continue to function
until the end of the current fiscal year.
At that time, elections will be held for
the regular 1992-93 year.

The following officers were held
over for 1991-92:
Chairman Brian W. Smith
Vice-Chairman Debbie A. Dickman
Secretary- Rich A. Hamilton

Treasurer
Executive Board Ken R. Byers

Jim Edgar

continued on page 11
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1NMM NEWS

Divisions: International Safeguards & Non-proliferation

On Nov. 22,1991, the Institute of
Nuclear Materials Management's
(INMM) Division of International
Safeguards and Non-proliferation
(IS&NP) met at the IAEA headquarters,
Vienna, Austria. The participants in the
meeting included: Cecil Sonnier,
Sandia National Laboratories, U.S.A.,
Chairman; Paul Ek, SKI, Sweden, Vice
Chairman; Bjorn Dufva, ASO, Austra-
lia; Harold Stacker, AECB, Canada;
Paul Gourlez, CEA, France; Andre
Petit, Consultant, France; Bernd
Richter, KFA Juelich, Germany;
Yasuhiro Yokota, NMCC, Japan; Anita
Nilsson, SKI, Sweden; Jon Jennekens,
IAEA, Vienna, Austria; Raymond
Parsick, IAEA, Vienna, Austria; Abdul
Fattah, IAEA, Vienna, Austria; Dirk
Schriefer, IAEA, Vienna, Austria;
Robert Thiele, IAEA, Vienna, Austria;
Norbert Jousten, Counsellor, CEC,
Vienna Office.

Sonnier opened the meeting with a
description of the changes in the INMM
structure that were made at the Novem-
ber 1991 INMM Executive Committee
Meeting. Basically, the MMM was
restructured into six Divisions:

• Physical Protection
• Material Control & Accounting
• Waste Management
• Transportation Division
• International Safeguards & Non-

proliferation (IS&NP)
• Arms Control Verification
The IS&NP Division replaces the

original International Safeguards
Subcommittee (ISSC) which was a part
of the INMM Safeguards Committee.
The meeting participants expressed
pleasure with the new status of the
IS&NP Division. The Charter of the
IS&NP Division will be the same as
that developed by the ISSC, with the
addition of "Non-proliferation" where
appropriate in the Charter. The officials
of the IS&NP Division remained the
same. Sonnier stated that at the next

meeting, a secretary would be elected.
The 1992 ESTMM Annual Meeting

will be held in Orlando, Fla., USA, July
19-22. The next meeting of the IS&NP
Division will be on Sunday, July 19,
1300-1700 hours. Sonnier stated that, in
the future, the IS&NP Division meeting
may be expanded to a full day, if the
members agree. This subject will be
discussed further in the July 19
meeting.

One of the principal objectives of the
Nov. 22, 1991 meeting was to consider
the structure of the six (potentially
eight, given acceptance of concurrent
sessions) International Safeguards
Sessions of the Annual Meeting. This
subject was discussed, and it was
proposed that a one-half hour panel be
held to discuss the papers in the first
two sessions covering general Interna-
tional Safeguards and Non-proliferation
topics. As a result, the Division
proposed the following program in its
areas of responsibility:

INTERNATIONAL SAFEGUARDS I
Monday AM - Four to five papers on
International Safeguards and Non-
proliferation topics and issues

INTERNATIONAL SAFEGUARDS II
Monday PM - Five papers on Interna-
tional Safeguards and Non-proliferation
topics and issues, followed by a Panel
Discussion on the previous papers and/
or other topics and issues

INTERNATIONAL
SAFEGUARDS III
Tuesday AM - Eight to nine papers on
Containment and Surveillance (C/S)
Technology

INTERNATIONAL
SAFEGUARDS IV
Tuesday PM - Four to five papers on
C/S Technology

INTERNATIONAL SAFEGUARDS V
Wednesday AM - Eight or nine papers
on Measurement Technology

INTERNATIONAL
SAFEGUARDS VI
Wednesday PM - Eight or nine papers
on Integrated Safeguards Systems

Sonnier added that, as has been the
practice for the past seven years, the
Informal C/S Meeting will be held on
July 23,1992,1300-1700 hours,
followed by a social 1800-1900 hours.

There was considerable discussion
on the new name of the Division
regarding the combination of Interna-
tional Safeguards and Non-proliferation
in the same title. It was generally
recognized that Non-proliferation is a
much broader subject than International
Safeguards, and that International
Safeguards is only a part of Non-
proliferation.

The IAEA expressed interest in
participating in the IS&NP, and stated
that all practical efforts would be made
to prepare papers of interest, and
provide attendance at the 1992 Annual
Meeting.

A number of other participants
indicated that they and their colleagues
would be very interested in the IS&NP
Division activities, and certainly would
give serious thought to preparing
papers for the Annual Meeting. Sonnier
requested that he or Paul Ek be
contacted by Jan. 17,1992, regarding
the titles, abstracts and authors for
proposed papers for the IS&NP
sessions.

Cecil S. Sonnier
Chairman
INMM International Safeguards
and Non-proliferation Division
Sandia National Laboratories
Albuquerque, New Mexico, U.S.A.
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INMM NEWS

Divisions: Waste
Management

The Division successfully organized
and held the INMM Spent Fuel
Management Seminar VEX at Loew's
L'Enfant Plaza Hotel in Washington
D.C. on Jan. 15-17,1992. There were
approximately 170 persons in atten-
dance, our largest turnout to date.
Included among the participants were
persons from five countries (United
States, Spain, Germany, Japan and
France), representatives of nine utilities
and utility organizations and three
members of the press. Wall Street
Journal Television covered the initial
session of the seminar which heard
from DOE and contractor management,
EEI, the staff of the Senate Committee
on Energy and Natural Resources, and
the Mescalero Apache tribe. David
LeRoy, the U.S. Nuclear Waste
Negotiator, was the luncheon speaker.
A total of 31 papers were presented.

The Division is continuing to
provide INMM co-sponsor representa-
tion on the Steering Committee for the
1992 International High-Level Radioac-
tive Waste Management Conference, to
be held in Las Vegas, Nev., in April
1992.

The Division is currently organizing
the Waste Management Sessions and
confirming speakers for the 1992
INMM Annual Meeting to be held in
Orlando, Fla., July 19-22, 1992.

The Division is developing a
proposal to produce a monograph on
spent fuel storage technology. This will
be presented to the Executive Commit-
tee prior to the Annual INMM Meeting
in Orlando.

E.R. Johnson
Chairman
INMM Waste Management Division
E.R. Johnson Associates
Fairfax, Virginia, U.S.A.

Committees: Constitution and Bylaws

After long and arduous discussions,
the need to provide the technical
working groups with a more permanent
title, representation and visibility has
been provided by elevating them to
Technical Division status. These groups
have been a major source of our success
and accomplishment.

The resolution in the minutes of the
last Executive Committee meeting is, of
course, quite proper as far as it goes,
elevating the present groups to Divi-
sions and generally outlining the intent
of the Executive Committee. This is a
major change in our structure. We are
formally elevating TWGs to Division
status, creating groups with authority to
create their own boards and to operate
as a separate — albeit a subsidiary —
unit within the INMM. Because it is
such a change and will affect many
members of the Institute, I believe an
Amendment to the INMM Bylaws is
indicated.

We are creating a new level above
our committees, and those committees
are covered in detail in the Bylaws. In
addition, there is no provision in the
resolution for the term of the Chairman,
or for changes in the general structure
and future number of the Divisions. I
would also like to suggest that the status
of these new divisions will be such that
then" Chairmen should report directly to
the Executive Committee and not
through an Executive Committee
member oversight.

Therefore, I propose that the Bylaws
be amended to include the following
new Articles:

1. The Executive Committee may, at
its discretion, create and establish
Technical Divisions composed of
technical working groups dedicated to
specific major disciplines and activities
of the Institute as defined by the
Executive Committee.

2. Each Division may structure its
own membership and, at its own
discretion, create a board of directors
for its administration. Actions and
activities of any division requiring
Institute approval shall be presented to
the Executive Committee by the
Division Chairman for consideration
and action.

Roy Cardwell
Chairman
INMM Constitution and Bylaws
Committee
Lenoir City, Tennessee, U.S.A.

Pacific Northwest continued

John H. Ellis
Past Chairman Don E. Six

The Chapter will continue to be
represented on the Tri-City Technical
Council by Curtis A. Colvin.

The spring meeting will be held on
April 9, 1992, at the West Richland
Golf Course. George Westsik,
Westinghouse Hanford Company, will
give a presentation on the status of the
Westinghouse Plutonium Finishing
Plant activities relative to Order
compliance and facility startup.

Other future meetings will include
presentations by Battelle, Pacific
Northwest Laboratory staff on the
development of the Internal Review and
Assessment Program at the Savannah
River Site, and the training matrix and
career progression activities at the
Central Training Academy.

Debbie A. Dickman
Vice Chairman
INMM Pacific Northwest Chapter
Pacific Northwest Laboratory
Richland, Washington, U.S.A.
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Committees: Long Range Planning

Charter
Responsible for maintaining a

framework for developing future actions
of the INMM consistent with the
Institute's goal to encourage efficient
management and safeguards of nuclear
materials.

Activities
Provide long-range planning advice

and guidance to the officers and the
Executive Committee. Report at each
Executive Committee meeting.

Review of old long range planning
files shows interest in increasing
membership, broadening the scope of
membership to include all aspects of
nuclear materials management, conduct-
ing workshops, training programs,
publishing monographs and maintaining
an adequate financial position. Current
objectives stated in the last report (May
1990) are to raise the level of awareness
and recognition of all areas currently
embodied in the INMM; to help promote
a stable financial position for the INMM
to assure its continued viability; and to
establish additional fields of commit-
ment that are of interest and within the
expertise of the membership such as
environmental restoration, nuclear safety
and arms control verification.

Issues
World changes leading to in-

creased interest in and importance of
non-proliferation of nuclear weapons.

INMM is a strong player in interna-
tional safeguards. How can we build on
this role and provide a forum and
meeting ground for the wider non-
proliferation community?

Involve the export control communi-
ty. Is there a forum to discuss export
control policies and technologies today?

Ask the same questions regarding the
intelligence community. Is it possible to
discuss the role of Intel in international
safeguards and non-proliferation in an
open forum?

Invite papers from the remote
monitoring technology development
community.

Generally, try to broaden the
international safeguards aspects of the
annual meeting, the publications in the
JNMM, and the workshops to include
non-proliferation topics.

Action: International Safeguards and
Arms Control Divisions and the tech-
nical program committee.

Massive changes in the nuclear
weapons production and deployment
postures of the United States and the
former Soviet Union.

U.S. domestic safeguards will be
impacted by the down-sizing and
streamlining of the weapons complex.
INMM can play its traditional role in
providing a forum for the exchange of
information among the U.S. players.

What can the INMM do to foster
domestic safeguards with the new
Confederation of Independent States
(CIS)? Can we promote members from
the CIS republics in addition to the
members who come via the IAEA? Are
there contacts from the government
(OACN) or outside (NRDC) who could
help foster these intentions?

Action: Members remain in contact
with DOE/OACN, NRC, and each other
to monitor activities involving the
former Soviet Union (FSU). Request
DOE funding for FSU attendees to the
annual meeting.

Arms control will continue to be
important. The arms control impor-
tance of world-wide control of fissile
materials may grow. The boundaries
between arms control and non-
proliferation may become blurred as
the Commonwealth of Independent
States republics evolve.

INMM should continue to be
involved in arms control issues. We
must ensure coordination with the non-
proliferation community. Actions
similar to those above concerning
OACN are needed.

Nuclear environmental, safety,
health protection, monitoring and
cleanup will grow in world-wide

importance. This may be especially
true in the former East Block and the
former Soviet Union.

INMM should continue to play a role
in this area, but keep the focus on
nuclear materials.

How do we solidify a role for INMM
in ES&H? How do we make it interna-
tional? Do we need an ad hoc working
group?

Transportation and Waste
Management: Are there issues here
involving the domestic and interna-
tional communities in which the
INMM can play a role?

Re-affirm the mission of the INMM.
To promote communications, profes-
sional development and the exchange of
technologies among the world-wide
community responsible for the manage-
ment of nuclear materials, including
non-proliferation, safeguards, security
and protecting the environment and
public health. Advance nuclear
materials management in all its aspects;
promote related research; establish
standards consistent with professional
norms; improve qualifications through
high standards, education and recogni-
tion of those who meet such standards;
and disseminate information through
meetings, professional contacts and
publications.

INMM Management Issues
Membership; Journal subsidy; Size

and length of the annual meeting;
Selectivity of the technical program
committee; Management support
services contract; Leadership pool (will
organizations outside the national labs
provide the support for their personnel to
be active leaders in the INMM?); and
Workshops.

Jim Tape
Chairman
INMM Long Range Planning
Committee
Los Alamos National Laboratory
Los Alamos, New Mexico, U.S.A.
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Strategies For Certifying
A Burnup Credit Cask

William H. Lake
U.S. Department of Energy
Washington, D.C., U.S.A.

Jack R. Boshoven
General Atomics

San Diego, California, U.S.A.

Lawrence A. Hassler
Babcock & Wilcox

Lynchburg, Virginia, U.S.A.

ABSTRACT
A new generation of high capacity spent fuel transport casks
is being developed by the U.S. Department of Energy (DOE)
as part of the Federal Waste Management System (FWMS).
Burnup credit, which recognizes the reduced reactivity of
spent fuel is being used for these casks. Both cask designs
being developedfor DOE by Babcock & Wilcox and General
Atomics me burnup credit. The cask designs must be certified
by the Nuclear Regulatory commission (NRC) if they are to be
used in the FWMS. Certification of these casks by the NRC
would not require any change in transport regulations, and
would be consistent with past practices. To support certifica-
tion, DOE has identified the technical issues related to burnup
credit, and embarked on a development program to resolve
them. Following a background discussion ofcriticality safety
for spent fuel transport, an approach to design and use of a
burnup credit cask is presented. It is concluded that an
adequate technical basis is being developedfor spent fuel
casks to demonstrate compliance with the NRC criticality
safety requirements.

INTRODUCTION
The Department of Energy's (DOE's) Office of Civilian
Radioactive Waste Management (OCRWM) is in the process
of developing a new generation of high capacity casks to
transport spent fuel from commercial nuclear reactor facilities
to federal waste facilities. The DOE's role in the Federal
Waste Management System (FWMS) is defined in the 1982
Nuclear Waste Policy Act (NWPA) and its 1987 amendment
(NWPAA). The NWPAA requires DOE to use spent fuel and
high level radioactive waste casks certified by the Nuclear
Regulatory Commission (NRC). Because of the high shipping
rates anticipated, and since cooling times of spent fuel to be
shipped significantly exceeds the design cooling times of
existing casks, a decision was made to develop new higher
capacity casks. The potential benefit of higher cask capacities,

is fewer shipments. Fewer shipments result in health and
safety benefits as well as cost benefits. In evaluating the needs
of the cask development program a number of technical issues
were identified that would further support improved cask
capacities. Burnup credit is one of these technical issues.1

Burnup credit is the practice of accounting for the reduced
reactivity of spent fuel in evaluating criticality safety. The
NRC transportation regulations2 (10 CFR 71) require
subcriticality of transport systems. The regulations do not
elaborate on how subcriticality should be assured, nor do they
prohibit the use of burnup credit for criticality safety. The
NRC has, in the past, approved one cask which uses burnup
credit. It is the Model NLI-65023 (NRC certificate of compli-
ance No. 9103) which is used to ship highly enriched research
reactor fuel. However, in the case of commercial light water
reactor (LWR) spent fuel, the NRC has established a long
standing precedent of assuming that fuel is unburned or fresh
(i.e., the fresh fuel assumption) for the purpose of evaluating
criticality safety.

Since burnup credit has not been considered in the past for
criticality safety analysis of spent LWR fuel, it has been
necessary to develop additional technical data to supplement
the data used for the fresh fuel assumption. Other areas of
interest being pursued are verification of analytic methods and
verification of procedures to assure proper loading for casks
using burnup credit.

THE DOE/OCRWM BURNUP CREDIT
PROGRAM
The OCRWM burnup credit activities are performed coopera-
tively by two separate groups. The base technology for burnup
credit is being developed by the Burnup Credit Task Group
(BCTG), lead by Sandia National Laboratories (SNL). The
implementation of burnup credit for use in spent fuel cask
design is the responsibility of the second group, consisting of
the OCRWM cask contractors.
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The BCTG activities include identifying and resolving
generic technical issues associated with the design of burnup
credit casks. The issues which have been identified by SNL
and others within the OCRWM transportation program,1 have
also been identified more recently by an independent group of
experts.4

Both of the OCRWM Initiative 1 cask contractors are
planning to use burnup credit for criticality safety. Both of the
contractors, General Atomics (GA) and Babcock & Wilcox
(B&W), are using burnup credit for their pressurized water
reactor (PWR) spent fuel cask designs. Neither contractor is
currently using burnup credit for their boiling water reactor
(BWR) spent fuel cask designs. Both contractors have met
with the NRC on several occasions to discuss their approaches
to using burnup credit. The BCTG has met with the NRC
separately, and has supported the cask contractors in their
efforts to gain NRC approval for the use of burnup credit.

CRITICALITY
AND CRITICALITY SAFETY
Criticality is the achievement of a self-sustaining nuclear
chain reaction. The chain reaction proceeds as atoms of a
fissile material absorb thermal neutrons, fission into new
lighter atoms (i.e., fission products), and emit additional
neutrons which interact with more fissile atoms. When the
process continues on its own, the system of atoms of fissile
material is said to be critical. The measure of criticality is the
multiplication factor, k. The multiplication factor is the ratio
of the rates of neutron production to neutron loss. When k <
1, we say the system is subcritical. Criticality is achieved when
k = 1, and a system is said to be supercritical if k > 1. In theory
we may consider an unbounded system of fissile material (i.e.,
infinite system), in which case k.nf is used as the measure of
criticality. In practice we are interested in real systems which
have finite size, in which case keff is used as the measure of
criticality.

Nuclear reactors are designed to achieve criticality. The
results of areactor' s operation include the conversion of fissile
material to its lighter elements called fission products and heat
which is used to generate electric power. About once a year,
1/3 of the fuel in a reactor is replaced. The spent fuel is
removed because its reactivity is too low to effectively con-
tribute to power generation in the reactor environment.

Spent fuel casks are designed to be subcritical. This is
accomplished by using one or more of the following ap-
proaches: (1) limit the quantity of fissile material in the system,
(2) remove thermal neutrons by using neutron absorbers
(poisons), (3) control the population of thermal neutrons by
moderator and/or reflector materials, and (4) control the
spacing of the fissile elements of the system to reduce reactiv-
ity. Although the spent fuel is no longer very effective for
power generation it is still somewhat reactive. Furthermore,
under the assumed worst case flooded conditions of 10 CFR
71, and under transport conditions which are cooler and lack
the boron control of PWR water, the spent fuel would be

somewhat more reactive.
To obtain an NRC certificate of compliance the cask

designer must demonstrate subcriticality of the spent fuel cask
under the requirements of 10 CFR 71. Criticality safety must
be demonstrated for a single package assumed to contain
water, and be surrounded by water (this provides moderation
and reflection of neutrons). Criticality safety must also be
demonstrated for arrays of casks in their most reactive cred-
ible condition following both normal and hypothetical acci-
dent damage conditions oflOCFR71. For dry spent fuel casks
which are water tight under normal and hypothetical accident
conditions, the single package which assumes a water flooded
cask is most reactive. Furthermore, since water is necessary
for criticality in a LWR system only the single package case
can achieve criticality for such a dry cask system. The analytic
conditions described above represents a worst case approach
to assuring criticality safety. In addition, it has become a
customary practice to design transport casks to a5% criticality
safety margin. That is, the cask under its most reactive
circumstance must be shown to have a keff < 0.95. For
OCRWM casks which will be used to transport spent fuel to
a repository that will be licensed by NRC under 10 CFR 60 a
cask keff < 0.95 is required by those regulations.5

CASK DESIGN
FOR CRITICALITY SAFETY
Casks are designed and used to specific limits of fissile content
and internal configuration. For multi-assembly PWR casks,
fuel baskets are used to limit neutron interaction between
assemblies by controlling geometry and by the use of external
(i.e., outside the fuel) poisons. Baskets may also use flux traps
to control neutron interaction between adjacent fuel assem-
blies. A flux trap is basically a gap built into a basket which is
activated for a water flooded cask by forming a sandwich of
water surrounded by neutron poisons to separate adj acent fuel
assemblies. The flux trap configuration traps neutrons travel-
ling between fuel assemblies.

Under the fresh fuel assumption for criticality safety
analysis, the fissile content of the fuel is assumed to be the
same as the unused levels, and fission products that may act as
internal poisons are ignored. For casks designed using burnup
credit for criticality safety, the reduced fissile content of the
fuel is considered along with the internal poisons present in the
burned fuel.

A substantial amount of data and experience exists for
criticality safety in transportation under the fresh fuel assump-
tion. This information is directly applicable to criticality
safety design for burnup credit casks. However, the use of
burnup credit introduces several new variables and issues that
require additional information and resolution. These include:
(1) fuel characteristics and criticality analysis methods, (2)
effects of fuel in-core burnup history on average and local
characteristics (e.g., the so-called end effects), (3) assurance
of loading burnup casks with fuel having sufficient minimum
burnup characteristics, and (4) uncertainties associated with
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the new variables.
The predictability of spent fuel characteristics and critical-

ity by analysis is being addressed by the BCTG headed by
SNL. This activity is referred to as benchmarking.6 Once the
basic benchmarking efforts are completed by the BCTG, the
cask contractors will be able to incorporate the information
into their specific cask designs. Similarly the end-effects issue
is being addressed by the BCTG,7 and will be incorporated
into the specific cask design activities by the cask contractors.
Finally, the issue of assuring proper cask loading will be
primarily addressed by the cask contractor, with support from
the BCTG who will develop loading verification measure-
ment methods.8

Figure 1 presents a graphical description of an approach to
criticality design safety. The graph provides a useful quanti-
tative description of criticality safety design for a cask using
either the fresh fuel assumption or burnup credit.

Curve A represents kinf for an infinite array (or perfectly
reflected finite array) of spent fuel assemblies having various
initial enrichments, no external criticality controls, and no
burnup (i.e.,freshfuelassumption).CurveB represents the keff

for essentially the same system, but of finite size. The differ-
ence in k between curves A and B is due to neutron leakage.
For very large arrays the leakage is small, and for small arrays
the leakage would be larger (e.g., a rail-barge or R/B cask vs.
a legal-weight truck or LWT cask).

Curve Co is the keff for an externally controlled version of
the system represented by curve B. The external criticality
controls may include poisons as well as flux traps which are
part of the fuel basket. The keffs represented by curves C,
through C5 correspond to the system represented by Co, but
with increasing burnup credit assumed, and corresponding
reduced reactivity.

The multiplication factor for our hypothetical cask design,
keff,D, is represented by curve Co up to initial enrichment eo, and
curve D between eo and em. The increasing k=ff,D (up to eo) is the
fresh fuel portion of the criticality safety design curve. The
decreasing portion between eo and em is the burnup credit
portion. If there were no uncertainties associated with burnup
credit the burnup portion of the curve would coincide with a
design multiplication factor ke(PD = 0.95 throughout its range.
The difference in keff between curve D and 0.95 represents the
increase in uncertainty as more burnup credit is taken. Basi-
cally, we see that for a cask designed using the fresh fuel
assumption or burnup credit the peak keff occurs at the maxi-
mum enrichment under the fresh fuel assumption. Although
uncertainties can be reduced for burnup credit, they can never
be reduced to zero; furthermore, they tend to increase with
increased burnup credit. These factors are reflected by curve
D.

USE OF A BURNUP CREDIT CASK
Operation and use of a burnup credit cask is nearly the same
as operation and use of a cask designed using the fresh fuel
assumption. The difference is that for fuel falling into the

Criticality Safety Design Curves for a Spent Fuel Cask

I
£
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Initial Enrichment (wt % u - 235)

Figure 1
Criticality Safety Design Curve

Curves are for a worst case (criticality safety) condition
(water filled cask with full water reflection).

region where criticality safety relies on burnup credit, the
loading process must assure that the additional burnup condi-
tions are met. For proper loading of a burnup credit cask we
need to know the amount of burnup the fuel has undergone, its
age and initial enrichment. Of those, only the initial enrich-
ment is needed for a fresh fuel cask loading. Figure 1 provides
a design curve for a specific fuel type in a specific cask design
along with specific age, initial enrichments and burnups. The
curve representing the cask design keff in Figure 1 can be used
to develop the spent fuel loading curves shown in Figure 2.
The family of loading curves, designated Lo,... L3, represent
loading curves for different fuel types with different reactivities.
Curve LO represents the most reactive of those considered.
Curve L3 represents the least reactive.

Spent fuel with burnup and initial enrichment above and to
the left of the curve representing (or bounding) its fuel type in
Figure 2, may be loaded to full capacity. Spent fuel with initial
enrichment less than the enrichment designated eo,. (where i =
1,2,3, or 4) for its fuel type is loaded as a fresh fuel array, and
minimum bumup is not a concern. Spent fuel with burnup and
initial enrichment below and to the right of the curve repre-
senting (or bounding) its fuel type cannot be loaded without
additional evaluation and possibly additional actions to con-
trol reactivity, and assure a k,ff < 0.95. Additional control could
include reduced capacity (less fissile mass) or use of addi-
tional neutron poisons (increased external control).
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Figure 2
Burnup Credit Loading Curve

Loading curves meet keff < 0.95 with calculational biases and burnup credit
uncertainties included. Curves are for a worst case (criticality safety) condition

(water filled cask with full water reflection).

OCRWM CASK DESIGNS USING
BURNUP CREDIT
The two spent fuel casks currently being designed for OCRWM
are the GA LWT casks and the B&W R/B cask. Both GA and
B&W use burnup credit in addition to external poisons in the
fuel baskets for criticality safety of their PWR loadings. Both
use external poisons alone for their BWR loadings (i.e., fresh
fuel assumption). Neither GA nor B&W use flux traps in their
basket designs. Both GA and B&W will use loading curves
similar to that shown in Figure 2. The loading operations for
the OCRWM casks will rely on utility fuel management
practices which are regulated by the NRC, and verification of
cask loading which may include physical measurements.

The GA-4 Legal Weight Truck Cask
GA uses two separate cask bodies for their LWT cask system.
The GA-4 is used for spent PWR fuel. The GA-9 is used for
spent BWR fuel. The GA-4 has a capacity of up to four PWR
assemblies with initial enrichments of up to 4.5 wt% U-235.
The GA-4 uses a cruciform stainless steel fuel support struc-
ture (FSS or basket) which has boron carbide (B4C) rods held
in the FSS plates to provide external criticality control. GA
takes credit for only a small portion of the available fission
products for demonstrating criticality safety. Those fission

products used have been well character-
ized, and represent about 80% of the control
available from fission products.

GA is currently considering a single
curve for use in assuring safe loading of a
burnup credit cask. The single curve is
conservatively based on the most reactive
fuel types to be approved for the GA-4 cask
design. The GA-4 fuel loading curve is
convex outward rather than a straight line as
shown in Figure 2. For the GA-4 cask,
bumup credit is taken for spent PWR fuel
with initial enrichments between 3 wt%
U-235 and the maximum initial enrichment
for the cask, 4.5 wt% U-235. At the maxi-
mum enrichment, the minimum burnup is
25 gigawatt-day/metric ton uranium (GWD/
MTU).Theloadingcurveisbasedona keff

< 0.95 with all calculational biases and
uncertainties due to the use of burnup credit
taken into account.

The B&W Rail/Barge Cask
B&W uses a single cask body for their BR-
100 R/B cask. Separate interchangeable
baskets are used for PWR or BWR spent
fuel in the BR-100. Only the PWR configu-
ration of the BR-100 uses burnup credit.
TheBR-lOOhasacapacity ofupto21 PWR

assemblies with initial enrichments of up to 4.5 wt % U-235.
The BR-100 basket is a stainless steel structure with Boral
(borated aluminum) plates to provide external criticality con-
trol. The basket also includes copper plates to enhance heat
transfer. Like GA, B&W takes credit for only a small portion
of the available fission products for demonstrating criticality
safety. Those fission products used have been well character-
ized, and represent about 80% of the control available from
fission products.

B&W is currently considering a single curve for use in
assuring safe loading of a burnup credit cask. The single curve
is conservatively based on the most reactive PWR fuel types
to be approved for the BR-100 cask design. The BR-100 fuel
loading curve has a slightly convex outward shape rather than
the straight line shown in Figure 2. For the BR-100 cask,
burnup credit is taken for spent PWR fuel with initial enrich-
ments between 2.2 wt% U-235 and the maximum initial
enrichment for the cask, 4.5 wt% U-235. At the maximum
enrichment, the minimum burnup is 30 GWD/MTU. The
loading curve is based on a keff < 0.95 with all calculational
biases and uncertainties due to the use of burnup credit taken
into account.

CONCLUSIONS
Although no LWR spent fuel casks using burnup credit have
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been certified by the NRC, the regulations do not prohibit such
an action. Furthermore, the NRC has certified a cask for
burnup credit under the condition of verification of the loaded
cask by measurement. It is clear that the use of burnup credit
as part of the criticality control for a spent fuel cask introduces
new variables in evaluating criticality safety. It is also clear
that for burnup credit casks, loading is somewhat more
important for criticality safety than loading of a cask that is
designed and used on the fresh fuel assumption. For the
loading of a fresh fuel cask, only initial enrichment needs to
be considered to assure criticality control. For a burnup credit
cask, initial enrichment, age and burnup must be considered
to assure criticality control.

The uncertainties associated with the introduction of burnup
credit for criticality control of spent LWR fuel in transporta-
tion casks have been identified. Furthermore, these uncertain-
ties are being addressed adequately, and technical issues are
being resolved in a manner that will assure criticality safety for
burnup credit cask designs. In addition, the use of utility fuel
management practices coupled with verification measure-
ments will assure proper loading of burnup credit casks. It is
believed that a strong basis is being developed for NRC's
eventual approval of spent LWR fuel casks that use burnup
credit as part of their criticality safety design.
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Burnup Credit Issues
In Spent Fuel Transport
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ABSTRACT
Burnup credit has been successfully applied to spent fuel
storage pools in the United States, resulting in increased
capacity and permitting the storage of spent fuel with higher
initial enrichments. The regulatory acceptance of transport
cask design incorporating burnup credit and its benefits
depends on the identification and resolution of issues that
affect the determination of criticality safety margins. The
factors contributing to the determination of criticality safety
have been examined by fault-tree analysis to compare the
issues involved in both the "fresh fuel" and "burnup credit"
approaches to criticality safety.

INTRODUCTION
A traditional assumption used in evaluating the criticality
safety of a spent fuel storage or transport cask is that the spent
fuel is as reactive as fresh fuel. This is known as the "fresh fuel
assumption." This assumption avoids anumber of calculational
and verification problems, but takes a heavy toll in decreased
cask capacity to accommodate neutron absorbers, flux traps
and other criticality controls. An alternative to the fresh fuel
assumption is called "burnup credit." That is, the reduced
reactivity of spent fuel that occurs from the net depletion of
fissile nuclides and the net increase in fission and activation
product neutron absorbers (poisons) is considered.

Burnup credit has been successfully applied to spent fuel
storage pools in the United States, resulting in increased
capacity and permitting the storage of spent fuel with higher
initial enrichments. Both of the commercial transport cask
designers supporting the Cask Systems Development Pro-
gram (CSDP) of the U.S. Department of Energy's Office of
Civilian Radioactive Waste Management (OCRWM)—Gen-
eral Atomics and Babcock & Wilcox — have cask designs
incorporating burnup credit.

This work performed at Sandia National Laboratories, Albuquerque, New
Mexico, was supported by the United States Department of Energy under
Contract No. DE-AC04-76DP00789.

The implementation of burnup credit in the design of
transport casks must be accomplished while still maintaining
or enhancing individual cask safety and system safety. It is
recognized that the use of burnup credit will increase the
amount of unacceptable fuel that could be misloaded. To
implement a burnup credit design and operational strategy,
critical issues must be identified and quantified, and steps
taken to reduce the uncertainties involved.

CRITICALITY SAFETY
The criticality safety of an array of spent fuel assemblies
depends on the reactivity of the fuel. Spent fuel reactivity can
be specified as a function of four variables: (1) the initial
enrichment of the fresh fuel, (2) the geometry of the fuel, (3)
the in-core burnup history of the fuel, and (4) the decay time
since the fuel was discharged as "spent" from the operating
reactor.

The fresh fuel assumption considers reactivity to be a
function of a single variable — initial enrichment. Requiring
the cask criticality designs to be based on the maximum
available initial enrichment of the fresh fuel provides suffi-
cient excess design margin to preclude a criticality event from
occurring under any foreseeable circumstance. While the
need for a criticality safety design margin is acknowledged,
the actual margin provided by the fresh fuel assumption is not
explicitly defined.

Criticality can only occur in an array of light-water reactor
(LWR) fuel if (1) sufficient fissile material is available in an
appropriate geometry, (2) a moderator (such as water) is
present, and (3) the criticality control features are compro-
mised. No single event, loss, or failure, whether operational or
component-related, should result in loss of criticality safety.
Under the fresh fuel assumption, cask criticality control
system depends on "external" components that include neu-
tron absorbers (poisons) incorporated in the cask or basket
web, void spaces or "flux traps" incorporated in the basket for
moderator requirements, and structural support members.
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These features are "external" to the fuel. When, a cask is
flooded, the water filling the flux traps will thermalize neu-
trons in the vicinity of the poisons, increasing the probability
that neutrons will be absorbed in the basket poison rather than
in the fuel. These basket features are "hardware"
subcomponents of the criticality control system. Loss of any
hardware subcomponent could result in reduced reliability.

The criticality safety analysis normally assumes maximum
water moderation and reflection, although shipments are
intended to be dry. The absence of moderator results in
additional negative reactivity of 30 to 40%. Also, the reactiv-
ity of the loaded spent fuel is significantly less than that of the
fresh fuel. The reliability of the criticality safety margin
associated with the fresh fuel assumption is generally as-
sumed to be independent of the reliability of fuel loading
operations. This is indeed true if, in the future, fuel is designed
to the same reactivity limit over the life of the cask. If future
fuel is made more reactive (higher initial enrichment) active
operational requirements will be necessary to preclude load-
ing nonspecification fuel into the cask. Nonspecification fuel
is any fuel (fresh or irradiated) that exceeds the design basis
reactivity.

Three individual events, when combined, might result in a
reduced subcritical margin during cask loading even for the
fresh fuel assumption. Excessive fuel reactivity and inad-
equate criticality controls in a cask, combined with an absence
of soluble poison in pool water, could result in reduced safety
margin as illustrated in Figure 1. Excessive fresh fuel reactiv-
ity may already exist because current generation casks were
designed for maximum fuel enrichments about 3.0 to 3.8 wt
% U-235, and fresh fuel with enrichments up to 4.5 wt % U-
235 are available at numerous reactor facilities. Future fuel
designs are expected to be based on even higher enrichments
and possibly varying enrichments within an assembly design.

Inadequate criticality controls can result from design error,
defective fabrication processes, incorrect basket or cask selec-
tion, or use of a damaged cask, as illustrated by the fault tree
in Figure 2. Any of these could independently affect the
reliability of the external criticality control system. While
soluble poison is generally present in pool water at pressurized
water reactor (PWR) plants, its reactivity effectmay vary from
site to site. Soluble poison control is not used at boiling water
reactor (BWR) plants.

Error sources which could lead to a defective cask design
or fabrication are illustrated by the fault tree in Figure 3. A
faulty component can result from incorrect fabrication proce-
dures or errors during the fabrication process. An incorrect
fabrication procedure may be developed because of design or
analysis errors. These can occur because of analyst error, an
error in the fuel enrichment chosen for the design basis, or
errors associated with benchmark or experimental data or
methodology. Fabrication errors can also result from inad-
equate material inspections or a procedural error in the inspec-
tion or forming processes. Finally, for a defective design or
hardware to be placed in service, a faulty acceptance test must

fail to detect the defects.
For criticality to occur during transport, moderator and

fissile material must be present in the cask in a critical
geometry. During normal transport, the casks are shipped dry,
and criticality is not possible. The fault tree in Figure 4
illustrates the conditions necessary for criticality to occur
during a transport accident. Severe damage to external criti-
cality control features such as the basket supports, absorbers,
or flux traps could render most fuel design margins inad-
equate. Excessive fuel reactivity could result from rearrange-
ment during an accident and/or preshipment loading errors.
Presence of a moderator could arise from two situations; an
accident could occur that leaves a cask where a moderator is
present (such as submerged in a river), or the cask could begin
transport in a moderated (flooded) condition. Similarly, mod-
erator in-leakage can only occur in two ways. First, operator
error during cask loading could result in an improper seal, or
second, the containment could be severely ruptured during an
accident. The net result of each path is a reduction in the
subcritical margin of the cask/fuel system.

It should be noted that an accidental criticality event in
transport requires at least two highly unlikely, independent,
and concurrent or sequential changes in the conditions essen-
tial to criticality safety. Because LWR fuel must be moderated
to achieve criticality, the most significant condition for criti-
cality safety comes from the possibility that the accident could
result in a moderated condition. If a cask is indeed "dry" and
sealed properly before shipment, three independent events are
required for criticality to be credible: first, an accident; sec-
ond, severe containment failure; and third, moderator pres-
ence.

BURNUP CREDIT ISSUES
In the case of burnup credit, the criticality control system
consists of two separate components. The first is an "external"
control component, similar to that used in a fresh fuel assump-
tion design basis, that includes poisons in the cask or basket
web and geometric spacing and support. The second is an
"internal" control component — the compensation of the
loaded spent fuel. Burned fuel reduces external criticality
control requirements due to net depletion of the fissile material
and the production of poisons.

The major events that could lead to reduced subcritical
margin during cask loading or transport are unchanged with
burnup credit. However, the number of opportunities for error
leading to one of those events, excessive fuel reactivity, will
increase because the populations of nonspecification fuel will
be larger and the characteristics of spent fuel must be included
in the cask design basis. These affect the error sources in
Figure 2.

The isotopic composition of the spent fuel is the critical
element in determining fuel reactivity. The capability of the
calculational codes to predict accurately isotopic composition
must be validated by comparison to experimental isotope
assays — chemical and radiochemical — of spent fuel rods.
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Figure3
Failure Modes for a Defective Cask Design or Fabrication
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Factors Affecting Criticality Safety During Transport for the Fresh-Fuel Assumption Case

MAY 1992 JNMM • 21



The fissile and dominant actinide isotopes have well-charac-
terized yields and cross-sections because of their importance
to reactor control. Only a few fission products need to be
considered because of their dominance of neutron absorption.

As illustrated in Figure 5, exceeding fuel reactivity limits
could result from a system assembly error, an error in the
analysis used to develop fuel-loading procedures, or an error
in the burnup characterization of the spent fuel (from error in
in-core measurements or subsequent analyses). Events that
can lead to in-core analysis error are illustrated in Figure 6. An
erroneous loading procedure (Figure 7) could occur if
nonspecification fuel is included in the spent fuel inventory.
Such an error must be repeated several times (i.e., several
wrong assemblies must be chosen) to achieve sufficient
excessive fuel reactivity for criticality to occur. For example,
analyses indicated that at least three to four misloadings of
highly enriched fresh PWR fuel are required to approach
criticality in an 18-assembly burnup credit spent fuel cask.' A
system assembly error (Figure 8) could result if incorrect fuel
is loaded, or an incorrect cask or basket is used. Loading errors
affect criticality safety only H there is nonspecification fuel
for the particular cask in the pool. Each error must be identi-
cally repeated if an independent overcheck of each loading
operation is required.

The effect of fuel-related failure modes on criticality safety
depends on the nonspecification fuel inventory available for
misleading. The size of this inventory depends on the burnup
and enrichment specifications used as the reactivity design
basis for a cask. Analyses indicate that the minimum burnup
necessary for a given enrichment will be significantly lower
than the design burnup value for that enrichment, for any fuel
type, because there is an upper limit on the potential benefits
of burnup credit for a given cask design. As more assemblies
are added to the cask, weight or shielding restrictions will
become the capacity limiting factor rather than criticality. For
this reason, it is not necessary to take full credit for the design
burnup of a given assembly before sufficient negative reactiv-
ity is present to reduce the need for external criticality control
features in a cask design. This is particularly true for truck
casks. Model analyses indicate thatburnups as low as 5 to 10
GWD/MTU (at 5.5 wt % U-235 initial enrichment) are
sufficient to reduce the reactivity of a 3 to 4 PWR assembly
array such that truck cask capacities can be increased from 2
to 4 PWR assemblies.1 For rail casks, burnups in the range of
25 GWD/MTU (5.5 wt % U-235) appear to be necessary to
achieve a benefit from burnup credit. For a given cask design,
lower enrichments and burnup combinations yield lower
reactivities and thus can also be accommodated. In fact, the
reactivities associated with fresh fuels of much lower enrich-
ments could also be accommodated.

SPENT FUEL INVENTORY
Preliminary analyses of the existing spent fuel inventory have
been completed and indicate several important points. First,
less than about 2% of the existing spent fuel inventory appears

to consist of fuel that would have reactivity in excess of a
typical maximum enrichment/minimum burnup specification
for a rail cask. Second, only about 50 individual assemblies in
the current inventory are unacceptable for loading into a four-
PWR assembly truck cask. Third, a significant fraction of the
existing inventory of nonspecification spent fuel consists of
older-generation stainless-steel-clad fuel with high enrich-
ment-to-design burnup ratios. Much of this fuel was prema-
turely discharged because of in-core failures or other reasons
that may require special handling and transport conditions.
Fourth, the majority of the existing inventory of
nonspecification spent fuel appears to be located at a small
number of older reactor facilities.

A trend analysis of historical premature fuel discharges
from reactors was conducted to investigate the reasons for
those discharges. The results indicate that the sciences of fuel
management and plant chemistry controls have matured con-
siderably. Standardization and improvements in fuel designs,
operational efficiencies, and chemistry management prac-
tices have occurred during the intervening years, resulting in
fewer projected premature fuel discharges. The
nonspecification spent fuel inventory of the future could still
be dominated by older spent fuel discharged during the late
1960s and early 1970s. This fuel will comprise a very small
fraction of the future inventory, and could be removed first.

The only difference between the fresh fuel and burnup
credit cases is the addition of the spent fuel criticality control
component as illustrated in Figure 9. It is important to recog-
nize that this component is also a "system," consisting of
many design, development, fabrication and operational ac-
tivities that are very similar to those that result in the external
criticality control features of a cask. The external features are
also affected by the spent fuel characteristics. Some minimal
acceptance criteria for demonstrating the reliability of spent
fuel analysis and operational activities is needed. This does
not mean that the reliability or quality of current spent fuel
operations is questionable; however, the reliability associated
with those operations needs to be defined. The fact that the
subsystem activities in both the fresh fuel and burnup credit
cases are similar indicates that the root cause error probabili-
ties are likely of similar magnitude, although the opportunities
for error increase with burnup credit because of additional
benchmark requirements and analyses.

CONCLUSIONS
The regulatory acceptance of cask design incorporating burnup
credit depends on the identification and resolution of issues
that affect the determination of criticality safety margins.
Fault-tree analyses of nuclear criticality safety issues indicate
that both the "fresh fuel" and "burnup credit" approaches to
calculating criticality safety follow similar pathways, and
both involve risks. In theory, the possibility of misloaded
(non-specification) fuel is increased in casks using burnup
credit. However, an analysis of the actual inventory of spent
fuel in the U. S. indicates that only a small fraction (less than
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one percent) of the existing spent fuel inventory is likely to be
non-specification for typical cask designs using burnup credit.
Several misleading errors and a sequence of unlikely (acci-
dent) events would be required to significantly reduce critical-
ity safety margins if burnup credit is allowed.
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ABSTRACT
Measurements of the nuclear radiation from spent reactor
fuel are being considered to qualify assemblies for loading
into casks that will be used to transport spent fuel from utility
sites to a federal storage facility. To ensure nuclear criticality
safety, the casks are being designed to accept assemblies that
meet restrictions as to burnup, initial enrichment and cooling
time. Measurements could be used to ensure that only fuel
assemblies that meet the restrictions are selected for loading.
The "Fork" measurement system, designed at Los Alamos
National Laboratory and used by the International Atomic
Energy Agency to verify burnup and age in international
safeguards applications, is being investigated for this appli-
cation.

INTRODUCTION
Radiation measurements have been used for many years to aid
in the characterization, handling and processing of spent
nuclear fuel. Applications have included radiation protection,
international safeguards, fissile content estimation for repro-
cessing and verification of records and calculations. The
application of radiation measurements to support the identifi-
cation of spent fuel assemblies for loading into "burnup
credit" transport casks is an outstanding issue in the cask
development program. Transport casks are being designed to
accept assemblies that meet certain restrictions as to burnup,
initial enrichment, and cooling time. These restrictions arise
from considerations of nuclear criticality safety, particularly
under severe accident conditions. For a critical event to occur,
the cask would have to be breached and flooded with water of
very low neutron absorber content. While the necessary
sequence of events is highly unlikely, the consequences and

1. A U.S. Department of Energy (DOE) Facility, work supported under
contract DE-AC04-76DP00789.
2. Work supported under DOE contract DE-AC06-76RL01830. Pacific
Northwest Laboratory is operated for DOE by Battelle Memorial
Institute.

regulatory concerns require that flooded criticality be ad-
dressed in cask design.

Previous studies have concluded that the utility-supplied
data on burnup, age and initial enrichment is of greater
accuracy and reliability than could be provided by additional
radiation measurements on spent fuel assemblies.1 A possible
role for measurements in burnup credit operations is to help
prevent misleading of unacceptable fuel assemblies, either by
confirming reactor records prior to cask loading, or by detect-
ing operator error at the time of loading. A possible alternative
to measurements is to make use of the administrative controls
and operational procedures that have been used at reactor sites
that incorporate burnup credit in spent fuel storage. Experi-
ence at such sites needs to be carefully analyzed for its
applicability to the misleading and misidentification prob-
abilities.

Since there are over 40,000 spent fuel assemblies stored at
more than one hundred locations in the United States, it is
important to carefully determine the necessity for and appli-
cability of any measurement requirement. It is imperative that
any measurement system selected be as simple, inexpensive,
quick and non-intrusive as possible.

BURNUP CREDIT CASKS
The characteristics of fuel acceptable for loading into a

burnup credit cask are determined by the design of the cask,
and can be specified by a loading curve, as shown in Figure 1.
The theoretical cask design to which this Figure applies is part
of a comprehensive study in progress to evaluate the impact of
the existing spent fuel inventory on transport cask design. The
cask would transport four assemblies of the Westinghouse
17 X 17 pressurized water reactor (PWR) fuel design. The
criticality (keff) of the cask was calculated using computer
programs and cross section data contained in the Standardized
Computer Analyses for Licensing Evaluation (SCALE) sys-
tem, assuming that the cask was completely flooded with pure
water.2 This system was developed for the NRC by Oak Ridge
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National Laboratory to perform standardized criticality, shield-
ing and heat transfer analyses. In this example, the acceptable
assemblies (cooled for a minimum of two years) are config-
ured in the cask so that, under flooded conditions, the system
is less than 95% of critical (k.ff < 0.95). The curve separating
the "acceptable fuel region" from the "unacceptable fuel
region" is determined by keff = 0.95. Fuel for which the
combination of initial enrichment and burnup place it in the
acceptable fuel region will result in keff < 0.95 when loaded
into the cask. The curve also delineates the minimum burnup
credit required for a particular initial enrichment. In Figure 1,
the cask can accommodate spent fuel of initial enrichment 4.5
wt % U-235 with burnup greater than 7 GWD/MTU and
maintain keff < 0.95. This cask design can accommodate fresh
fuel (burnup = zero) for initial enrichments less than 3.5 wt %
U-235. Another significant result from the criticality calcula-
tions for this cask is that a 25% change in burnup produces a
change of less than 3% in keff, over the range of burnup values
of interest.

RADIATION FROM SPENT FUEL
The spent fuel assemblies of initial interest in burnup credit
loading operations are those that have been cooling for the
longest period of time. Most assemblies that are likely to be
loaded into burnup credit casks in the first years of transport
cask operations will have cooling times greater than 10 years.
This long cooling time results in simplified radiation spectra
from the spent fuel. Some important gamma-ray and neutron
emitting nuclides for aged assemblies are listed in Table 1. For
shorter cooling times, many more isotopes are significant
emitters, but most have decayed to insignificance after 10
years because of the predominance of short half-lives in the
fission and activation products.

Table 1
NUCLIDE HALF-LIFE (yr) RADIATION

242Cm 0.45 n, spontaneous fission (sf)
244™ 18.1 n, sf

Cm

240^ 6.6 X 103 n, sf
238^ 87.7 n, (a, n) reactions, sf
134Cs 2.06 y,605,796keV
137^ 30.0 y, 662 keV

The cesium isotopes are produced as fission and activation
products while in the reactor. After the fuel is removed from
the reactor, the isotopes decay with the indicated half-lives.
The spontaneously fissioning isotopes are produced by suc-
cessive neutron capture, beginning with the uranium in the
fresh fuel. 244Cm production initially proceeds as the sixth
power of the integrated flux. Initially, burnup is directly
related to the flux times the initial enrichment. For higher
burnups, 244Cm production is found to be proportional to the
fourth power of burnup, still a very strong function. 242Cm and
240Pu are less sensitive, but also very strong functions of

burnup. This strong dependence of neutron emission on
burnup means that uncertainties in measuring the neutron
emission result in even smaller uncertainties in the burnup,
identifying neutron emission as a very sensitive and accurate
means of inferring burnup. At 10 years cooling, for low
burnups, the Pu isotopes dominate the neutron emission. For
higher burnups, 244Cm dominates. Gross gamma emission
follows a decreasing function of cooling time that is compli-
cated for short cooling times; with many isotopes contribut-
ing, but after ten years, 137Cs dominates. For cooling times out
to about eight years, the ratio of 134Cs to 137Cs gamma-rays
provides a means of determining cooling time, but after 10
years, the technique is no longer viable due to the decay of
134Cs.

The information that can be inferred from passive neutron
measurements on spent fuel that has cooled for more than 10
years is limited to burnup/enrichment ratios, with a weak
dependence on age. Gamma-ray measurements provide an
indication of age and a less sensitive indication of burnup.

MEASUREMENT SYSTEMS
In a study being prepared for publication at Sandia National
Laboratories, measurement systems from around the world
were examined for applicability to burnup credit cask opera-
tions. The study considers both passive techniques, that detect
the radiation generated internally in the spent fuel, and active
techniques, that employ external radiation sources to interro-
gate the spent fuel. Only one measurement system will be
considered in detail here, because it combines the features
considered most desirable in this application. This system
depends on the availability of standard calibration assemblies
of the same design as the assemblies to be examined. The
pertinent characteristics of each calibration assembly are
assumed to be known. In the measurements under consider-
ation, an assembly or group of assemblies of well-docu-
mented characteristics would be selected as the reference
standard, and all measurements would be referenced to the
chosen standard.

THE "FORK" SYSTEM
The spent fuel measurement system designated "Fork" be-
cause of its shape, was developed at Los Alamos National
Laboratory for use in safeguards applications for the interna-
tional Atomic Energy Agency (IAEA).3 The system is dia-
grammed in an operational arrangement in Figure 2. It is
portable, and can be moved in the storage pool to the spent fuel
assembly to be examined. It requires that the assembly be
raised in the storage rack so that the midpoint is about 50 cm
above the top of the rack. The detector head is located at the
midpoint of the assembly for the measurement. A cadmium-
covered fission chamber is used to measure epithermal neu-
trons from the assembly, and an ion chamber is used to
measure gammas. An additional fission chamber, without a
cadmium cover, is used to measure thermal neutrons. The
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ratio of the two fission chamber measurements permits the
determination of the boron content in the storage pool. The
boron content is important in the safeguards appbcation, since
the value of that parameter could vary widely. The detector
head is made of polyethylene and has identical three-detector
arrays in each of the two tines of the fork, for redundancy. A
battery-powered electronics unit and microprocessor are used
to supply all power to the detectors, collect and analyze the
detector outputs, and perform necessary calculations and
documentation. The unit has been used to examine spent fuel
assemblies at storage facilities around the world. The mea-
surements have required less than 100 seconds measuring
time per assembly, and a considerable database has been
established. The users state that with proper calibration stan-
dard assemblies, burnup has been determined to an average
accuracy of about 5 %, for burnup in excess of 10 GWD/MTU.
The gross gamma-ray measurements have been shown to be
consistent with operator-declared values for burnup and age to
about 10%. This result has proved to be adequate to eliminate
the need for more complex active or high-resolution measure-
ment techniques.4

PLANS
The safeguard measurement requirement for validation of
reactor records is similar to the requirement for measurements
in burnup credit operations, so it is likely that the Fork system,
or a similar design, would be appropriate for the burnup
application. In that application, a qualified spent fuel assem-

bly would produce neutrons above some level corresponding
to the ratio of burnup credit to enrichment required by the cask
design. The gross gamma measurement would have to be
consistent with the indicated bumup and age.

The database generated to date using the Fork system will
be examined for applicability to 10-year-plus fuel. Modifica-
tions of the Fork system that might possibly be desirable in the
burnup credit application include changes in the type and
number of detectors, and a rearranged geometry. Operational
requirements and restrictions will be more clearly defined by
obtaining utility input, and applying the experience of opera-
tors using burnup credit in storage facilities.

CONCLUSIONS
Measurements can be used in burnup credit operations to help
prevent misleading of fuel that does not meet the minimum
specifications for a particular cask design. Passive neutron
and gross gamma-ray measurements are proposed as a means
of qualifying spent fuel assemblies. Active systems to mea-
sure reactivity or fissile content are necessarily more complex
and appear to offer no obvious advantage to burnup credit
applications over simpler systems. Plans are underway to
produce a prototype measurement system and generate a
database of spent fuel measurements, making use of experi-
ence with the "Fork" design used by the IAEA for safeguards
inspections.
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Sketch of Fork Detector in Operation
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ABSTRACT
The PC program MEMO for determining the dispersion
matrix (statistical measurement model) of a series of materi-
als balance results is introduced and described, including
theoretical aspects of establishing measurement models.
MEMO is a useful tool in international safeguards and
provides the essential input data for the near-real-time ac-
countancy evaluation procedures as implemented in such
programs like PROSA.

1. INTRODUCTION
International Safeguards is an important matter not only for
the international safeguards authorities but also for the public
acceptance of the peaceful use of nuclear energy. The aim of
international safeguards is the timely detection of diversion of
significant quantities of nuclear materials, and deterrence of
such diversion by the risk of early detection.

In order to achieve these goals, as primary method nuclear
materials balancing is applied, which essentially consists of
the following principle: The so-called book inventory is the
beginning inventory Ig plus net transfers T, which is compared
with the physical inventory or the ending inventory Ij.. This
leads to the well-known materials balance equation:

(1)

where MUF means material unaccounted for.
This so-called "classical" approach is capable of detecting

a possible diversion with high probability.
But it is evident that this approach is not capable to meet the

goal of timely detection due to the fact that the balance is
closed only at the end of the reference time which is usually
in order of half a year to one year.

To meet the criteria of timely detection advanced methods
need to be applied which are usually referred to as near-real-
time accountancy (NRTA).

The basic idea is to subdivide the total reference time into

N several balance periods and to close the balance after each
period. This procedure leads to a sequence of material balance
results MUF(i), i=l,..,N with:

(2) MUF(i) = I(i-l) + T(i) - I(i),

where I(i) is the ending inventory of period i as well as the
beginning inventory of period (i+1), and T(i) is the net transfer
in period i.

Using this approach, at the end of the i-th balance period,
a decision can be taken on whether or not there is a loss of
material, based on all i balance results MUF(l),...,MUF(i).
Thus, trends can be recognized at an early stage and losses
may be detected timely related to their occurrence.

But now a further problem occurs. On the first glance one
tends to assume that each MUF value in Formula (2) should
be zero if no loss of material has occurred, or visa versa, if there
are MUF values greater than zero, nuclear material is missing.
However, as the terms in the materials balance equation are
the results of several measurements — each of them con-
nected to characteristic measurement uncertainties — the
MUF values generally do not amount to zero even in the case
of no loss of material.

That means, at the end of each balance period i, a decision
has to be made whether or not the deviations of the sequence
MUF(l),...,MUF(i) from the expection values zero can be
explained by (known) measurement uncertainties.

To evaluate the series of MUF values in an objective and
convenient manner the computer program PROSA1'2 was
developed. Input of PROSA are the sequence of material
balance results MUF(l),...,MUF(i)and the measurement model
of the facility considered. Using sequential statistical test
procedures PROSA evaluates the series of MUF values based
on the measurement model. That means the output of PROS A
is a decision on whether the series of materials balance results
can be explained by the assumed measurement uncertainties
or, if not, which among other reasons may be a hint of a
possible diversion.
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That means the determination of the measurement model
is an essential step in data evaluation. This measurement
model contains all individual measurement uncertainties with
random and systematic components, including the appropri-
ate propagation of variances. From the statistical point of
view, the measurement model is described by a matrix which
can be regarded as the variance/covariance matrix or disper-
sion matrix of the MUF series.

In the last several years a lot of R&D effort went into
theoretical considerations about measurement models,3'4 into
establishing detailed measurement models based on real
process data5'6 and into developing related computerized
tools.7 In the following, theoretical and fundamental aspects in
this framework are discussed and the PC program MEMO for
computerized establishingofmeasurementmodels is introduced.

2. SOME REMARKS TO THE
MEASUREMENT MODEL
To determine the measurement model, first of all it is neces-
sary to define the facility model. This is to declare the number
of inventory components in which the considered material is
contained, further the number of input and output batches per
balance period. That means, for each balance period the
facility model consists of a triple of integer values ni,nr,no
where ni refers to the number of inventory components, nr to
the number of input batches, and no to the number of output
batches.

Next the error model has to be established. This model
includes all measurement uncertainties for volume measure-
ments as well as for concentration measurements.

Each single measurement—volume as well as concentra-
tion — is described by the relative standard deviation (rsd) of:

• the multiplicative component of the systematic mea-
surement uncertainty,

• the multiplicative component of the random mea-
surement uncertainty,

and the standard deviation (sa) of:
• additive component of the systematic measurement

uncertainty,
• additive component of the random measurement

uncertainty.

The facility model as well as the error model are constant
as long as the facility design is not changed. The facility design
could be changed either if a new component is added (change
of facility model) or a new measurement procedure is intro-
duced (change of error model).

The measurement model itself is affected by the measure-
ment data through the relative error model. That means the
measurement model is a function of the (long-term constant)
facility model, of the (long-term constant) error model and of
the (variable) measurement values, and, therefore, is not
constant at all.

3. ASSUMPTIONS ON THE
MEASUREMENT UNCERTAINTIES

We assume that the considered amount of material in each
inventory component and in each transfer batch can be deter-
mined as the mathematical product of a volume determination
and a concentration determination:

(3) amount = vol * con.

Further we assume that each single determination (volume
and concentration as well) can be conceived as a "measure-
ment" with a systematic and a random error component as
well.

Both, systematic and random error component, are as-
sumed to belong to the relative error model; that means they
have a multiplicative error component and an additive error
component.

For example,
(4) con = E(con) + E(con) * (msc + mrc) + asc + arc,

with E(con): the true (but unknown) concentration value
ms : the multiplicative component of the systematic

error of the concentration determination
asc : the additive component of the systematic error of

the concentration determination
mrc : the multiplicative component of the random error

of the concentration determination
arc : the additive component of the random error of the

concentration determination.

The next assumption is that all error components are
normally distributed with known standard deviation and mean
zero. Mean zero means that all measurements are unbiased.

Volume measurements and concentration measurements
are assumed to be mutually uncorrelated and also systematic
error components and random components as well. Correla-
tions may occur when the same measurement method is used
several times (propagation of variances for the systematic
error component) or when the same measurement is used to
determine the content of material in two or more components
(propagation of variances for the random error component).
This may occur in the case that the concentration is measured
in a vessel and the same measurement value also relates to the
concentration in the connected pipe.

Another assumption is that the systematic error is constant
during the reference time; that means, there is no recalibration
of measurement methods and instruments.

4. DETERMINATION OF THE
MEASUREMENT MODEL
In the considered facility, each amount of material of each
process component and each transfer batch is calculated by the
mathematical product of a volume measurement (vol) and of
a concentration measurement (con).
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Using truncated Taylor series expansion in the mean
values E(vol) and E(con) leads to

(5) vol * con = E(vol) * E(con) + (con - E(con)) *
E(vol) + (vol - E(vol)) * E(con),

which results in the reasonable equation

(6) E(amount) = E(vol) * E(con).

With regard to the variances, the following expression
holds:

(7) var(amount) = (E(vol))2 * var(con) + (E(con))2 *
var(vol).

On the right hand of Formula (7) the terms E(vol) and
E(con) appear which represent the true but unknown values of
volume and concentration measurements.

These unknown values can be substituted by the measure-
ment values themselves, because each measurement is an
unbiased estimate of the true value. With this procedure, the
variance of each batch of material can be calculated. Further-
more, the variances can be split into random components and
into systematic components.

With flow-sheet information provided by the operator all
variance and covariance calculations can be summarized into
the so-called dispersion matrix of the MUF series. For ex-
ample, the (i,j) -th element of the matrix describes the covari-
ance between MUF(i) and MUF(j). The dispersion matrix is
the condensed form of the measurement model and provides
all necessary information to evaluate the sequential MUF
series.

5. THE COMPUTER PROGRAM MEMO
To facilitate the determination of the dispersion matrix, com-
puterized procedures are unavoidable. Already in the early
' 80s, at the Kernforschungszentrum Karlsruhe a host version
of a computer program to determine the measurement model
was developed. But for routine field use a PC version of such
a computer program is necessary. Therefore, in the last
months, it was tried to transpose the host version into a PC
version.7 But some difficulties occurred. The greatest problem
was the huge amount of memory needed by the old host
version. The next problem was a run-time problem. The old
program, fast on the host, was very slow on the PC. The third
problem was that the old program was not able — neither on
host nor on PC — to cover all correlations which may occur
in practice.

Due to these reasons a completely new version was real-
ized called MEMO 2.0 (Measurement Model). The computer
program MEMO 2.0 runs on personal computers which need
at minimum the following configuration of hardware system:

• AT compatible computer system
• mathematical co-processor

• at least 256 kbyte memory
• hard-disk drive
• operating system DOS version 3.0 or higher.

To make MEMO user-friendly for routine field applica-
tion, the MEMO program modules are covered in a menu-
guided user-shell. The entry to MEMO application is shown
in Figure 1 which displays the main menu.

MEMO-Version 2.0
MEMO Program:
Enter the Number of Your Choice

1 == Browse/Read/Edit/Print Input Data
2 == Run MEMO
3 == Browse Results
4 == Data Transfer to PROSA
Q == Quit the Session

Figure 1
The Main Menu of MEMO

There are only a few possibilities to handle MEMO in an
incorrect manner, because the user is menu-guided. Examples
of incorrect use of MEMO may be the missing of initial data
sets. In these cases, the program system generates self-ex-
planatory messages which give the user advice how to pro-
ceed correctly.

As mentioned above, the measurement model is a function
of the facility model, of the error model and of the actual
measurement data. These input information can be imported
to the MEMO program via two input data files. The first input
data file, usually called "design.dat," contains all measure-
ment methods (volume and concentration measurements)
with their specific multiplicative/additive, and systematic/
random error components.

The second input data file, usually called "measure.dat,"
contains in the first line the facility model and in the following
lines the actual values of volume and concentration measure-
ments. These values are complemented by key parameters in
order to link the various measurement data with the associated
measurement errors. Output of MEMO is the sequential MUF
series which is computed from the several single measure-
ments. A further output is the dispersion matrix of the MUF
series. Both output components of MEMO, MUF series as
well as dispersion matrix, are essential input components of
the evaluation program PROSA.

In the current version 2.0, MEMO is able to determine the
sequential measurement model of up to 50 balance periods as
long as the sum of inventory components, input batches per
period and output batches per period does not exceed a
number of 100 items.

A further very comfortable feature of MEMO 2.0 is the
possibility to built up the measurement model from period to
period. That means that only the last line of the dispersion
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matrix has actually to be calculated, which then is added to the
former matrix. This leads to a considerable reduction of the
run time.

6. CONCLUSION
The PC program MEMO 2.0 is capable of computing the
sequential material balance results (MUF) and the related
dispersion matrix of the MUF series which is the statistical
measurement model of the facility considered. Therefore,
MEMO is the connecting piece between data resulting from
the design of the facility and actual measurements, and an
evaluation program like PROSA. The menu-guided user-
shell of MEMO makes the application of MEMO user-
friendly. Therefore, MEMO is very suitable in routine field
use. A comprehensive manual is in preparation and will be
made available before long.
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ABSTRACT
The applicability and performance of NRTA procedures
essentially depend on the statistical measurement model
which includes the measurement uncertainties of the various
inventory and transfer determinations in the material balance
area and their mutual correlations. The iterative process of
establishing a detailed measurement model based on real
process data using the PC programs MEMO and PROSA is
described in detail.

1. INTRODUCTION
Near-real-time accountancy (NRTA) appears to be an ad-
equate tool to achieve the International Atomic Energy
Agency's safeguards criteria in future large scale plants.
Research and development work related to this subject is
going on in several countries. In order to demonstrate the
applicability of NRTA measures for reprocessing plants the
German BMFT (Federal Ministry for Research and Technol-
ogy) has sponsored a research program for computerized
inventory taking nuclear materials during ongoing reprocess-
ing process at the Wiederaufarbeitungsanlage Karlsruhe
(WAK). The basic idea was to collect the measurement data
on process inventories which are primarily generated for
process control purposes, and to use these data to establish
short-time material balances. Sequential statistical tests were
applied to these data in order to decide whether or not the
observed differences between book inventories and measured
inventories can be assigned to measurement errors.

The evaluation of the material balance results, the so-called
material unaccounted for (MUF) values, is based on the
measurement model of the facility considered. It must be
emphasized that the determination of the measurement model
is an essential step in the application of NRTA measures. The
measurement model includes all relevant measurement un-
certainties and the related propagation of variances. The
measurement model is a function of the facility model, of the
error model of the various measurement methods, and of the

actual measurement data. This measurement model is repre-
sented by a matrix, which, from the statistical point of view,
is the variance/covariance matrix or dispersion matrix of the
MUF series. This report describes the iterative process of
establishing a detailed measurement model for NRTA mea-
sures of a WAK campaign using real process data.

2. DESCRIPTION OF THE PLANT/
CAMPAIGN
The Wiederaufarbeitungsanlage Karlsruhe served as a test
bed in order to get experience with establishing real measure-
ment models. The amount of Plutonium, the material under
consideration, is contained in about 70 process components
and is calculated from about 100 single measurements. To
determine the variance of the various inventory and transfer
measurements, operational information as well as target val-
ues were used for the measurement uncertainties.

The investigation was applied to data from the reprocess-
ing campaign 2/83 of the WAK plant. Figure 1 shows the
increasing Pu- inventory over the time as a result of the more
than 100 single measurements in the about 70 process compo-
nents. By means of Figure 1, it is obvious that the data do not
represent a steady-state operation of the facility. Furthermore,
the transfers differed considerably from period to period.

With the help of the PC program MEMO,1 the MUF series
(see Figure 2) and the related measurement model were
established. To do so, a data handling program was necessary
to transpose the process data generated for process control
purposes into a proper input format for MEMO. In the next
step, the sequential material balance data were evaluated by
the PC program PROSA23 based on the dispersion matrix to
investigate whether or not the data can be explained by the
measurement model.
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3. PRACTICAL RESULTS OF THE
INVESTIGATION
A first approach to determine a measurement model led to a
so-called "one-block-model." That means that the total inven-
tory of the facility is assumed to be contained in one single
component. However, evaluations with real process data
revealed that the balance data were not in accordance with this
measurement model. This was due to the fact that the distribu-
tion of the inventory among the various plant components was
not at all taken into account.

The next step establishes a more detailed measurement
model. But in this approach some inventory components with
only small amounts of Plutonium, such as pipes, were not
taken into consideration. Again the evaluation with PROSA
caused an alarm due to the following. At the beginning of the
campaign all plant components, including the pipes, were
almost empty. With the increasing inventory, our model
showed more and more material unaccounted for had "disap-
peared" in the pipes causing positive MUF values and consis-
tently an alarm.

A further approach took all Plutonium-containing compo-
nents into account. However, surprisingly, the test procedures
contained in PROSA gave an alarm again as can be seen in
Figures 3a to 3c.

But what was the reason for this alarm? All materials were
accounted for. This could not be the reason for the alarm. The
fault was that the facility design was not modelled properly
enough.

At first it was recognized that the reading errors of various
volume measurements were modelled as multiplicative errors
instead of additive errors. Furthermore, the strong correlation
between some concentration measurements were not taken
into account. For example, the concentration is measured in a
vessel and the same measurement value is assigned to the
following pipe. In this case the two concentration values are
not only correlated through the systematic error component
(same measurement method) but also correlated through the
random error component (identical measurement).

Incorporating these findings into the measurement model,
the application of PROSA no longer gave any alarm, which

Inventory Values

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Balance Periods

IH Inventory Values

Figure 1
Pu-Inventory of the Campaign
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meant that the balance data were in accordance with the
underlain measurement model. Figures 4a to 4c show the
results of the NRTA tests.

Now the question arises, whether the NRTA measures
included in PROSA could detect a loss of material based on
this detailed measurement model. To investigate this ques-
tion,alossof0.125 kg Plutonium each from period 1 to period
4 was assumed and added to the original balance data. These
modified MUF data, see Figure 5, were also evaluated with
PROSA, again based on the same detailed measurement
model. In Figures 6a to 6c, the NRTA-test results are illus-
trated. The CUMUF test alarms in the second period (Figure
6c), and the GEMUF test in the forth one (Figure 6b), whereas
the Page's test does not alarm at all (Figure 6a).

These results of the data evaluation demonstrate that the
established detailed measurement model is very close to the
real situation: The original balance data can be explained by
the measurement model, but the modified MUF series — the
original MUF series was overlaid by the hypothetical loss
pattern as mentioned above — is indicated to be not in
accordance with the underlying measurement model.

4. CONCLUSIONS
The determination of the detailed measurement model for real
process data with the computer program MEMO leads to very
realistic results. The evaluation of the original balance data
with the NRTA measures included in PROSA shows that
these data are in accordance with the established detailed
measurement model. On the other hand, the NRTA measures
give an alarm in the example where a loss pattern was added
to the MUF values. This demonstrates the capability of NRTA
measures based on the described approach of establishing the
detailed measurement model. Furthermore, it seems to be
useful to investigate further campaigns with real process data
in order to demonstrate the routine applicability of MEMO
and PROSA.
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MUF Series of the Campaign
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Results of the Page's Test Based on an Only Multiplicative Error Model
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Figure 3b
Results of the GEMUF Test Based on an Only Multiplicative Error Model
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Figure 4a
Results of the Page's Test Based on a Mixed Measurement Model; Correlations are also Considered
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Results of the CUMUF Test Based on a Mixed Measurement Model; Correlations are also Considered
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Results of the Page's Test with the Modified MUF Series
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Automating Large-Scale
LEMUF Calculations

R. R. Picard
Los Alamos National Laboratory
Los Alamos, New Mexico, U.S.A.

ABSTRACT
To better understand material unaccounted for (MUFs) and,
in some cases, to comply with formal regulatory require-
ments, many facilities are paying increasing attention to
software for MVF evaluation. Activities related to improving
understanding of MUFs are generic (including the identifica-
tion, by name, of individual measured values and individual
special nuclear material (SNM) items in a data base, and the
handling of a wide variety of accounting problems) as well as
facility-specific (including interfacing a facility's data base to
a computational "engine" and subsequent uses of that en-
gine). Los Alamos efforts to develop a practical engine are
reviewed and some of the lessons learned during that devel-
opment are described. Major obstacles to implementation do
not involve lack of software or statistical theory, but the lack
of resources required for implementation and (in some cases)
realistic measurement uncertainties.

I. BACKGROUND
For many years, nuclear facilities have computed MUFs for
materials accounting. Interpretation of these MUFs can be
very difficult. The familiar complaints: measurement and
sampling uncertainties are sometimes poorly quantified, ef-
fects of using "historical factors" and "nominal values" in lieu
of direct measurements can be incompletely understood, post-
period bookkeeping adjustments must be considered to reflect
analytical measurements received after the close of the ac-
counting period or to correct for past clerical mistakes, im-
pacts of unmeasured holdup may be nontrivial, and so on.

Note that the above accounting problems are magnified in
a near-real-time environment with frequent balance closures.
Results from an analytical laboratory are less likely to be
received during an accounting period when that period is
short, increasing the number of post-period adjustments of
nominal values. It becomes impractical to make holdup
measurements at the close of each accounting period. And
evaluation for material loss in a near-real-time environment

extends beyond a single period's MUF to sequential testing
over several periods to detect possible protracted losses. All of
these issues complicate MUF evaluation.

Nonetheless, it is impossible to understand MUFs without
understanding the role of measurement uncertainties. In the
United States, recent efforts have made the understanding of
uncertainty a regulatory requirement. Section II.6.b(2) of
Department of Energy Order 5633.3 discusses MUF (domes-
tically called an "inventory difference") and LEMUF (defin-
ing associated "control limits"). That section states that "con-
trol limits shall be based on variance propagation or any other
statistically valid technique." Increased auditing activities,
such as by inspections and enforcement teams in the United
States, may require facilities to explain their control limit
determinations.

Automating large-scale LEMUF calculations is nontrivial.
Some problems to be overcome relate to incomplete knowl-
edge of needed measurement uncertainties. Others relate to
automating access to information required for propagation of
uncertainties. Still others relate to the role of an error propa-
gation "engine" to provide desired calculations. And still
others relate, more generally, to establishing apositive mindset
about improved safeguards. This paper reviews these prob-
lems and suggests approaches to resolving them.

2. COMPUTATIONAL GENERALITY
The evaluation of uncertainty in observed quantities is a
problem common to many scientific endeavors. Several of
those areas have developed their own terminology for this
evaluation. Labels such as "the delta method," "the method of
statistical differentials," and "statistical tolerancing" are used
in other fields. The phrase "error propagation" is of physics
and engineering origin, is standard to International Atomic
Energy Agency (IAEA) documentation, and until recently
had been politically correct in the United States'; owing to the
nature of this forum, international terminology is used herein.

Despite the widespread interest in propagation, large-scale
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calculations are apparently unique to safeguards. Conse-
quently, there are no generic software packages that can be
readily applied to facility-specific problems. In response to
the needs of the safeguards community, several implementa-
tions have evolved.1 Approaches to the problem embodied in
those implementations may provide insights to those inter-
ested in developing or improving their own software. Ap-
proaches to error modeling (e.g., Chapter 5 of Reference 2)
also should be studied.

The single most important design issue concerns the de-
gree of sophistication to be built into the system. On one hand,
complete generality in terms of measurement structures and
error modeling would require the user to specify individual
variances and covariances for (potentially) thousands of mea-
surement values each accounting period. Automated data
input, provided in a standardized format, is not feasible for
large problems. On the other hand, systems-study codes with
very simple input and simple propagation formulas are easy to
use, but force-fitting realistic problems into those codes may
lead to poor results. The trade-off between computational
generality and manageable input drives many subsequent
software decisions, and there is a considerable range in the
degrees of sophistication present in codes described in the
literature.

Computational generality also affects the ability to handle
propagation problems not envisioned at the time of code
development. Such surprises are usually less common at
production facilities, where the types of activities change
comparatively slowly, than elsewhere. Limited, inflexible
software leads eventually to code modification, with accom-
panying validation efforts and revised documentation. My
experience is that it is impossible to completely anticipate all
propagation needs and, over the long term, generality is very
important.

Another issue concerns the nature of desired output. In
some ways, it is more simple if report writing can be auto-
mated, thus involving minimal effort on the part of facility
personnel. In other ways, it is often desirable to insist person-
nel examine input data and confirm that calculations are
performed as desired. Also, it is beneficial to include analysis
and output options so that users can extract results they want
from the engine — no more and no less. The former approach
is similar to batch computing, the latter to interactive computing.

3. THE COMPUTATIONAL ENGINE
It is useful to distinguish facility-specific requirements from
generic propagation needs. Requirements such as the desired
input data format (tailored to the nature of accounting at the
facility) and output of results (report writing, graphics, and so
on) should not be formally incorporated into a computational
"engine."

The role of an engine is to handle generic calculations. An
engine can be developed and improved in-house or externally.
Advantages of local involvement include the familiarity of
on-site personnel with local needs and problems, which is

helpful in adapting a site-specific engine. Disadvantages of in-
house development include some aspects of reinventing the
wheel, almost unavoidable in first-time efforts. Also, at many
facilities the personnel having expertise in statistics, account-
ing, and computer science may be few, and removing them
from existing responsibilities to develop and document soft-
ware may be difficult — especially in an era where many
safeguards organizations are understaffed.

The engine should be separated from the other components
of a larger system. The separation has several advantages. An
engine can be validated once (for internal edification and
external auditors) instead of repeatedly (as would be done if
a specialized code were created for each new computational
problem to come along). From a security standpoint, input
data and output results may be classified, but the engine itself
need not be, thereby simplifying handling of software.

Effective functioning of an engine requires the accounting
database to supply necessary information in the proper format
and in a timely fashion. Some accounting systems in the
United States, for example, can not provide such information
without considerable manual effort by operations and ac-
countability personnel. This is because many computerized
accounting systems were designed years ago, when the inter-
est in uncertainty evaluation was very different than at present.

Two issues arise with respect to older systems. First, there
is a natural aversion to change when such change involves
substantial effort. Resistance may arise from those who see no
need for understanding uncertainties because such under-
standing was not required in the past. Conquering such
resistance and establishing a positive mindset can be non-
trivial. As physicist Max Planck once wrote3 regarding the
progress of science, "A new scientific truth does not triumph
by convincing the opponents and making them see the light,
but rather because its opponents eventually die, and a new
generation grows up that is familiar with it."

A second, more technical aspect of older systems concerns
their emphasis on materials control functions. Queries regard-
ing an item's location (Where in the facility is it?), custodian-
ship (Who possesses it?), authorization (Is the custodian
authorized to take certain actions with it?), and audit trails
(What is the history of past activities?) can be promptly
resolved. Integration of data error checking (e.g., is the
instrument code attached to a measured value a legal one?) and
containment/surveillance indicators are also useful, of course.

Materials control information is important for its intended
purpose but, unfortunately, has little relevance to LEMUF
evaluation. A very different information base is required for
uncertainty propagation. Each item's SNM content must be
described in terms of "raw measurements," such as gross and
tare weights, concentrations, isotopics, bias corrections, ma-
nometer readings, calibration constants, nominal values used
pending receipt of results from analytical chemistry, and so
on. To propagate correctly, the engine must know which
measurement instruments, with which uncertainty param-
eters, are used for each raw measurement. It must also know
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if a given measurement is used multiple times, as when abatch
concentration is applied to several individual items or the
same bias correction is used for a specific instrument. Static
items (e.g., items that do not affect materials unaccounted for
such as those in both beginning and ending inventory) must
also be identified.

A separate piece of software, called an interface, is re-
quired to extract propagation information from the accounting
data base and input that information to a calculational engine.
For large-scale calculations (thousands of measured values
per accounting period), a manual interface is time consuming,
awkward and prone to clerical errors. As such, the interfacing
should be automated. Automation could also expedite transfer
of information to domestic regulators and to the IAEA. Such
modernization may be nontrivial, especially for older systems
designed for materials control and not for propagation.

Each facility's data base has its own eccentricities, which
makes an interface highly facility-dependent. But because the
core of information required for LEMUF calculation is deter-
mined by the MUF equation and associated measurement
error modeling (and not by the specific engine used), the
interface issue is distinct from the engine issue.

Input files constructed by an interface should uniquely
identify individual measurements, such as weights, concen-
trations, and so on. For each measurement, the corresponding
measurement instrument should be identified and cross refer-
enced to a file containing measurement uncertainties. Vari-
ances and covariances can then be computed. Use of separate
input files for measured values and for uncertainty informa-
tion allows for those files to be easily edited to correct mistakes
in the data; calculations can then be redone for the corrected
input.

Asa side benefit of single-period propagation, information
needed for propagating uncertainties for each individual MUF
in a series of MUFs is sufficient to propagate for the entire
series. At that point, sequential tests that have appeared in the
safeguards literature can be implemented. As noted previ-
ously, such testing is valuable in a near-real-time setting with
short accounting periods.

Capabilities for sequential testing can also be exploited to
better allocate computer runtime and to identify anomalies.
For example, an individual MUF can be expressed as a sum of
(sequential) MUFs over shorter time periods or over batch
operations. By examining sequential MUFs as they become
available, potential anomalies can be dealt with before the end
of an accounting period. Also, the variance of the larger MUF
is simply the sum of the elements in the covariance matrix for
the sequential MUFs, portions of which can be computed as
the sequential MUFs are observed. Thus, the entire LEMUF
calculation need not be done in a single run at the end of the
accounting period.

4. LOS ALAMOS EFFORTS
A few years ago, the Safeguards System Group at Los Alamos
began to build materials accounting with sequential testing

(MAWST), a computational engine designed along the lines
of the previous section. That engine, christened "Mae West"
by Tom Marr, was designed to handle difficult, real-world
propagation problems. That is, the simplifying assumptions
common to calculations in systems studies are avoided —
assumptions such as steady-state operation involving homo-
geneous sets of items. A drawback to this approach is that
sophisticated codes can run comparatively slowly when a
simplified structure exists and can be exploited, but this is a
small price to pay for maintaining generality and preserving
expandability to unforeseen problems.

MAWST's formal treatment of propagation is described in
detail elsewhere.1'4 Many lessons have been learned from
using MAWST on a variety of problems at a variety of
locations. Some of these lessons are reviewed below.

The programming of the engine should be done by com-
puter scientists and not by statisticians. It is not only necessary
that the engine produce correct results (an area with which
statisticians are familiar), but also that runtime is minimized
by computationally efficient handling of large data arrays, file
structures, and so on (areas with which they often are not).
Code users experienced in MUF evaluation, perhaps from use
of then" own specialized propagation software, are very help-
ful in formulating required capabilities for an engine and in
validating an engine.

Validation is essential. Here, validation is interpreted as
confirming that output results are correct. External review of
a source code is helpful and practical (for example, the original
MAWST had less that 1,000 lines of executable FORTRAN),
and provides one check on the algorithms used. Running test
cases is a must. Many regulatory bodies, such as the U.S.
Department of Energy, have no formal certification process
for propagation software, leaving facilities on their own. More
generally, regulators and inspectors are not in a position to
take extensive facility data and reproduce claimed results
using their own software. Published QA guidelines exist, such
as by Institute of Electrical and Electronic Engineers,5 and
private companies may have their own internal policies. But
explicit guidance on validation is usually lacking.

Input file structure affects computer runtime for large
problems. That is, different data files can correspond to the
same problem and lead to the same end result, but some of
those files may run more quickly than others. For example,
removal of static items from the input file is much more
efficient than grinding through the related variance and cova-
riance terms for those items. The process of computing
measurement covariances by comparing two measured val-
ues' corresponding measurement instruments and then cross
referencing to uncertainty values can be expedited by sorting
the relevant input files. This sorting is done to more efficiently
search through arrays.

Runtime can also be improved by manipulating code-
related bookkeeping. For example, measured values from
different measurement instruments are often independent.
Under such independence, the usual propagation leads to a
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variance decomposition where the variance of MUF is a sum
of contributions attributable to individual measurement in-
struments. This decomposition is useful in understanding
variability. A sophisticated engine is capable of carrying out
the decomposition, though the bookkeeping is nontrivial
compared to other calculations.

One situation where such bookkeeping is beneficial con-
cerns poorly quantified measurement uncertainties. Measure-
ment control activities are sometimes designed to ensure
instrument stability, and not to provide estimates of needed
uncertainty parameters. Garbage-in-garbage-out numbers
result from the use of poor quality uncertainty values. By
computing variance contributions from individual instru-
ments and, in the manner of a sensitivity study, recomputing
those contributions for different uncertainty values, it can be
determined whether LEMUF is sensitive to assumed uncer-
tainties. Such bookkeeping should be an option for the user,
who can decide if the additional information is worth the
additional runtime.

With respect to Los Alamos efforts, John Hafer is working
to improve the MAWST engine (avoiding FORTRAN and
linear arrays for storing and retrieving information, for ex-
ample) to run large problems on a personal computer. As
hardware improves, the need for coding efficiency should
diminish. Improvements in software (newer versions of the C
language, for example) should also help.

5. FINAL REMARKS
Retrofitting accounting systems not designed for uncertainty
evaluation presents technical, economic and political difficul-
ties. From a technical standpoint, obtaining realistic uncer-
tainty values for a facility's accounting data base and con-
structing an automated interface between that data base and a
calculational engine are difficult. On the economic side,
developing a large-scale, computerized accounting system
requires time, money and people. Finally, in what is basically
a political issue, the will to solve the above problems must be
summoned.

Importantly, these obstacles are by no means insurmount-
able and headway is being made. Two of the more advanced
systems, located at the Savannah River Site (in the United
States) and at the Plutonium Fuel Production Facility (in
Japan) have automated systems capable of supplying infor-
mation for LEMUF calculations.

Automated MUF evaluation is still in its infancy. Time and
experience with the subject will produce better software.
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EQUIPMENT, MATERIALS & SERVICES

Victoreen introduces
Model 700 Spectrometer

Victoreen Inc. recently introduced
the MICROSPEC-1 Model 700
Portable MCA Spectrometer System.
The system includes a two-inch Nal
detector, an on-board notepad computer
with applicable software and recharge-
able batteries.

The Nal detector allows easy
identification of energy levels which are
cross-referenced to a table of nuclides.
An optional x-ray probe allows x-ray
fluorescence spectrum studies and low
energy gamma spectral analysis.

The notepad computer features a 60
x 256 pixel LCD, application software,
and parallel output port for printer or
PC interfacing. The LCD allows
spectrum display and readout in
micrograys or microrads of rate and
integrated values. The software allows
for determination of total absorbed dose
from the entire spectrum of fractional
absorbed dose from a region of interest.

The "D" size Ni-Cd rechargeable
batteries provide 14 hours of field
operation.

MICROSPEC-1 applications include
decommissioning field surveys,
biomedical and landfill waste analysis,
geological and hazardous material
surveys, package inspection and
research.

Panasonic introduces
pocket dosimeter

A new miniaturized alarm pocket
dosimeter (APD) for radiation detection
is now available from the Radiation
Measurement Systems Department of
Panasonic Industrial Company.
Designated "Panadose" ZP-141, the
unit measures just 50 x 110 x 16 mm
(2 x 4.33 x 0.63 inches) and weighs
only 100 g (about 3.5 ounces). Being
about the size of a deck of cards, it can
be carried in a shirt pocket by personnel
working with radioactive materials in
hospitals, nuclear power plants and

laboratories. It can also replace old-type
ionization chambers or hair-fiber type
pocket dosimeters.

Optional Panasonic data-processing
accessories include: an APD infrared
reader, a letter-quality KXP1124 dot
matrix printer and a laptop computer.

For technical information and
pricing, call Joe Freitas at (201) 392-
6417.

Electrical cooling for
gamma detectors

ELECTRICOOLTMII, from
EG&G ORTEC, is a new, inexpensive
electrical cooling option for germanium
gamma-ray detectors, which must be
operated at °77 K. Like its ELECTRI-
COOL predecessor, it allows dispens-
ing with liquid nitrogen for applications
in which LN2 is either unavailable or
inappropriate. The unit can be powered
by 115 or 220 V, and it is maintenance
free. Typically, detector cooldown from
room temperature takes 12 hours,
depending on detector size. Startup is

from room temperature and requires no
ancillary vacuum pump. In case of
power failure, ELECTRICOOL n
provides unattended restart, even from
room temperature.

The ELECTRICOOL II is available
in vertical configuration with EG&G
ORTEC coaxial detectors ranging in
relative efficiency from 10 percent to
125 percent.

Call the hotline, (800) 251-9750 for
a FREE data sheet and more informa-
tion.
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CALENDAR

June 2-4,1992
Measurement Control for Materials
Accounting, Los Alamos, N.M.
Sponsor: Los Alamos National
Laboratory. Contact: Patricia Ander-
son/MS-E541, Los Alamos National
Laboratory, Los Alamos, N.M. 87545;
(505) 667-7777.

June 7-12, 1992
1992 ANS Annual Meeting, Boston
Marriott, Boston. Sponsor: American
Nuclear Society. Contact: ANS
Meetings Department, 555 N.
Kensington Ave., La Grange Park, m.
60525; (708)579-8258.

June 8-12, 1992
Radioactive Waste Packaging, Trans-
portation, and Disposal Workshop/
Seminar, Hilton Head Island, S.C.
Sponsor: Chem-Nuclear Systems.
Contact: Vanessa Johnson, Seminar
Coordinator, CNSI, 140 Stonebridge
Dr., Columbia, S.C. 29210;
(803) 256-0450.

June 8-10,1992
Embedded Topical Meeting on Risk
Management — Expanding Horizons,
Boston Marriott, Boston. Sponsor.
Several American Nuclear Society
divisions and other organizations.
Contact: ANS Meetings Department;
(708) 579-8258.

July 19-22,1992
INMM's 33rd Annual Meeting,
Orlando, Fla. Sponsor: Institute of
Nuclear Materials Management
Contact: Barbara Scott, ESMM
headquarters, phone (708) 480-9573.

August 23-27,1992
Spectrum '92: ANS Topical Meeting on
Nuclear and Hazardous Waste Manage-
ment, Boise, Idaho. Sponsor: American
Nuclear Society Fuel Cycle and Waste
Management Division and the ANS
Idaho Section. Contact: Technical
Program Chair Dieter Knecht, WINCO,
P.O. Box 4000, MS-5213, Idaho Falls,

Idaho 83403; (208) 526-3627.

September 13 -18, 1992
PATRAM '92, the 10th International
Symposium on the Packaging and
Transportation of Radioactive Materi-
als, Pacific Convention Plaza,
Yokohama, Japan. Sponsor: PATRAM

'92 Organizing Committee, Science and
Technology Agency, Ministry of
Transport, IAEA, U.S. Department of
Energy. Contact: Nuclear Safety
Technology Center, 5-1-3 Hakusan,
Bunkyo-kui, Tokyo 112, Japan, phone
81-03-3814-7480.
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