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TECHNICAL EDITOR'S NOTE

Although our annual meetings
attract more participants and the
areas of interest have been expanded,
our membership has remained at
about 800 for the past several years.
Your officers need your advice and
assistance regarding membership.

Membership provides a number of
benefits including:
• Four regular and one proceedings

issues of the Journal
• Announcements of future meetings

and other events of interest
• Reduced fees for attending the meet-

ings and workshops
• Membership in local chapters
• The opportunity to vote for officers

and to influence the policies and
programs of the Institute.

• Membership has value on a resume
It is, of course, true that many of

those who attend the meetings and
seminars are only interested in one or
a few of the several areas discussed
there. Some of them are active mem-
bers of other professional societies. It
is not reasonable to assume that
everyone who participates in our
meetings should be a member. How-
ever, many of them and others should
be but are not presently members.
Some of those in the newer areas of
waste management and transporta-
tion may not consider a largely safe-
guards-oriented society as interested
in them. In the few cases when repre-
sentatives of these areas have been
persuaded to run for office, they
received few votes. Some thought is
being given as to how all of the
important interests of our member-
ship might be better represented on
the Executive Committee. They are
all represented on the working com-
mittees which are always represented
at meetings of the Executive
Committee.

It is not evident that the policy of
charging reduced fees for attending
our meetings is persuasive to poten-
tial members. Many other profes-
sional organizations have the same
problem. Attendance at a meeting
involves paying for transportation and
hotels as well as for the attendance
fee. Frequently, the employer will pay
all of the expenses if it considers that
to be important to the company or
agency, or if the individual is to pre-
sent a paper. This stimulates contri-
butions for the meetings, which is
constructive; but there is little incen-
tive to save the sponsor a few dollars
by becoming a member and paying
the dues.

Progress in science and technology
relies heavily on the professional
societies for communication between
those involved in the development,
management and implementation of
the various disciplines. The societies
are the members. The societies orga-
nize meetings, publish journals, and
stimulate communication in other
ways. These activities cost money.
More importantly, they involve the
voluntary participation of many dedi-
cated individuals, often generously
supported by their employers, in
developing and implementing the pro-
grams of the societies. At the base
there must be members who pay
dues and vote. On this base the
INMM and others arrange for and pay
for the necessary full-time staff, per-
suade the dedicated volunteers to run
for office or work on the committees,
and raise additional funds in various

ways to supplement the income from
membership dues.

The point is that membership is
basic and that membership dues,
although only a small part of our
total income, are essential. It does
not cost much to be a member. Mem-
bership is important for the Institute.
The income is important. Advertisers
look at our membership and at the
number of those who subscribe to
the Journal. The volunteers work for
the members and for their causes.
They need the support and encourage-
ment of the members.

Scientists and engineers have a
number of responsibilities, one of
which is to support their societies.

Some of you should have friends
who should become members. Show
them this editorial and give them an
application form. Some of you may
have some good ideas as to how we
might increase our membership. We
need your suggestions.

Dr. William A. Higinbotham
Brookhaven National Laboratory
Upton, New York, U.S.A
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CHAIRMAN'S MESSAGE

It Sounds Like the Weather

Each year since 1949 the Institute
of Nuclear Materials Management
has held an Annual Meeting. We get
together and talk about a lot of
things. We meet old friends and make
new ones. We hear about the latest
developments in our field. And, inev-
itably, someone will say that because
of the political climate or the eco-
nomic forecast or some other
national or international barometer,
that this will be the last great meet-
ing for the INMM.

Then we turn around and have
another great one the following year.
Maybe it's in our nature to forecast
conservatively. We are a group that
assumes all possibilities. And we like
to be precise; stay out of heavy
weather.

Despite the gloomy forecasts, we
must be doing something right. Every
year our meeting grows: more people,
more papers, more exhibitors. In fact,
we have consistently posted record
highs with every meeting since 1979.

Here is a prediction based in solid
research: We are going to do it again.
This year's INMM Annual Meeting
will take place in Los Angeles, July
15-18, 1990. We will have 220 papers
spread out over 29 sessions. That's
another record.

Of course, the point of this meet-
ing isn't simply to set records. The
point is to gather together and
exchange information and concerns,
formally and informally. There are
many exciting things happening in
nuclear materials management, and
they will be covered in depth at our
meeting. In addition to the many

aspects to be covered in international
safeguards, waste management, physi-
cal protection, materials control and
accounting, and transportation, we
are adding a new session on treaty
verification.

We will do it again, that is, with
your participation. People are what
makes it a valuable meeting. And
more than 500 safeguards profession-
als from all over the world will be
there to make sure it is. I sincerely
hope you're one of them.

Sure, we will again plan conser-
vatively for next year. Since when
have weather forecasters been right?
See you in Los Angeles.

John Lemming
EG&>G Mound Applied Technologies
Miamisburg, Ohio

JNMM COMMENT

Progress in Spent Fuel
Storage Technology,
Delay in Disposal

Several papers are included in this
issue of the Journal from the INMM
Spent Fuel Storage Seminar VII, held
January 17-19, 1990 at the L'Enfant
Plaza Hotel in Washington, D.C. The
meeting provided another in a series
of snapshots of the status of the
nation's high level waste manage-
ment and disposal program, and the
various technologies that support the
storage and ultimately, removal of
nuclear power plants' spent fuel.
Nuclear power plants now produce
about 20% of the nation's electricity,
which makes nuclear fuel the second
most important source of electricity,
after coal.

The general sense of the meeting
was determined by the paradoxical
contrast between the additional
seven-year delay in repository startup
schedule, and the technical progress
that was evident in spent fuel storage
technology. The seven-year repository
startup delay, acknowledged by the
Secretary of Energy just one-and-
a-half months before this seminar,
implies a need for an even greater
capacity for storing spent fuel prior
to disposal, and thus intensifies the
issue of at-reactor storage versus cen-
tralized Monitored Retrievable Stor-
age (MRS). However, the context in
which the repository delay was
announced has distinctly positive
overtones; the acknowledgement of
the over-optimism in prior schedules
indicates that DOE is going to be
much more articulate about distin-
guishing between what it can rea-
sonably control and be accountable
for, and what it cannot.

The major programmatic benefit of
a clear articulation of the limits of
DOE schedule accountability would
be to better identify and publicize the
real sources of delay—the political
and judicial processes—in order that
the central political and constitu-
tional issues in siting the first reposi-
tory can be addressed and ultimately
resolved by the legislative branch.
Clear evidence of realism within at
least a part of the legislative branch
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JNMM COMMENT

was demonstrated in an excellent and
provocative assessment of the Pro-
gram by Mary Louise Wagner of the
Senate Committee on Energy and
Natural Resources staff.

A direct quote from her paper char-
acterizes its theme and context: "But
this (Nevada politics) is not an issue
that DOE can solve. The Department
needs to concentrate on solving the
problems that it can solve. And learn
to cope with those it can't. Coping
with the political problem in Nev-
ada—and the day-after-day rhetoric by
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." Thus, the
announced repository delay, though
directly negative, indicates possible
new approaches within DOE and
improved longer-term Program
prospects.

The status of the MRS facility and
the MRS Commission Report of
November 1989 were also the subject
of several papers. The Wagner paper,
mentioned above, indicated that the
MRS Commission Report made it
close to impossible to pass 1990 MRS
legislation to de-link the MRS sched-
ule from the repository schedule
because "The body of the Commis-
sion's report made a strong case for a
de-linked MRS, but the conclusions
rejected it."

In general, both the utilities and
DOE agreed with the substance of
the MRS Commission's conclusions,
but faulted the recommendation of
two small facilities. In view of this
situation, the principal hope for the
near-term progress toward an MRS
facility seems to be the appointment
of the Congressionally-authorized
Nuclear Waste Negotiator, and his
subsequent identification of candi-
date sites and related terms and con-
ditions that are acceptable to both
the site host and Congress.

In contrast to the continued uncer-
tainties in the repository and MRS
areas, clearly identifiable progress is

being made in at-reactor storage tech-
nology. Several years ago, the INMM
Spent Fuel seminars tended to
emphasize spent fuel consolidation as
the technology that would probably
be providing the next major incre-
ment of at-reactor spent fuel storage
capacity. This general consensus was
based on cost projections that indi-
cated considerably lower costs for
consolidation than for the various
out-of-pool dry storage methods.

In subsequent years, a number of
consolidation demonstrations have
been reported. On balance, these
demonstrations have probably had a
neutral effect on the development of
operational consolidation equipment
and practice. Resolution of concerns
and uncertainties regarding costs and
impacts of in-pool consolidation oper-
ations, and the management of fuel
assembly structurals still remains
largely in the future. Nonetheless,
consolidation still has several strong
utility advocates, in many cases
because in-pool storage has major
advantages over out-of-pool storage at
particular sites.

The past year has also seen the
entry of an additional vendor, with
some innovations as to approach. It
thus remains likely that consolida-
tion will prove to be an economic
and viable alternative for storage
capacity extensions.

The most favorable storage technol-
ogy development in the past year is
the strong confirmation of the via-
bility of concrete dry storage casks.
This trend had been evident in the
past two or three INMM seminars. It
was particularly notable in the past
year because of the relatively large
number of new commitments to con-
crete casks, the growing numbers of
NRC-approved designs, and the suc-
cessful operation experience with the
earlier commitments. The fixed hori-
zontal concrete cask (NUHOMS) con-
tinues to be popular, but the movable
vertical concrete cask has also
become a viable contender. Concrete
casks have been chosen in preference

to consolidation because the latter is
still viewed as operationally more
complex and uncertain. Thus, the
potential cost advantages of consol-
idation can be viewed as uncertain.
Although concrete casks are some-
what less convenient to load and
unload, they are now generally
favored over metal casks because they
are cheaper, and can now be licensed
on a comparable schedule. The origi-
nal dry storage facility, which
employs metal casks, continues to
function well.

In the largest sense, the most sig-
nificant characteristics of U.S. spent
fuel storage technology is the diver-
sity of acceptable alternatives and
vendors that are available. This diver-
sity permits the matching of storage
technology to the individual circum-
stances at each site. It also leads to
significant inter-technology and inter-
vendor competition, which continues
to drive innovation and decrease
costs.

N. Banie McLeod
E. R. Johnson Associates, Inc.
Oakton, Virginia U.S.A.

Correction
The upper right hand photo

on page 5 of the Journal of
Nuclear Materials Management
[February 1990] is Mr. Kenichi
Murakami, Nuclear Safety
Bureau/Science & Technology
Agency, speaking at the 10th
Annual Meeting of the Japan
Chapter in Tokyo, Japan.
Murakami was misidentified as
Mr. Yousuke Nakae.
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TECHNICAL WORKING GROUPS

Radioactive
Waste Management

The Technical Working Group for
Radioactive Waste Management con-
ducted the INMM Spent Fuel Man-
agement Seminar VII, January 17-20,
1990 at Loew's L'Enfant Plaza Hotel
in Washington, D.C. A total of 29
speakers covered the subjects of spent
fuel storage technology, fuel failures,
behavior of spent fuel in storage,
monitored retrievable storage, DOE
programs, and public policy issues.
The luncheon speaker was Leo Duffy,
Special Assistant to the Secretary of
Energy for waste management affairs.
Approximately 135 persons attended
the meeting. Attendance included
personnel from industrial, govern-
ment, research activities—both
domestic and foreign. Three media
personnel also attended. Foreign rep-
resentation totaled about 15 persons.

Plans were initiated for a waste
management program for the INMM
Annual Meeting in Los Angeles in
July. To date, four sessions are
planned covering Greater-than-Class
C wastes, spent fuel and high level
waste disposal, low level waste dis-
posal, and the safeguards aspects of
waste disposal. Speakers have been
invited for most of the program, with
the remaining program to be filled
out by responses to the Call for
Papers. Abstracts of a portion of the
invited papers have been received and
others are expected shortly.

The TWG was successful in arrang-
ing for John W. Bartlett, Ph.D. to be
the keynote speaker at the INMM
Annual Meeting. In January, Mr.
Bartlett was nominated by President
George Bush to be the Director of the
Office of Civilian Radioactive Waste
Management (DOE). His confirma-
tion hearing was held February 5,
1990 and his nomination was
reported out of committee February
21, 1990; full Senate vote on the nom-
ination is expected in the near future.
In the unlikely event he should not
be confirmed, arrangements will be
made for a substitute speaker (possi-
bly Mr. Duffy).

Recommendations were sent to Mr.

William Higinbotham, Ph.D. regard-
ing papers that were presented at the
January 1990 spent fuel seminar that
are considered as candidates for pub-
lication in the spent fuel manage-
ment edition of the Journal of
Nuclear Materials Management.

Plans also have been initiated for
the INMM Spent Fuel Management
Seminar Vin to be held in Washing-
ton, D.C. in January 1991.

E.R. Johnson, Chairman
INMM Technical Working Group
on Radioactive Waste Management
Oahton, Virginia U.S.A.

Physical Protection

The Technical Working Group on
Physical Protection is currently orga-
nizing the INMM 31st Annual Meet-
ing to be held July 15-18, 1990, at the
Biltmore Hotel, Los Angeles, Califor-
nia. More than 50 papers covering a
broad range of physical protection
and security related issues will be
presented.

Consideration is being given to a
possible "Package Search Techniques"
workshop to concentrate on better
and more effective methods of search-
ing packages which enter restricted
areas. The workshop has not yet been
scheduled. If you are interested in
attending such a workshop please
contact Donald Kasum, Nuclear Reg-
ulatory Commission (301) 492-3379.

Workshops on other subjects of
interest to physical protection per-
sonnel will be considered if enough
interest is expressed.

Security Personnel Training
Workshop

The Security Personnel Training
Workshop was held at the Clarion
Four Seasons Hotel in Albuquerque,
New Mexico, April 8-11, 1990. Many
excellent sessions including a tour of
the Department of Energy's Central

Training Academy were held. Harry
Leith, ERCE, was the workshop chair.

Plenary session speakers were:

Jerry C. Howell
DOE Central Training Academy

Richard J. Lavernier
DOE Office of Security Evaluation

Arthur B. Flynn
DOE Central Training Academy

James Hallihan
Mason and Hanger

Bernard W. Stapleton
ERCE

The luncheon speaker was James
Jacobs, Sandia National Laboratories.
Speakers during the visit to the Cen-
tral Training Academy were Ted
Leamons, Joe Lewis, Russell Showers,
and Jack Jones.

The following workshop sessions
were conducted:
• Security Force Exercises/Readiness

Assessment
• Facility Modeling and Vulnerability

Assessment
• Special Response Teams, Issues and

Insights
• Human Factors/Physical Fitness/

Fitness for Duty
• Protection Program Planning and

Administration
• Training Techniques, Equipment,

and Facilities
• Implementing and Maintaining a

Viable Quality Assurance Program
• The Expanding Role of Computers

in Security Management
• Career Paths and Professional

Development
• Administrative Factors, Legal Issues,

and Financial Considerations
• Techniques for Improving Liaison

With Support Agencies
• Security Force Standards, Criteria,
Inspections and Evaluation

• Security Force Weapons, Tactics and
Deployment Strategies

Special thanks go to the following
workshop moderators:
David A. Axt, American Protective
Service; Robert Batten, Harry Leith,
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and Bernard W. Stapleton, ERCE; Ken-
neth M. Jurjevich, CRC, Inc.; and
Drew Pretzello, Boeing Petroleum
Service. The next workshop on this
topic is tentatively planned for spring
1992.

J.D. Williams, Chairman
Sandia National Laboratories
Albuquerque, New Mexico U.S.A.

CHAPTERS

Japan Chapter Report

Executive Committee Meetings
were held at NMCC Headquarters in
Tokyo in October and December
1989, and March 12, 1990. Chapter
officer elections were held at the
October meeting. A revision to the
Japan Chapter bylaws was proposed
by the Japan Chapter and was
approved by the INMM Executive
Committee, November 23, 1989.

Mr. Hiroto Kurihara was re-elected
as Program Chair of the llth Annual
Meeting of the Japan Chapter.

The Annual Meeting will be held
in Tokyo, June 7, 1990. The following
program is planned:

Plenary Session
Four guest speakers are invited and

the following lectures will be given:

"Nuclear Regulatory Issue—Low
Level Radioactive Waste Manage-
ment," Director General of Nuclear
Safety Bureau,- "Nuclear Safeguards
and Non-Proliferation," R. W. Get-
zinger, Counselor for Scientific and
Technological Affairs, U.S. Embassy;
"Requirements For Nuclear Scientists
From the Public," conducted by a
journalist; and "Current Status and
Future on Economical and Social
Affairs of USSR," conducted by a
trade expert of Sumitomo Corp.

Technical Session
There will be five technical ses-

sions on subjects including Interna-
tional Safeguards, Measurement
Technology For Accounting, Contain-
ment and Surveillance, Verification

Neutron Shielding for Spent Fuel Shipping Containers
BORO-SILICONE

Type 237

^ Field-castable
>• Temperature resistant to 400°F (205°C) continuous

(higher temperatures on an intermittent basis)
>- High boron and hydrogen content
>• Retains very high fraction of initial hydrogen during

temperature excursions
^ Density: 1.59 g/cc (94 Ibs/cu ft)
^ Radiation resistance: 1 x 1010 Rad, gamma

5 x 1018 n/cm2, neutrons
^ Material is completely self-extinguishing
Request Bulletin S-83 and a free sample.

Internationally we have a worldwide network of representatives. Call or FAX for details.

REACTOR EXPERIMENTS, INC.
963 Terminal Way, San Carlos, CA, U.S.A., 94070-3278
PHONE: (415) 592-3355 • FAX: (415) 598-9555 • TELEX: 34 5505 (REACTEX SCLS)
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CHAPTERS

Technology, and others. Twenty
papers and four exhibits will be
presented.

Business Meeting
Ambassador Yousuke Nakae will

be invited as a guest speaker at the
Business Meeting. He will discuss
nuclear safeguards issues in the Peo-
ple's Republic of China.

A banquet will be held following
the Meeting.

Mitsuho Hirata, Chairman
INMM Japan Chapter
Nuclear Material Control Center
Tokyo, Japan

STANDARDS

N14 Committee

The 1990 Annual N14 Committee
Meeting will be held in the Washing-
ton, D.C. area the week of Oct. 14,
1990. The exact date and location
will be determined by June 1.

A chair for the Writing Group is
urgently needed for a proposed stand-
ard N14.26 "Inspection and Preventa-
tive Maintenance of Packaging for
Radioactive Materials." Anyone inter-
ested should contact INMM head-
quarters or John Arendt, N14
Committee Chair, Oak Ridge Labora-
tories, P.O. Box 117, Oak Ridge, TN
37831-0117.

Specific N14 Standards Highlights:
ANSI N14.1—Balloting on the sug-

gested changes has been completed.

Engineering Specialist
EG&G Idaho, Inc. is the prime operating contractor for the Department of Energy at the
Idaho National Engineering Laboratory (INEL). Our Safeguards and Materials
Management Unit has an opening for an Engineering Specialist to provide technical
support to the ATR/TRTR (Test, Research and Training Reactor) fuel fabrication
program and to the URAP (University Reactor Assistance Program) as well as to the
Materials Management Section in areas of transport plans, container assessment and
fuel disposal.
Principal duties of this position will include:

• Coordinating and directing Safety Analysis Report Publications for selected
nuclear material shipping containers requiring revision or upgrade to meet
changing NRC/DOT requirements. This will include criticality analysis, safety
considerations, engineering applications and materials testing.

• Compiling information from the university community regarding fuel disposal
actions; identifying trends and summarizing areas of concern. Providing data to
DOE as part of an overall effort to analyze disposal criteria and provide technical,
administrative and budgetary support for university nuclear material transactions.

• Developing fuel disposal plans for special nuclear material released from the
programs and provide management with disposal options, associated cost/
benefit analyses, and recommendations for specific plans of action which
conform to all waste mangement, EPA, and state and federal requirements.

We require at least an applicable Bachelors Degree and 5 years relevant experience
or equivalent as well as nuclear fuel familiarity and the ability to research and interpret
federal requirements. The successful candidate must be able to interface well with
program and project personnel, subcontractor personnel, university contacts and
DOE personnel.
The INEL is located in southeastern Idaho near Yellowstone and Grand Tetpn
National Parks and Sun Valley with excellent opportunities for outdoor recreation in
the heart of one of the most scenic areas in the country.
Please submit your resume, references and salary history to Employment Services,
(PSW-27), P.O. Box 1625, Idaho Falls, Idaho83415-3127. Equal Opportunity Employer
M/F/H/V. U.S. Citizenship required.

n

Forty-two ballots were returned with
29 yes, 7 yes with comments and 6
not voting. The Chair has incorpo-
rated comments where appropriate
and the documents will be sent to
ANSI for approval by May 15, 1990.

ANSI N14.2 (in process)—A draft
has been completed for review within
the Writing Group.

ANSI N14.6 and N14.19—These
two standards must be revised or
reaffirmed in 1991. Planning on these
two activities will start by September
1, 1990.

ANSI N14.7 (in process)—Work on
this draft is continuing.

ANSI N14.23—(Work on this draft
is continuing within the Writing
Group.)

ANSI N14.24—1985—Plans for reaf-
firmation or revision of this standard
have started with a standard comple-
tion date in 1991.

ANSI N14.30 (in process)—Ballot-
ing has been completed. Forty-nine
ballots were returned with 24 yes, 15
yes with comments, 9 no, and 1 not
voting. The Writing Group will now
consider comments and make
changes where appropriate.

The ANSI N14 Subcommittee work
for development of a numerical
model for thermal evaluation of UF6
cylinders is in process. A draft report
is scheduled to be available about
July 1, 1991.

Idaho, Inc.
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COMMITTEES

Safeguards

The Safeguards Committee met
February 14, 1990 at the Nuclear Reg-
ulatory Commission's (NRC) Head-
quarters in Rockville, Maryland.
Representatives from industry, the
NRC, and the Department of Energy
(DOE) attended.

The meeting covered the following
topics: 1) the proposed Physical Fit-
ness Performance Standards and
Training Rule, 2) Uranium Enrich-
ment Safeguards, 3) Access Authori-
zation Policy, 4) Changes in
Safeguards Inspection Program, 5)
Regulatory Effectiveness Reviews, 6)
DOE Safeguards, and 7) International
Safeguards.

Robert F. Burnett, Director, Divi-
sion of Safeguards and Transporta-
tion, Nuclear Regulatory
Commission, provided an overview of
activities for the INMM Safeguards
Committee meeting. Mr. Burnett dis-
cussed issues related to transporta-
tion which included security, safety,
ports in and out of the U.S., and
American materials being transported
among various countries. The Waste
Isolation Pilot Plant, as well as trans-
portation of Category I and II mate-
rials, was discussed. There is
currently no U.S. commercial trans-
porter for Category I material in the
U.S. This material has been trans-
ported by the DOE safe secure
trailers (SST). Current issues included
concerns over tritium and regulation
changes, the open communications
issues within facilities, and the possi-
bility of two new uranium enrich-
ment facilities applying for licenses.

There is activity at the NRC for a
proposed amendment to 10 CFR Part
73 for Category I Fuel Facilities.
These changes will involve a standar-
dized day firing qualifications and
annual requalifications course using
all assigned weapons, and an ongoing
physical fitness training program
with performance standards. These
changes will ensure uniformity with
current night firing qualifications,
provide current requirements for tac-
tical response exercises, and compara-

bility with DOE. A proposed rule
will be published in July 1990 with
the intent to publish a final rule in
April 1991.

Discussions on Uranium Enrich-
ment centered on the possible new
licensing activities for two facilities:
1) Louisiana Energy Services centri-
fuge plant and 2) AVLIS plant. NRC
will be required to write new rules to
cover the licensing of these facilities.

An update of the ongoing access
authorization program for nuclear
power plants was presented. A gen-
eral rule is being developed along
with a Regulatory Guide. These may
be out as early as }une 1990.

The NRC Material Control and
Accounting (MC&A) Inspections pro-
gram has been centralized at Head-
quarters. There will be 35-40
individual visits per year ranging
from 2-5 days. NRC is trying to hire
qualified persons at the GS13-14 level
for inspectors. The physical security
inspections are being performed by
the Regions. Inspectors will check
and test specific equipment during
these inspections.

The Safeguards Committee
reviewed a videotape of the ongoing
Regulatory Effectiveness Reviews
which are performed at power plants.
The video provided a very enlighten-
ing view of some of the ways of
defeating certain types of physical
protection hardware.

Rod Martin, Chief, International
Safeguards Branch, DOE, discussed
the new organization within the
Office of Safeguards and Security
(OSS). The new organization will con-
sist of three main divisions: 1) a Pol-
icy/Standards/Analysis Division, 2) a
Headquarters Operations and Interna-
tional Safeguards Division, and 3) a
Field Operations Division.

The DOE is in the process of
reviewing their survey procedures,
DOE orders, and comparability of
field office inspections, as well as
training and inspection courses. The
DOE is reviewing performance
requirements and the relationship

between performance numbers and
safeguards systems.

The new directions for research
and development involve ways to
design safeguards, security, safety,
environmental, and operations into a
totally integrated system. The use of
automation, computers, robotics, and
other automated equipment will play
a major role in new systems. A major
area of research involves system qual-
ity assurance concepts which include
portal monitors, metal detectors, and
other equipment.

DOE/OSS also has major activities
in the International Safeguards area.
They support research and develop-
ment, bilateral exchanges of technol-
ogy, IAEA support, international
training courses, physical protection,
nuclear material management, U.S.
IAEA safeguards agreements, and
technical/general leadership.

The International Safeguards Com-
mittee, a subcommittee to the Safe-
guards Committee, met and
discussed the roles and direction the
Committee should be pursuing.
There was an excellent exchange of
information among the NRC, the
DOE, and industry. Cecil Sonnier,
Sandia National Laboratories, is chair
of this subcommittee and is in the
process of obtaining selected interna-
tional participation. Please contact
him directly at (505) 844-8478, if you
are interested in international safe-
guards issues and are willing to par-
ticipate in this subcommittee.

The next meeting will be held at
the INMM Annual Meeting in July
1990.

Leon D. Chapman, Chairman
INMM Safeguards Committee
BDM Corporation
Albuquerque, New Mexico, U.S.A.
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ABSTRACT
To date, water pools, metal casks, horizontal concrete
modules, and modular vaults have been used to store the
major quantity of commercial light water reactor spent
nuclear fuel. Recently, vertical concrete dry storage casks
have received consideration for storage of spent nuclear
fuel. This paper reviews the evolution of the development
of selected vertical concrete dry storage casks and out-
lines a cooperative cask testing (heat transfer and shield-
ing) program involving the U.S. Department of Energy
and Pacific Sierra Nuclear Associates. Others participat-
ing in the cooperative program are Pacific Northwest Lab-
oratory; * EG&)G Idaho, Inc.; Wisconsin Electric Power
Company; and the Electric Power Research Institute.

INTRODUCTION
To date, water pools, metal casks, horizontal concrete
modules and modular vaults have been the primary
methods used to store commercial light water reactor
(LWR) spent nuclear fuel. Recently, vertical concrete casks
have received consideration for storage of commercial
LWR spent nuclear fuel. Conceptual designs indicate that
vertical concrete dry storage casks are economically and
technically competitive with metal casks, horizontal con-
crete modules, and modular vaults.

In July 1987, the U.S. Department of Energy (DOE] re-
leased a Solicitation for Cooperative Agreement Proposal
(SCAP| to performance test (heat transfer and shielding)
dry storage modules that could be used at reactors or at
regional/central facilities associated with interim storage
or final disposal systems.1 The modules/casks were not to
be similar to metal casks previously tested at GE-Morris
by DOE and the Electric Power Research Institute
(EPRI);2-3 at the Idaho National Engineering Laboratory
(INEL) by DOE and Virginia Power;4'5.6 at INEL by DOE
and EPRI;7 or horizontal concrete modules demonstrated
at Carolina Power and Light Company's (CP&.L) H. B. Rob-
inson reactor site by CP&L, DOE; EPRI, and NUTEC,
Inc.8 SCAP proposals were received and evaluated by DOE
and a Cooperative Agreement was established in Septem-
ber 1988 with Pacific Sierra Nuclear Associates (PSN).

Through the DOE/PSN Cooperative Agreement, PSN will
provide one ventilated concrete storage cask to DOE and
DOE will conduct a heat transfer and shielding perfor-
mance test at INEL.

The purpose of this paper is to review the evolution of
the development of selected vertical concrete storage
casks and to outline the DOE/PSN cooperative cask test-
ing program.

Selected vertical concrete dry storage cask concepts are
described in this section. In addition, estimated costs of
spent fuel storage in vertical concrete casks are presented
and compared with costs of other storage methods.

CONCRETE DRY STORAGE CASK
CONCEPTS
A few selected conceptual designs of vertical concrete dry
storage casks are presented. The cask concepts are dis-
cussed in order of chronological development.

DOE Retrievable Ventilated Concrete Storage Cask
In the early 1970s, DOE developed a retrievable venti-

lated dry storage cask shown conceptually in Figure I.9-10

The cask was approximately 17 ft long, 9 ft in diameter,
and weighed between 70 and 130 tons depending on the
waste type (spent fuel or vitrified high level| and quantity
to be stored. The concrete cask contained waste containers
in a sealed carbon steel canister. Natural convection
caused air to enter inlets at the bottom of the cask, flow
upward through an annulus between the cask and sealed
carbon steel canister, and flow out the discharge vents near
the top of the cask. The advantage of the "ventilated" con-
cept is that the air transfers a large fraction of the heat
from the waste spent fuel canister and thereby reduces the
temperature of the concrete cask wall.

In 1976,11 a proof-of-concept test was performed to eval-
uate the heat transfer, thermal stress, and shielding perfor-
mance of the ventilated concrete cask. The cask
performance in all three areas was satisfactory and indi-
cated comfortable margins of conservatism in heat trans-
fer and thermal stress areas.11
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Canadian Unventilated Concrete Storage Casks
Canada is the leader in the implementation of vertical

concrete storage casks. Their program has progressed from
demonstrations of storage-only concrete casks to fea-
sibility testing and planned demonstrations of a storage/
transport/disposal concrete integrated cask (CIC).

In 1974, Atomic Energy Canada Limited (AECL) began a
development and demonstration program of concrete dry

Outlet Air Welded Cover

Canister Lid

Shield Plug

Waste/Spent Fuel
Container

Sealed Storage
Canister

Concrete
_ Body/Shield

Inlet Air t

Figure 1. DOE Retrievable Ventilated Concrete Storage Cask10

Lifting Lug

Lifting Lugs

Spent Fuel

Concrete Body/Shield

Inner Steel
Liner

Concrete Pad

Rebar

Figure 2. AECL Unventilated Concrete Storage Cask12

storage casks similar to that shown in Figure 2 at its
Whiteshell Nuclear Research Establishment (WNRE).12

Analyses and experimental tests have provided conclusive
evidence that concrete casks have wide margins of safety
in shielding effectiveness, integrity after repeated freeze/
thaw cycles, man-rem dose requirements, potential acci-
dent situations, and safeguards requirements. In addition,
implementation of a transfer cask-to-storage cask dry load-
ing technique eliminates the need to load concrete casks
in reactor pools. Because of their excellent performance,
AECL has opted to use concrete casks to store spent fuel
from the WR-1, Gentilly-1, and Douglas Point reactors.

More recently, Ontario Hydro has undertaken a program
to assess the feasibility of using concrete casks to store,
transport, and possibly dispose of CANDU spent fuel.13 A
concrete integrated cask (CIC) was designed (Figure 3) and
is approximately 8 ft in diameter, 12 ft long, and weighs
~ 75 tons loaded with spent fuel. The cask walls and bot-
tom are fabricated from high-density concrete with rebar
reinforcement. The reinforced concrete wall is lined on
both the interior and exterior surfaces with carbon steel.
Trunnions are attached to the cask body for lifting. A lid,
also fabricated from reinforced concrete, is bolted to the
cask body and sealed with conventional elastomer and me-
tallic seals.

Two half-scale cask models were fabricated and they
were tested for a 30-ft corner drop, a 3-ft drop onto a steel
pin, and a 961°C fire lasting 7.5 minutes. The results from
these tests indicated that concrete is a good material for a
transport cask and only minor refinements in the design
and fabrication method are required. It is believed that the
CIC is feasible and could become an important alternative
method for spent fuel storage, transport, and possibly dis-
posal of CANDU spent fuel.13

Storage
Lid Bolts

Lid Lifting
Lugs

High Density
Concrete Body/Shield

Transportation
Lid Bolts

Lifting
Trunnions

Spent Fuel
Modules

Figure 3. Ontario Hydro Unventilated Concrete Integrated
Cask"
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DOE Unventilated Concrete Storage Silo
During the period from 1978 through 1982, a large con-

crete silo (Figure 4) was designed, fabricated, and tested by
DOE at the Nevada Test Site.14 The concrete silo consisted
of

1. a carbon steel liner encased in a locally transport-
able reinforced concrete silo, 9 ft in diameter by
21 ft high,

2. a 16 ft by 16 ft by 9 ft thick reinforced concrete
foundation pad,

3. a canister assembly consisting of a canister body,
closure lid, and a concrete-filled shield plug, and

4. a pressurized water reactor (PWR) spent fuel
assembly.14

A heat transfer performance test was conducted. The
measured temperatures in the PWR spent fuel assembly,
canister, and silo were satisfactory and were less than pre-
test computer code predictions.

NUPAC CP-9 Unventilated Concrete Storage Cask
In 1987, Nuclear Packaging, Inc. (NUPAC) submitted a

topical report to the U.S. Nuclear Regulatory Commission
(NRC) on its CP-9 Unventilated PWR storage cask.15-16

The cask (Figure 5) is approximately 8-1/2 ft in diameter, 19
ft long, and weighs approximately 90 tons loaded with 9
PWR spent fuel assemblies. A steel basket is contained in
the steel-lined, reinforced concrete cask body. The cask
closure includes an inner steel shield plug, a steel lid
welded to the top of the cask, and a solid RX-277 borated
neutron absorber plate. Three lift lug embedment assem-
blies are provided for handling the cask. A water drain is
provided near the bottom of the cask to permit loading
spent fuel in a pool. Dry loading of the cask can also
be accomplished using a transfer cask and collar
mechanism.16

NUPAC submitted the CP-9 topical report to NRC for
review and approval in November 1987. Pacific Nuclear
Systems, Inc., who owns NUPAC, purchased a share of Pa-

Cover

Concrete Body/Shield

Concrete Shield Plug

Lifting Trunnions

Spent Fuel Assembly

Storage Canister

Inner Steel Liner

Seismic Restraint
Brackets

Concrete Storage Pad

Figure 4. DOE Unventilated Concrete Storage Silo14

cific Sierra Nuclear Associates (PSN) in 1988 or 1989, and
responsibility for developing and marketing vertical con-
crete casks was transferred to PSN. PSN opted to postpone
further review of the CP-9 Unventilated cask and pursue
approval of a ventilated concrete cask as discussed below.

PSN Ventilated Concrete Storage Cask
In February 1989, PSN submitted a topical report to

NRC for its ventilated storage cask (VSC) system.17 The
cask (Figure 6) consists of a steel lined reinforced concrete
body; a multiassembly shielded, sealed basket (MSB); an
air flow channel between the cask inner liner and MSB;
and optional snow skirts and lifting lugs/trunnions (not
shown) if desired.

VSC casks can be sized to store 4 to 24 PWR assemblies
or 9 to 56 BWR assemblies.17 The present MSB/VSC de-
sign is loaded dry via a metal transfer cask and collar
mechanism. The metal transfer cask containing the MSB
is loaded with spent fuel in a pool; the transfer cask and

Removable >F3
Lifting Lugs JLJ4

Lifting Embeds

Steel Lid

Inner Steel
Shield Plug

RX-227 Neutron
Shield

Concrete
Body/Shield

Decontaminable
Coating

Drain

Figure 5. NUPAC CP-9 Unventilated Concrete Storage Casklfi

Weather Cover

Air Outlet

Concrete
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(If Required)

Air Inlet with ^-—•fxl
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Air Flow Gap Between """̂ l
Skirt and Cask Body

Multi-Assembly
Sealed Basket (MSB)

Air Inlet

Figure 6. PSN Ventilated Concrete Storage Cask17
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MSB are drained and the MSB lid is welded on; the MSB is
vacuum dried, backfilled with helium, and moved to the
VSC via the metal transfer cask; and the MSB containing
spent fuel is transferred into the VSC using a collar mech-
anism mounted on top of the VSC.17

PSN's topical report is presently being reviewed by the
NRC. Wisconsin Electric Power Company18 and Con-
sumers Power Company19 have indicated intentions to
submit license applications for use of VSCs at reactor in-
dependent spent fuel storage installations (ISFSI).

Bet)W CONSTAR Unventilated Concrete Storage Cask
In 1988 and 1989, Babcock and Wilcox Company (B&W)

presented its CONSTAR (Concrete Storage at Reactor/Re-
pository) dry storage cask system.20'21 The CONSTAR-28P
storage cask (Figure 7) is approximately 11 ft in diameter,
20 ft long, and weighs 165 tons fully loaded.21 The cask
consists of a steel-lined, high-density, steel-fiber reinforced
concrete body; heat pipes attached to the inner steel liner
with a radiator section located near the top of the cask; a
spent fuel storage basket; a lid system consisting of an in-
ner concrete shield plug, a primary steel lid, and a second-
ary steel weather cover; and lifting lugs.20'21

Enhanced heat transfer using heat pipes is unique to the
CONSTAR design. Heat generated in the spent fuel assem-
blies is transferred to the inner steel liner by conduction,
convection, and radiation. Heat pipes efficiently transfer
heat to a radiator located at the top of the cask to maintain
the concrete cask wall below allowable temperature
limits.

The CONSTAR cask is loaded dry using a shielded
transfer cask that interfaces with the top of the CON-
STAR via a shielded transfer platform.21 This loading/un-

.. Lifting Lugs

Four-Assembly
Spent Fuel Pack

Rebar

Figure 7. B&W CONSTAR Unventilated Concrete Storage
Cask11

loading technique provides compatibility with the steps in
storage, transport, and ultimate disposal of spent fuel. The
spent fuel may never have to be returned to the pool be-
cause the shielded transfer cask/platform technique could
be used to transfer spent fuel from a CONSTAR to a trans-
port cask in the future.21

ESTIMATED COSTS OF CONCRETE CASK
STORAGE
In 1988, DOE performed a study for Congress on at-reactor
dry storage methods.22 As part of that study, costs for var-
ious at-reactor storage expansion options were estimated.
The estimated costs presented in Table 1 were extracted
from estimates provided by vendors, utilities, and other
DOE studies.22 The cost estimates are associated with
large uncertainties resulting from different accounting
methods, site-specific differences, and unknown cost re-
ductions due to technology advancements or improve-
ments in production methods. The cost estimates were
intended to estimate a waste system-wide cost resulting
from at-reactor storage and were not intended to be used
by a utility to select a storage technology.22 Direct quotes
from vendors should be used to accurately determine
spent fuel storage costs.

It is clear from Table 1 that vertical concrete casks and
horizontal concrete modules were estimated to cost less
than metal casks or modular vaults for quantities of 300
MTHM or less. As the quantity approaches 1000 MTHM,
metal casks and modular vaults become economically
competitive with concrete modules/casks. It should be
emphasized that selection of a storage type will depend on
more than economics. Considerations such as operability
and transportability will also significantly influence final
selection of a storage system.
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Table 1
Estimated Storage Expansion

$/kg
Cost Ranges,

Heavy Metal22

Capacity Increase

Storage Technology

In-pool consolidated
fuel

Metal casks

Concrete casks

Horizontal concrete
modules

Modular concrete
vaults

100
MTHM'

40-75

60-115

50-110

60-80

105-155

300
MTHM

30-50

55-105

45-95

45-60

70-105

1000
MTHM

NA"

55-100

45-85

40-55

45-70

Metric tons of heavy metal.
* * A 1000 MTHM increase is not practical for in-pool rod

consolidation because at typical reactors not more than
approximately 350 MTHM of additional storage space can
be gained through consolidation.22
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DOE/PSN COOPERATIVE CONCRETE
STORAGE CASK TEST
This section outlines/describes the objectives; organiza-
tion; scope and responsibilities; ventilated concrete stor-
age test cask; cask instrumentation; test matrix; and
status and future activities of the DOE/PSN Cooperative
Concrete Cask Test.

The primary objectives of the concrete cask test are to
obtain heat transfer and shielding data, and to gain fabrica-
tion and handling experience with a ventilated concrete
storage cask. This data/experience will be available to
future applicants to assist them in obtaining approvals/
licenses of similar storage modules and ISFSIs. In addition,
the information generated in this test will be provided to
the NRC to aid in obtaining generic approvals for the use

PSN
Boards of
Directors

Oversite Committee (OSC)
• R. Shingleton (PNSI)
• C. Fay (WEPCO)
• C. Kouts (DOE-HQ)
• J. Anttonen (DOE-RL)

Technical Management Committee (TMC)
• J. Massey (Cochairman - PSN)
• D. Zabransky (WEPCO)
• H. Lambert (EPRI)
• C. Collantes (Cochairman • DOE-RL)
• J. Creer (PNL)
• M. Fisher (DOE-ID)

1
PNL Cask Testing

Manager
M. McKinnon

EG&G Cask
Testing Manager

R. Schmitt

1
PSN Cask Design and
Fabrication Manager

J. Massey

Figure 8. DOE/PSN Organization
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Figure 9. PSN VSC-17 Ventilated Concrete Test Cask

of concrete casks to store LWR spent fuel at reactors and
other storage facilities.

COOPERATIVE AGREEMENT
ORGANIZATION
The DOE/PSN Cooperative Agreement involves three
DOE organizations, two DOE prime contractors, PSN, a
utility, and EPRI. The organization is shown in Figure 8
and consists of a cooperative agreement between DOE and
PSN, an Oversight Committee (OSC), a Technical Man-
agement Committee (TMC), and technical projects at
Pacific Northwest Laboratory (PNL), EG&G Idaho, Inc.,
and PSN.

The overall management of the DOE/PSN Cooperative
Concrete Cask Test is vested in the TMC. The TMC con-
sists of members from DOE-Richland (RL), PNL, DOE-
Idaho (ID), PSN, WEPCO, and EPRI. Issues that cannot be
resolved by the TMC are resolved by the OSC. The OSC
consists of members from DOE-RL; DOE-Headquarters
(HQ); Pacific Nuclear Systems, Inc. (a part owner of PSN),
and WEPCO.

The DOE/PSN Cooperative Agreement is the contrac-
tual document controlling concrete cask testing activities.
An overall Program Management Plan and DOE and PSN
Technical Project Plans are used to plan, integrate, coordi-
nate, and control the technical work needed to conduct
and complete the concrete ventilated storage cask (VSC)
performance test.

VSC-17 CONCRETE TEST CASK
The VSC-17 concrete test cask is of the ventilated design
(Figures 1, 6, and 9) and stores 17 PWR unconsolidated/
consolidated spent fuel assemblies/canisters. The VSC-17
is approximately 9 ft in diameter, 20 ft long, and weighs
~100 tons loaded with consolidated PWR spent fuel
canisters.

The cask consists of a reinforced concrete body contain-
ing an inner steel liner, two lifting lugs, and a steel
weather cover. A multiassembly, sealed and shielded bas-

Canister Cover

s- Spent Fuel Rods

TC Lance Guide
Tube

Canister Base Plate

Figure 10. Cross Section of a Loaded INEL Consolidated Spent
Fuel Canister7.27
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ket (MSB) made of carbon steel is located inside the con-
crete cask body. The PWR MSB is supported on three wide
flanges joined by a common circular plate. The PWR MSB
support can be removed and a longer, BWR MSB can be
inserted in the concrete cask body.

Heat is transferred to the walls of the MSB via conduc-
tion, convection, and radiation. As air adjacent to the
outer surface of the MSB heats up, it becomes less dense
and flows, by natural circulation, upward adjacent to the
MSB, and exits through four outlets located near the top of
the cask. Air enters the cooling annulus between the MSB
and cask inner liner through four inlets located near the
bottom of the cask. Because most of the heat is transferred
from the MSB by axial natural air convection, the heat
passing through the concrete body is significantly
reduced, which results in lower concrete temperatures.
Pretest heat transfer predictions using the COBRA-SFS
code23- 24- 2S- and 26 will be performed to accurately calcu-
late cask and spent fuel temperatures prior to performing
actual test runs.

CONSOLIDATED SPENT FUEL
Spent fuel rods to be used in the test are from Surry and
Turkey Point PWR spent fuel assemblies having square
cross sections, nominally 8.4 in. on a side, and having a
total length of 159.8 in. The rod active fuel column is 144
in. long.

The fuel rods in a fuel assembly are arranged in a square
array with 15 rods per side and a nominal rod-to-rod cen-

Flange

"O"-Ring Seal

Cask
Primary Lid

TC Locations

Figure 11. Thermocouple Lance4-5-6-7

terline pitch of 0.563 in. In addition to 204 fuel rods, a fuel
assembly also includes a top nozzle, a bottom nozzle,
seven grid spacers, twenty guide tubes, and one central in-
core instrumentation thimble.

During the consolidation process,27 spent fuel rods were
removed from Surry and Turkey Point fuel assemblies and
placed into consolidation canisters. A two-to-one rod con-
solidation ratio was consistently achieved because each
canister could contain 410 spent fuel rods, and two fuel
assemblies provide only 408 rods. This resulted in two
extra fuel rod storage locations per canister.

A simulated guide tube (Figure 10) with a funnel-shaped
top was placed in each of seven canisters to provide loca-
tions for inserting thermocouple (TC| lances (Figure 11|
during cask performance testing. The simulated guide
tubes were designed to occupy three fuel rod locations.
The overflow fuel rods caused by inserting guide tubes in
canisters were placed in the next canister of fuel
consolidated.

A stainless steel fuel consolidation canister (Figure 10)
consists of a base and top-locking cover. A series of
spacers, support bars, and ties is attached to the base of the
canister to align and hold the fuel rods during consolida-
tion. Once all the fuel rods have been placed on the base,
the top cover is placed over the rods and locked into
place.27 The top cover, the sliding fit between the top cover
and base, and the canister locking mechanism do not seal
the canister, but do limit gas flow in and out of the canis-
ter. The loaded canister is 8.5 in. square by 159.6 in. long.

Figure 12. Selected VSC-17 Cask and Consolidated Spent Fuel
Thermocouple Locations
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INSTRUMENTATION
The VSC-17 cask will be instrumented with approx-
imately 50 TCs and the consolidated spent fuel and basket
will be instrumented with 42 TCs. The locations of the
cask and spent fuel TCs are shown in Figure 12. Note that
10 TCs are to be imbedded in the concrete cask wall to
detect short-and long-term changes in concrete thermal
conductivity which will indicate changes in wall struc-
ture. Consolidation canisters will be instrumented as
shown in Figure 11 and explained in detail in References 4,
5, 6, 7, and 27.

Gamma and neutron dose rates will be taken at approx-
imately 70 locations, as indicated in Figure 13.

180 225

Figure 13. Selected VSC-17 Cask Neutron and Gamma Dose
Rate Measurement Locations

Table 2
VSC-17 Cask Test Matrix

Run No.
VSC-17

Orientation
MSB

Backfill Gas
Inlet Vent
Condition

Vertical

Vertical

Vertical

Vertical

Vertical

Helium

Helium

Helium

Nitrogen

Vacuum

Unplugged

1/2 plugged

All plugged

Unplugged

Unplugged

TEST MATRIX
The test runs planned for the VSC-17 cask are indicated in
Table 2. All cask test runs will be performed in a vertical
orientation because a horizontal storage orientation is not
practical for vertical concrete casks. The complexities
associated with lifting lug/trunnion designs for horizontal
handling/storing are the major reasons concrete casks are
not normally oriented in a horizontal position.

The test run with a helium backfill gas in the MSB and
unplugged inlet vents is prototypical of normal cask opera-
tion. Plugging the inlet vents simulates clogging due to
blowing debris or shallow flooding. The nitrogen run is
performed because nitrogen is also an acceptable storage
gas.28 A vacuum run will be performed to determine tem-
peratures during vacuum drying of the MSB.

STATUS AND FUTURE ACTIVITIES
The VSC-17 cask design and analyses have been com-
pleted. The cask is to be fabricated in late spring and deliv-
ered to INEL in early summer of 1990. Testing is planned
for late summer 1990 with data reduction, analysis, and
reporting to follow.
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The Ontario Hydro Dry Irradiated Fuel
Storage Program and Concrete Integrated

Container Demonstration

PJ. Armstrong and L. Grande
Ontario Hydro

Toronto, Ontario, Canada

ABSTRACT
For the first time anywhere the practicality of loading ir-
radiated fuel into a concrete cask underwater in an exist-
ing pool facility has been successfully demonstrated. The
cask holds about 7.7 metric-tons-uranium. Special design
features allow the cask to be used for dry storage, for
transportation, and for disposal without re-handling the
fuel. The cask, called the Concrete Integrated Container,
or CIC, has been developed by Ontario Hydro. These
notes accompanied a talk describing the loading, mon-
itoring, and IAEA-based transportation certification of
testing of the CIC. The talk was given at the INMM Spent
Fuel Management Seminar VII in Washington, D.C. On-
tario Hydro now has a pool storage capacity of close to
32,000 metric-tons-uranium. The need for storage will
more than double before 2025, the year a repository is
expected to open in Canada. Some of the new capacity
will be in CIC-style dry storage.

INTRODUCTION
Duck hunters tell us that the way to hit a target is to aim
at where it is going to be, not where it has been. It's the
same in the fuel storage business. We must aim our plan-
ning at where the moving targets are likely to be.

Like many of you here today, one of the moving targets
we've been aiming for at Ontario Hydro is the future stor-
age of irradiated fuel. The fuel arising from the sixteen
operating reactors and the four we have under construc-
tion will almost equal that from all of the power reactors
in the United States. Considering that a repository for this
fuel won't be available until about the year 2025, you can
see how we will need a major storage program to get there.

STORAGE NEEDS
Figure 1 illustrates the now typical hyperbolic production
curve for irradiated fuel from our utility. Faced with this
future need we investigated many wet and dry storage op-
tions. Currently, all of our fuel is stored underwater in
nine pools with a combined capacity of about 32,000 met-
ric-tons-uranium (MTU) at the reactor sites. So, with this
investment in pools, why should we look at dry storage?

One reason is the shift in emphasis from short to long
term storage. Most of the pools in our generating stations
were sized to allow off-site shipping after five to ten years.
This hasn't happened and is not likely to happen until a
repository is opened. With this in mind, we looked at dry
storage as a way to minimize the caretaking costs for the
additional 42,000 MTU of used fuel to be produced. As-
sessments are continuing to determine whether we will
adopt wet or dry storage systems or combinations of both
until a repository is available.

Here are the options we have looked at:
• Concrete Integrated Container, CIC
• Convection Cooled Vault
• Cast Iron Casks
• Fixed Canister
• 1/2 Sized CIC
• CIC Underground

The first of these is the one which was chosen for demon-
stration.

CIC STORAGE DEMONSTRATION
PROGRAM
The following figures show the first concrete integrated
container CIC and the operations involved in transporting
it and loading it with used fuel. Figure 2 shows one of two

Figure 1. Accumulated used fuel bundles at Ontario Hydro
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containers that were built and loaded during the past two
years at our Pickering Generating Station. It is about 8 feet
in diameter, 12 feet high, and weighs just under 80 tons. It
holds 384 Candu fuel bundles containing 7.7 MTU.

The cut-away drawing shows the inner and outer liners,
the fuel location, the bolted lid, and the drain port (Figure
3).

This type of construction gives us several advantages. To
make the CIC "operator friendly," it has been designed to
be loaded in the reactor pool using the existing equipment.
No other concrete cask proposed so far has this feature. In
keeping with our philosophy we also designed the CIC to
be transportable and suitable for disposal.

As shown in the illustrations: The CIC was loaded onto
a trailer and transported to the reactor pool transfer sta-
tion (Figure 4). There the lid was removed and the cask
transferred and lowered into the pool using the pool crane
(Figure 5). Water was circulated to minimize contamina-
tion. The pool crane picked-up four fuel modules, each
containing 96 fuel bundles, and lowered them into the
container (Figure 6). The lid was installed on the CIC be-
fore the pool crane lifted it out of the pool. Water was
sprayed over the container and the water inside of the CIC
was drained (Figure 7). After draining, the cavity of the
cask was vacuum-dried and helium leak-tested. The sur-
face of the cask was inspected for loose contamination and
the external radiation field was measured. On this first
CIC, with 10-year cooled fuel, the maximum dose rate was

Figure 2. Concrete Integrated Container

10 mrem on contact. The pool crane then transported the
container and loaded it onto a trailer which moved it to
the outside storage area (Figure 8). There a mobile crane
placed the cask on a timber crib (Figure 9). After two years
of storage, the CIC will be taken back into the storage pool
and unloaded for examination.

The second similar CIC was loaded this fall with 6-year-
cooled fuel.

REINFORCED
HIGH DENSITY

CONCRETE

IAEA
SAFEGUARDS

SEAL

AI»FROXIMATE SIZE

HEIGHT - 3.00m
OUTSIDE DIAMITER - Z.Wm

INSIDE DIAMETER - 1.94m
GROSS WEIGHT - 70 Mf

Figure 3. Cut-away drawing of the CIC showing design features

Figure 4. Transport of CIC to reactor building
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CIC TRANSPORTATION
DEMONSTRATION PROGRAM
In parallel with our storage demonstration program we are
also funding a program to demonstrate compliance with
transportation requirements. Analytical modelling and
scale model drop tests are being conducted to confirm that
the CIC will survive the accidents postulated by the IAEA
transportation regulations familiar to you.

One of the predictions generated by the DYNA-3D pro-
gram for a 29-foot drop of the CIC on a corner of the lid
side is shown as an example (Figure 10). Also shown is a
picture of the scale model of the CIC (with impact limi-
ters) which was tested (Figure 11).

In addition to photographing these activities, they were
recorded on video tape.

The authors gratefully acknowledge the many contribu-
tors within Ontario Hydro who made the dry storage sys-
tem demonstration a success. This includes those in the
engineering, construction, operations, and research
divisions.

Information on this and related long-range programs of
Ontario Hydro was presented at the two most recent
INMM Annual Meetings: Frost, C.R., "Proposed Safe-
guards and Security During Future Decommissioning of

Figure 5. Lowering cask into the reactor pool

Ontario Hydro's Reactors," Journal of the INMM, vol.
XVII, proceedings issue, p. 351, 1988; Frost, C.R., "Safe-
guards and Security Requirements for a Canadian Concep-
tual Used Fuel Disposal Center," Journal of the INMM,
vol. XVIII, proceedings issue, p. 559, 1989.

Figure 6. Loading spent fuel bundles into the CIC

~_r

Figure 7. Raising CIC from the pool after installing the lid

Figure 8. Transporting from reactor to storage site
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the concept and preliminary engineering of a tritium immobiliza-
tion system. Armstrong was also responsible for supervising the
completion of the engineering concept for a facility to volume
reduce and store irradiated fuel channels as well as preparing nu-
clear station decommissioning plans and the development of reac-
tor waste storage and disposal concepts. Prior to his employment
at Ontario Hydro in 1971, he was a civil engineer at Falconbridge
Nickel Mines Ltd. and a trainee engineer at the United Kingdom
Department of Highways. Armstrong is a member of the Cana-
dian Nuclear Society and became a registered professional engi-
neer in the Province of Ontario in 1970. He is the author of
"Evaluation of Immediate Dismantlement of CANDU Reactors at
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Lou Grande earned a BASc in Mechanical Engineering, from the
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Figure 9. Placing the loaded CIC on the timber crib for storage

improvements to the CIC making it wet-loadable and competitive
with other fuel storage alternatives. A patent naming L. Grande
and P.J. Armstrong as inventors, is in its final stages. The CIC
concept provides protection in Canada and the United States.
Grande is a member of the Canadian Nuclear Society and is a
registered professional engineer in the province of Ontario since
1974.

Figure 10. DYNA-3D Program Analysis of 29-foot corner drop of
CIC without impact limiters

Figure 11. Scale model of CIC with impact limiters before drop
test
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ABSTRACT
In March of 1988 NRC gave Topical Report approval for
the first dry vault storage system to be submitted for non-
site specific design approval. This paper describes the first
site specific application of the FW/GEC Modular Vault
Dry Store (MVDS) for the Public Service of Colorado-
Fort St. Vrain site.

The decision to permanently shut down the Fort St.
Vrain high temperature gas-cooled reactor in August 1989
provides the need to store on site 1,482 irradiated fuel
blocks and a quantity of other reactor core components
categorised as greater than Class C wastes. The MVDS
system has been selected for the safe storage of these
items in a facility designed to receive, store and discharge
fuel to the repository totally independent from the origi-
nal reactor facilities.

1. INTRODUCTION
In August 1989 the Public Service Company of Colorado
(PSC| board of directors voted to shut down the Fort St.
Vrain High Temperature Gas Cooled Reactor (FSV-
HTGR). The need to defuel the reactor following closure
of the plant was anticipated and extensive negotiations to
transfer the fuel inventory to the DOE Idaho Falls Plant
were undertaken, and are still ongoing. Prudency dictated
a fallback position in the event these fuel movements were
not possible. Therefore PSC have contracted with Foster
Wheeler Energy Applications Inc. (FWEA) to design, con-
struct and commission a Modular Vault Dry Store (MVDS)
for storage of the complete FSV fuel inventory. The new
storage facility will be located adjacent to the reactor site.

Application of vault dry storage options in the USA has
previously been limited to storage of experimental, mili-
tary and HTGR fuels largely on DOE sites. In Europe and
particularly in the United Kingdom, vault type dry storage
systems have accumulated commercial scale operating ex-
perience since 19711 and several major future applications
are either in construction or in the advanced planning
stages.2-3 The experience, gained using vault dry stores,
has been totally successful and the concept has now also

been applied to the storage of high level vitrified blocks
generated from the European reprocessing industry.

The dry vault storage system experience has been ap-
plied to the USA Independent Spent Fuel Storage Installa-
tion (ISFSI) market by FWEA in collaboration with the
Anglo-French Company of GEC ALSTHOM Engineering
Systems Ltd (GEC-A|. The Modular Vault Dry Store
(MVDS) concept has been submitted to the US NRC as a
generic Topical Report for irradiated LWR fuels and was
approved in March 1988.

This generic design embraced wide range of site and fuel
assembly parameters, sufficient to fully develop the
unique features of the FSV fuel. Flexibility of the MVDS
concept also allows PSC to store reactor core components
classified as greater than Class C waste. Independence of
operation of the MVDS concept will allow storage and
eventual shipment to the MRS or Repository of the stored
fuel and waste even after decommissioning of the reactor
site.

2. FORT ST. VRAIN FUEL & STORAGE
REQUIREMENTS
The FSV-HTGR building is illustrated in Figures 1 & 2.
The reactor core comprises an assembly of hexagonal
graphite blocks. The graphite fuel blocks contain Fuel
Rods in closed ended channels. Coolant channels pass
through the fuel blocks allowing the vertical flow of he-
lium reactor coolant as illustrated in Figure 3. The Fuel
Rods are a blend of coated fuel particles and a coke filler.
The coated particle fuel, called the TRISO type, is a domi-
nant feature of the fuel element. Two types of TRISO parti-
cles are used in the FSV reactor. Fissile particles contain a
mixture of thorium and uranium carbide in the kernel,
while larger fertile particles contain only thorium carbide.
The coatings surrounding the kernel are designed to retain
the fission products over the life time of the fuel. Operat-
ing experience with the FSV fuel indicates that the frac-
tion of fuel particles with failed coatings is less than 1%.

The temperature limits of the fuel block materials are
very high (average gas outlet temperature is typically
1440°F). In an oxidising environment (air) the safe storage
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temperature limit of 750°F is established by the onset of
graphite oxidation.

The core is surrounded by graphite side reflector blocks
of various shapes, the majority of which will be disposed
of during decomissioning as Class C waste. A number of
metal clad reflector blocks from the top layer of the core
are classified as greater than Class C waste because of the
irradiated stainless steel components included in these
assemblies.

The FSV ISFSI has a requirement to store 1,482 fuel
blocks and the 37 metal clad reflector blocks. In addition 6
(six) fuel blocks each containing a Californium neutron
source have to be stored. The neutron sources increase the
normal fuel block neutron source term very considerably.

AUXILIARY
TRANSFER CASK

—- EL.4990-0

OVERHEAD CRANE

FUEL HANDLING
MACHINE

EL. 4881-8

FUELSTORAGE
FACILITY

Grade EL.4790-0

FUEL SHIPPING
CASK AND TRUCK

I EL.4740-6

Figure 1. Reactor building cross section

CONTROL ROD STORAGE WELL SHIELDING ADAPTERS

V ,-CONTR.OL ROD DRIVE STORAGE

/fUEL STORAGE FACILITY

FUEL HANDLING MACHINE

HOT SERVICE FACILITY

FUEL STORAGE
ISOLATION VALVE

CONTROL ROOM FOR FUEL HANDLING SYSTEM N FUEL SHIPPING CASK LOCATION

Figure 2. Reactor refuelling floor

The site specific storage parameters for FSV fuel are
summarised in Table 1 and compared with the parameters
used in the MVDS Topical Safety Analysis Report (TSAR).
The comparison shows that the TSAR bounds the impor-
tant design parameters except the neutron flux level asso-
ciated with the neutron source fuel blocks.

3. FORT ST. VRAIN FUEL HANDLING
ROUTE
FSV refuelling operations utilise an Overhead Crane and a
Fuel Handling Machine, operated in conjunction with Iso-
lation Valves and an Auxiliary Transfer Cask to transfer
irradiated fuel blocks to a helium gas cooled Fuel Storage
Facility integral with the reactor building (see Figures 1 &
2). After a minimum decay cooling period of 100 days the
fuel blocks can be transferred using the refuelling equip-
ment to a Fuel Shipping Cask unique to the FSV facility.
This operation is carried out at the reactor charge face
level (elevation 4881 '-8") by raising the Shipping Cask to
that level using the building Overhead Crane. With the
cask positioned in the load/unload position the Fuel Han-
dling Machine can load fuel blocks directly into the Ship-
ping Cask cavity. The Isolation Valve is a sliding gate valve
used to provide a sealing function for the contained he-
lium, and a shielding interface between the machine and
the cask.

All charge face equipment is positioned using the Over-
head Crane.
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The FSV Shipping Cask, Figure 4, holds six fuel blocks,
stacked one upon another, within an Inner Container de-
signed to provide a containment for the fuel in addition to
that offered by the cask body and closure. The Inner Con-
tainer is closed by a bolted lid containing depleted ura-
nium shielding material. The lid utilises elastomeric seals
for the relatively short transit time between FSV and the
Idaho Falls site. The Idaho site hosts the Irradiated Fuels
Storage Facility4 originally designed to receive the Ship-
ping Cask and to store the FSV fuel (with other fuels) in a
forced convection, air cooled vault dry storage facility. The
storage environment for the fuel in the facility is atmo-
spheric air. The Shipping Cask Inner Container is not used
to contain the fuel during storage at Idaho but is returned
to FSV with the Shipping Cask.

In earlier years of FSV operation approximately 500 fuel
blocks have been successfully shipped to Idaho and are in
storage. Therefore PSC reactor operators are very familiar
with the fuel handling route equipment and operational
procedures. This experience will be extended in the forth-
coming reactor defuelling operations. The ISFSI selected
by PSC for FSV will fully utilise the existing equipment
and procedures without significant modification.

4. THE MVDS CONCEPT
The MVDS concept described by the Topical Report has
been adapted in certain detail features to suit the storage
needs of FSV. To allow comparison the basic concept as
reviewed by the US NRC is briefly described.

The MVDS design holds irradiated LWR fuel in individ-
ual vertical storage tubes retained within a concrete struc-
ture forming the storage vault. The vault provides the
necessary shielding for the stored fuel and integral air flow
ducts for a natural thermal buoyancy cooling system. The
warmed air within the vault moves upwards and passes to
the environment via the outlet ducts. Cooler air is drawn
into the vault and over the outside of the storage tubes to
maintain an air flow consistent with the heat load (num-
ber of fuel assemblies) within the vault. A typical vault

Table 1
Design Parameters

Parameter

Heat Load/Storage Location

Decay Period

Fuel Source — Normal Assembly
Gamma/Storage Location

Neutron/Storage Location

Fuel Source — Neutron Source Assembly
Gamma/Storage Location
Neutron/Storage Location

Ambient Temperatures

Flood Levels

Seismic
Ground Acceleration
Spectrum

Tornado Missile

Tornado Maximum Velocity

Snow Loading

FSV

0.7 kw (average)

400 day

1.52 x 10'5 MeV/sec

2.08 x 106 N/sec

1.52x10" MeV/sec
5.61x10" N/sec

0.1
Reg. Guide 1.61

Site specific

300 mph

SOpsI

TSAR

1kw

5 year

9.32 x 10'5 MeV/sec

5.17 X 10s N/sec

-20' to 100T

Site specitic

0.25
Reg. Guide 1.61

NUREG0800II

Reg. Guide 1.76 {360 mph)

100psf

system and enclosing weatherproof building is illustrated
in Figure 5.

The storage tube provides the containment boundary for
each fuel assembly. A removable shield plug is used to
close the top of each store tube allowing fuel to easily be
loaded, accessed or removed. The storage tube can be re-
used if desired. One diameter and length of storage tube
provides a universal containment for all unconsolidated or
consolidated PWR fuels. A second smaller diameter pro-
vides a universal containment for all unconsolidated or
consolidated BWR fuels. The MVDS design provides fully
shielded access to the top of each storage tube at all times.
Accessibility of the individual fuel containments allows
the contained gas to be simply and safely monitored or
changed if required.

The number of storage tubes (number of fuel assem-
blies) installed within a vault can be selected at the site
specific design stage to suit the Utility storage need. Typ-
ically for at-reactor site applications a vault will be se-
lected to hold approximately 100 or alternatively 200 PWR
storage locations or significantly more for the smaller
BWR assembly.

Uncontainerised fuel is moved to the MVDS installation
using any dry transport cask type or capacity to suit the
existing reactor building craneage. A special bottom load-
ing cask system (the Fuel Handling Machine) operates
above the storage vaults on a seismically designed gantry
system. The machine is designed to raise individual fuel
assemblies from the transport cask, transfer to the storage
position and lower into the selected storage tube. The fuel
handling route can be reversed for ultimate transfer of fuel
from the store to the MRS or Repository using the trans-
port cask or a DOE supplied shipping cask.

210"

INNER
CONTAINER

28-

Figure 4. Fort St. Vrain HTGR spent fuel shipping cask
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5. MVDS FOR FORT ST. VRAIN—
SPECIAL REQUIREMENTS
Application at the MVDS design to FSV required adapta-
tion of certain features to meet the storage need specified
by PSC, at the lowest capital cost. The factors influencing
these changes were as follows:

5.1 HTR Fuel &> Reflector Blocks
The nature of the HTR fuel previously described is sig-

nificantly different from the LWR types originally consid-
ered in the TSAR. Despite the disparity of material, form
and enrichment to LWR fuel, the HTR fuel parameters
have the least influence on the MVDS design given the
decision to containerise the fuel blocks at the reactor (see
5.2). The reflector blocks are also easily accommodated
because they have the same cross section as fuel blocks,
same handling features and half the physical length. Two
reflector blocks stacked are therefore dimensionally equal
to one fuel block.

5.2 Fuel Containerisation at Reactor
As described, the standard fuel route equipment at FSV

results in six fuel blocks being loaded into the Inner Con-
tainer of the existing and licensed FSV Shipping Cask. The
Inner Container dimensions are not dissimilar to the
standard TSAR fuel storage tube for PWR fuel and also
provides a high integrity sealed containment boundary
with a shielded closure. These similarities and the practi-
cal desire to utilise the existing and proven reactor build-
ing refuelling route resulted in the decision to
containerise the fuel blocks at the reactor by placing them
into a containment boundary very similar to the existing
Inner Container. The proposed use of the existing Shipping
Casks for site transfer of fuel to the ISFSI and potentially
for subsequent movement of fuel to MRS or the Reposi-
tory, completed the concept modification logic.

Utilisation of the containerisation procedures at the re-
actor building has the added advantage of providing an un-
contained fuel route to the ISFSI and for all normal
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Figure 5. Modular Vault Dry Store—MVDS typical 200 MTU PWR spent fuel facility

MAY 1990 JNMM • 25



operations within the MVDS, thus eliminating the need
for contamination control and monitoring systems that
were incorporated in the TSAR design.

5.3 Storage Capacity
The minimum specified PSC storage need was as little

as 25 fuel blocks or total storage of only 45 Inner Con-
tainers. The option to increase the storage capacity to
1,482 fuel blocks (i.e. six fold) only arose post contract,
therefore the competitiveness of the concept at the mini-
mum storage capacity had to be addressed. This required a
review and simplification of detail features not important
to safety but with a significant capital cost implication.

5.4 Total Independence from On-site Reactor
The early decommissioning of the FSV nuclear reactor

system and possible repower of the present turbine genera-
tor with replacement steam supplies, as considered by
PSC, would leave the MVDS totally independent of an ad-
jacent 10 CFR Part 50 licensed nuclear site. This possi-
bility was a major consideration of PSC in selecting an
ISFSI system.

The 10 CFR Part 72 license requirements for an ISFSI
requires independence from reactor site services. How-
ever, many of the available storage systems suitable for IS-
FSI application vary in the level of independence from
reactor facilities in the event of unforeseen fuel confine-
ment system failures and for the eventual shipment of fuel
to the MRS or Repository. All storage systems can over-
come these deficiencies by the licensing and construction
of additional facilities to allow fuel transfer to a new con-
finement boundary or to an off-site shipping cask. A claim

Figure 6. Cutaway view of modular storage vault for Fort St.

of the MVDS concept is that these provisions are funda-
mentally incorporated into the design without significant
additional cost. This was satisfactorily demonstrated to
PSC and the method by which this is possible using a
minor addition to the MVDS concept will be clear from
the following description of the MVDS design for FSV.

6. MVDS FOR FORT ST. VRAIN—
DESCRIPTION
The MVDS facility arrangement is shown in Figures 6 and
7. The Fort St. Vrain MVDS comprises six vault modules
each containing forty-five individual storage containers.

6.1 Principles of Operation
The fuel blocks or other items to be stored are loaded

into Fuel Storage Containers (FSCs) at the reactor building
using the existing fuel handling equipment. The FSCs are
transported from the reactor building to the MVDS build-
ing in the FSV Shipping Cask.. In the Cask Reception Bay,
the Shipping Cask is lifted from the site trailer and parked
in a Cask Load/Unload Port using the MVDS overhead
crane. In the Load/Unload Port the FSV Shipping Cask clo-
sure lid can be removed and parked. Use of a Fuel Han-
dling Machine (FHM) and an independent shielding
isolating valve mounted above the Shipping Cask allows
the FSC to be safely raised into the FHM. The building
crane moves the FHM to the selected storage location
which has been previously prepared by removal of a shield
plug and installation of a second shielding isolating valve.
The FHM lowers the FSC into the vault storage position,
the FHM is removed, the shield plug replaced and the

Figure 7. End of Fort St. Vrain storage vault: (4) Container
handling machine; (5| Isolation valve; (6) Crane; (8) Charge face
structure; (9) Shield plug; |10| Fuel storage container; (11)
Container support; (13) Shield plug handling device,- (14)
Uranium shield handling device
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valve moved to the next storage location to be filled. From
this position the equipment is used to remove an empty
FSC from the vault and transfer this to the FSV Shipping
Cask in the Load/Unload Port.

Return of the FSV Shipping Cask to the reactor building
with the empty FSC allows the cycle to be repeated. Two
FSV Shipping Casks are available, therefore loading/un-
loading will normally be conducted simultaneously at the
reactor building and the MVDS building.

6.2 Cask Reception Bay
The bay is an enclosed reception area which is used for

the receipt of the Shipping Cask trailer and for transfer-
ring the FSC between the Shipping Cask and the FHM.
The bay location is indicated in the illustrating figures.
The bay has a concrete floor, walls and ceiling with an
access roller shutter door at one end for the cask trailer to
be backed into. A specially shaped aperture in the ceiling
allows the Shipping Cask to be raised to the vertical and
parked in the Load/Unload Port using the building crane.
The arrangement limits the lift height of the Cask above
the floor of the Bay. A Shipping Cask lower restraint is
used to stabilise the Cask whilst in the Load/Unload Port
in the event of a seismic disturbance.

6.3 Storage Vault
The storage vault is shown as part of the building sec-

tion view in Figure 7. The vault has a concrete floor and
walls with inlet and outlet air cooling ducts. The roof of
the vault is a composite steel and concrete structure called
the Charge Face Structure which has holes to receive the
FSCs. The Charge Face Structure combined with the fixed
support stools in the vault floor maintain the fixed array of
FSCs optimised for sub-criticality and efficient cooling.

Cooling air enters through a protective bird mesh, flows
through a labyrinth which prevents radiation streaming
and enters the vault through the distribution louvres. The
heated air from the vault flows through the exit louvres,
up the concrete duct and exits to atmosphere via the bird
mesh and weather protected duct top.

The cooling air only contacts the outer surface of the
FSCs and does not become contaminated. The cooling sys-
tem is passive, self regulatory and driven by the buoyancy
of warm air. The cooling system maintains a wide margin
on acceptable fuel and structural concrete temperatures
for all site specific environmental conditions. The cooling
system is insensitive to partial blockage of the inlet or out-
let ducts and the design provides several days to recover
from the very unlikely event of total blockage.

The massive concrete structure forming the vault and
the cooling ducts prevents radiation from exceeding ac-
ceptable dose levels outside the MVDS building.

The triangular spacing of the FSCs within the vault is
such that the stored fuel cannot become critical even in
the unlikely event of the vault becoming fully flooded. No
credit for burn-up is necessary to guarantee acceptable
values for K effective in the MVDS design.

The civil structure is designed to the ACI 349-85N
standard and constructed to ACI 318-83 requirements.

6.4 Charge Hall
The Charge Hall is the volume above the Charge Face

Structure and the Cask Reception Bay providing a weath-
erproof enclosure for the loading/unloading operations.
PSC have specified that the Charge Hall is provided with
limited space heating and simple ventilation equipment to
provide operator comfort during extremes of weather
conditions.

The concrete structure extends up to the 30 ft elevation
for protection of the Charge Hall equipment from the
heavier regulatory tornado missiles. The balance of the en-
closure is a steel frame structure, clad with insulated steel
sheeting.

The building crane operates along the length of the
Charge Hall and provides all lifting operations for equip-
ment handling. Design limits and operational procedures
control the potential drop heights of the crane load onto
the Charge Face Structure and into the Cask Reception
Bay. No bounding impact fault case will result in a release
of radioactivity.

6.5 Storage Wells
Three supplementary storage locations are provided at

the end of the building. The Storage Wells provide a seal-
able, shielded and natural thermosyphon cooled contain-
ment for a defective FSC in the unlikely event of a failure
in service. They can be used to isolate a defective FSC af-
ter transfer from the vault cooling system, to allow indi-
vidual leak testing of a suspect FSC, to act as a temporary
storage location whilst changing fuel blocks from a defec-
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Figure 8. Storage well
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tive storage cantainer to a new container or as part of the
transfer process of fuel blocks to a DOE shipping cask.
The Storage Wells provide the MVDS with an additional
degree of independence from supporting site facilities dur-
ing off normal events and during future MVDS defuelling
operations. See Figure 8.

A supplementary function of a Storage Well is to house
the single FSC holding the six neutron source containing
fuel blocks. This storage position, independent from the
vaults allows additional neutron shield material to be in-
corporated into the charge face shield plug.

FSC GRAB

FUELSTORAGE
CONTAINER (FSC)

FSC HANDLING
MACHINE

CHARGE FACE
'ISOLATION VALVE

Figure 9. FSC loading equipment
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Figure 10. Modular vault and metal cask dry storage capital cost
vs. capacity

6.6 Fuel Storage Container (FSC)
The FSC replaces the Inner Container of the existing

FSV Shipping Cask for fuel transfers to the MVDS and pro-
vides fuel confinement whilst in storage. The FSC could
also be used with the FSV Shipping Cask for the future
fuel movements to the MRS or Repository.

Carbon steel is used for the FSC and it is designed to the
code requirements of ASME 111—Class ND. The exterior
surfaces are protected from atmospheric corrosion by a
flame sprayed aluminium coating. The bolted lid to the
FSC contains a removable depleted uranium insert used
during lid bolting and leak checking procedures at the re-
actor building. Twin metal 'O' ring seals provide a high
integrity seal between the container body and lid. The lid
design incorporates features to allow seal interspace and
container body leak checking. A spigot boss on the base of
the FSC serves to positively locate the FSC in the floor of
the storage vault. The safety analysis for the FSV-MVDS
will assume that the storage environment within the FSC
is atmospheric air.

6.7 Fuel Handling Machine (FHM) ei> Associated
Equipment

The FHM provides the means of raising/lowering a FSC
either from the FSV Shipping Cask or the vault storage
location. The FSC is fully shielded by the FHM during
handling operations and the decay heat dissipated from
the exterior surfaces of the machine. The FHM is moved
by the building crane using a special lifting yoke designed
to limit the maximum possible lift height of the machine
above the charge face level. A sliding gate valve at the base
of the machine provides necessary gamma shielding. The
valve cannot be operated unless it is coupled to the similar
isolation valve on the Cask Load/Unload Port or the valve
on the Charge Face. The base of the FHM has four outrig-
gers designed to prevent toppling of the machine in the
event of a drop incident. A hoist and FSC grab system are
designed to meet single failure proof standards for nuclear
lifting applications. They provide the vertical motion for
FSC transfer operations. The FHM is illustrated in Figure
9 positioned on the Charge Face isolating valve.

The FHM can be adapted on a non-routine basis to safely
handle single FSV fuel blocks.

7. FORT ST. VRAIN LICENSING &
CONSTRUCTION SCHEDULE
Design and licensing of the FSV MVDS commenced in Oc-
tober 1989. The schedule requires a start of site construc-
tion by February 1991 and commencement of fuel loading
in December 1991. It is planned to complete the defuelling
of FSV by August 1992.

8. FUTURE MVDS APPLICATIONS
The MVDS concept for LWR fuels submitted and approved
by US NRC in 1988 was based upon the premise that con-
tainerisation of the irradiated fuel at the ISFSI would be
advantageous to a Utility because it provided the option of
three unique features:

a. Ability to have rapid direct access to stored fuel for
inspection and for nuclear safeguard procedures.
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b. Ability to discharge uncontainerised fuel to the
standard DOE Shipping Cask at the ISFSI without
licensing and construction of additional facilities.

c. Minimal modification of the reactor fuel building
craneage.

Handling of uncontainerised fuel at the ISFSI does how-
ever have a capital cost impact because of the need, albeit
limited, for control of radioactive particulate arising from
the fuel assembly surfaces (crud). Utility selection of the
competing ISFSI designs is strongly affected by the capital
cost of the installation. The capital cost of an ISFSI is a
function of the storage capacity and typical relationships
are illustrated in Figure 10. For MVDS the initial capital
cost for zero storage is relatively high compared with, say,
metal storage casks but the incremental cost (cost per ad-
ditional unit stored) is low. This is clearly illustrated in
Figure 10.

The opportunity to consider MVDS for FSV where con-
tainerisation at the reactor was obviously most advan-
tageous has resulted in an improvement in the capital cost
relationship by lowering the cost level with only a modest
increase in the incremental rate. This charge has therefore
a beneficial effect on the competitiveness of the MVDS
concept where a Utility requires to purchase limited stor-
age capacity.

FSV has a dry fuel handling route (no storage pond) and
the fuel is a HTGR type assembly, however the MVDS de-
sign for this application can be applied to the LWR fuel
storage needs of the Utility industry. The fuel storage con-
tainers, each containing one or more LWR fuel assemblies,
can be sealed into a special transfer cask designed for site
fuel movement to the MVDS. The transfer cask complete
with empty storage containers can be loaded in the reactor
pool and fuel loaded using the existing fuel handling
equipment. After insertion of a shield plug in the top of
each container the loaded transfer cask is removed from
the pool, drained, the internals dried and the storage con-
tainer sealing covers fitted. Reassembly of the transfer
cask outer closure and inspection allows transfer of the
cask to the MVDS. At the MVDS the storage containers
are removed using a fuel handling machine and loaded
into the storage vault.

Design and development of this type of transfer cask and
MVDS storage container for LWR fuels is now being car-
ried out by FWEA/GEC-A. This MVDS variant will shortly
be available for Utility application, giving further advan-
tages to this most flexible of the storage systems.
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Experience With Failed or Damaged Spent
Fuel and Its Impacts on Handling

W. J. Bailey
Pacific Northwest Laboratory*
Richland, Washington, U.S.A.

ABSTRACT
Spent fuel management planning needs to include consid-
eration of failed or damaged spent light-water reactor
fuel. Described in this paper are the following: the impor-
tance of fuel integrity and the behavior of failed fuel, the
quantity and burnup of failed or damaged fuel in storage,
types of defects, difficulties in evaluating data on failed or
damaged fuel, experience with wet storage, experience
with dry storage, handling of failed or damaged fuel,
transporting of fuel, and experience with higher burnup
fuel.

Spent fuel management planning needs to include con-
sideration of failed or damaged spent light-water reactor
(LWR) * * fuel. Described in this paper, which was prepared
under the Commercial Spent Fuel Management (CSFM)
Program that is sponsored by the U.S. Department of En-
ergy (DOE), are the following: the importance of fuel integ-
rity and the behavior of failed fuel, the quantity and
burnup of failed or damaged fuel in storage, types of de-
fects, difficulties in evaluating data on failed or damaged
fuel, experience with wet storage, experience with dry
storage, handling of failed or damaged fuel, transporting of
fuel, experience with higher burnup fuel, and conclusions.

IMPORTANCE OF FUEL INTEGRITY AND
THE BEHAVIOR OF FAILED FUEL
Release of fission gases and particulates of fuel from irradi-
ated fuel rods is prevented by the primary barrier, the fuel
cladding. Hence, consideration of the integrity of the clad-
ding on spent fuel is an important factor in spent fuel man-
agement planning. Regulation of spent fuel storage at
facilities away from reactors is addressed in 10 CFR 72, t
which requires that gross degradation of spent fuel and
release of radioactive particulates be prevented. Inspection
techniques are available to detect most fuel assemblies
containing reactor-induced defects, although elimination
of every failed or nearly failed fuel rod cannot be assured.
As a result, the condition of spent LWR fuel is an impor-
tant aspect to be considered in planning activities such as
storing, handling (including examination, fuel assembly

reconstitution, and rod consolidation), and shipping such
fuel.

QUANTITY AND BURNUP OF FAILED
AND DAMAGED FUEL IN STORAGE
At the end of 1988, the inventory of spent fuel in storage
included over 62,700 LWR fuel assemblies (59% BWR and
41% PWR type).1 Nearly all of the fuel assemblies are
stored at reactor sites; only about 5% are stored at other
facilities such as Independent Spent Fuel Storage Installa-
tions (ISFSIs). Most (>97%) of the fuel assemblies contain
Zircaloy-clad fuel rods; <3% contain stainless-steel-clad
fuel rods. The utilities indicate that among the >62,700
fuel assemblies, there are >3,200 failed or damaged fuel
assemblies. It should be noted that at the end of 1986, the
utilities had reported that there were approximately 5,000
failed or damaged spent fuel assemblies in storage;2 how-
ever, the next year the utilities significantly reduced their
estimates and indicated that there were nearly 2,400 failed
or damaged fuel assemblies in storage at the end of 1987.
The burnup distribution of the >3,200 failed or damaged
fuel assemblies is shown below:
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Number of Failed or Damaged Fuel Assemblies
BWR PWR

125
592
971
552
334
129
40
0
0
0
0

0
23
46
95
75
102
94
40
4
0
0

2,743 479

Most of the failed and damaged fuel is old; over 83% of it
was discharged between 1969 and 1980. Of the failed and
damaged fuel, about 11% of it from BWRs and about 53%
of it from PWRs has been discharged and placed in storage
between 1981 and 1988.

TYPES OF DEFECTS
Most of the cladding defects are small, and few are large.
The utilities indicated in 1987 that of the failed or dam-
aged fuel assemblies, only 35 required special handling
and only one required encapsulation.

Failure types on fuel rods can vary over a wide range:
from pinholes, small holes, and cracks to large defect areas
(rare) in which fuel pellets are visually observable or are
missing. Only a small fraction of the fuel rod cladding
breaches are readily visible when fuel assemblies are visu-
ally inspected because the defects are generally too small
for easy detection or they are located on interior rods. If
breached fuel rods are allowed to continue operation in
LWRs, they can sustain substantial secondary hydriding
that can dominate the visual appearance. Such hydriding
has led (especially in the early days) to misinterpretation
of the primary cause of failure. Longitudinal splitting of
the cladding, if noted under normal operating conditions,
is now typically viewed as a secondary defect.

DIFFICULTIES IN EVALUATING DATA ON
FAILED AND DAMAGED FUEL
It is difficult to evaluate data on failed and damaged fuel
reported by industry for several reasons:

1. the definition of abnormal degradation is not uni-
form throughout the industry;

2. in many cases the number of fuel failures is in-
ferred from indirect evidence;

3. in some cases only directly observed failures are
counted;

4. in other cases, a group of fuel assemblies suspected
or known to contain failed fuel rods is discharged
but not inspected; and

5. whether the fuel is classed as failed can depend on
how closely the fuel is inspected and on the capa-

bility of the inspection technique being used (in
the case of leak testing, also called sipping, it can
depend on when it takes place).2

Development and adoption of more uniform definitions of
failed fuel and abnormal degradation would be helpful be-
cause it would make it easier to more accurately compare
data from different reactors, utilities, and fuel vendors.

EXPERIENCE WITH WET STORAGE
Experience to date indicates that failed fuel has had a min-
imal impact on storage of spent fuel in water.2-3'4 A world
survey showed that most pools store fuel assemblies con-
taining failed fuel rods on the same basis as intact assem-
blies; some pools ( — 30%) store fuel assemblies containing
failed rods in canisters.4 Further degradation of cladding
defects during storage does not appear to be occurring. An
irradiated PWR fuel rod that had a large hole (nearly as
wide as the rod diameter and about two rod diameters in
length), and an associated 8-cm (3-in.) long section where
fuel was missing, was examined after seven years in wet
storage,- the cladding breach and the missing section were
determined to be no larger than before.5

EXPERIENCE WITH DRY STORAGE
The successful experience to date with Zircaloy-clad fuel
over a large range of dry storage conditions suggests that
none of the potential failure mechanisms (e.g., stress rup-
ture, stress corrosion cracking, hydrogen redistribution) is
likely to have a significant influence on the dry storage of
spent LWR fuel in inert gas or nitrogen. Current experi-
ence indicates that the incidence of cladding failures dur-
ing dry storage will be low; however, some fuel rod failures
cannot be ruled out (see comment above regarding inspec-
tion techniques).6'7 Even if fuel with cladding defects were
placed in dry storage, or if defects develop during storage,
such defects would not propagate if an inert or nitrogen
cover gas is used.6-7 In general, the impact of a cladding
defect that develops during dry storage is anticipated to
involve release of fission gas to the sealed cask or canister,
but essentially no release of fuel particles.

HANDLING OF FAILED OR DAMAGED
FUEL
Tens of thousands of LWR fuel assemblies have been satis-
factorily moved during normal handling operations at
commercial power reactors and independent spent fuel
storage facilities in the U.S.8 Only a few fuel assemblies
have suffered major mechanical damage during handling
(- 250 in the U.S.). Fuel rods (a total of slightly more than
the complement of one BWR fuel assembly) have fallen
out of spent fuel assemblies during handling. There have
been five cases in the U.S. where spent fuel assemblies
have come apart during handling [the latest event9 was at
Oyster Creek in 1987 and involved a previously damaged
fuel assembly].

The likelihood of breaking rods is potentially higher
with fuel rods with large cladding defects. Domestic expe-
rience to date indicates that only about seven rods—out of
a biased sample of fuel assemblies (ones that were known
to contain or suspected of containing failed or damaged
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fuel rods and were selected for examination, reconstitu-
tion, or rod consolidation) containing over 54,000 irradi-
ated fuel rods—broke during handling, examination, fuel
assembly reconstitution, or rod consolidation activities.
Among the >54,000 rods were nearly 2,000 that were in-
tentionally involved in rod consolidation operations.
Among those 2,000 fuel rods were some that were known
to have collapsed cladding (a result of in-reactor fuel densi-
fication and the coolant pressure). During rod consolida-
tion operations, one rod with collapsed cladding released
fission gas, but operators were able to resume work shortly
after evacuating the work platform and taking necessary
precautions. Another rod with collapsed cladding broke
unexpectedly during handling operations subsequent to
rod consolidation; the broken rod created no operations
problems. One rod consolidation demonstration inten-
tionally included an irradiated PWR fuel assembly with
severely bowed fuel rods and showed that such rods can be
accommodated.10 In another study, it was found that even
after bowing up to three feet (or more), irradiated PWR
fuel rods did not break.'l

TRANSPORTING OF FUEL
More than 5,100 fuel assemblies have been transported in
the U.S. Very few fuel assemblies (<37 in the U.S.) have
been damaged during normal transporting operations.8

There have been two events, one in France and one in the
U.S., in which substantial radioactive releases have oc-
curred when uncanned PWR fuel assemblies containing
stainless-steel-clad fuel rods (known in the U.S. case to in-
clude some failed rods) were shipped in a dry but oxidizing
atmosphere. Because of the event in the U.S./2 which re-
sulted in release of airborne contamination during the un-
derwater unloading of a failed PWR spent fuel assembly,
no more shipments of casks containing uncarined failed
fuel with more than small cladding breaches (i.e., with
cladding defects larger than pinholes or hairline cracks)
are permitted in the U.S.

EXPERIENCE WITH HIGHER
BURNUP FUEL
Average burnup levels have been increasing yearly, but fuel
rod failure rates have not exhibited a similar trend.13 To
date, the data indicate that extending burnup has not been
detrimental to fuel performance. In 1989, five PWR fuel
assemblies with burnups >58,000 MWd/MTU were dis-
charged from U.S. PWRs. The only known occurrence in
the U.S. of failure of fuel operating in the extended burnup
range took place in a core having many debris-induced fail-
ures of fuel of traditional design.14 It will be important for
spent fuel management planning to continue to maintain
surveillance of the behavior of intact and failed or dam-
aged spent fuel that is placed in wet and dry storage to
gather additional evidence, in particular with higher
burnup fuel, to assure that fuel integrity is being appro-
priately maintained.

CONCLUSIONS
The overall domestic nuclear fuel operating experience
continues to be excellent: current fuel rod reliabilities are

typically >99.99%, which corresponds to fuel rod failure
rates of <0.01%.2 Fuel failure rates in the early days were
higher, but the rates decreased as fuel failure mechanisms
were identified and eliminated. Infrequent events have oc-
curred in which fuel failed or was damaged during reactor
service or in subsequent operations (e.g., handling, stor-
age, rod consolidation, and shipping).15

It is concluded that failed fuel has had minimal impact
on the wet storage—even for an extended period—of spent
LWR fuel; additional degradation of defective fuel does not
appear to be occurring. Even if the spent fuel is inspected
before being placed in dry storage, the presence of some
failed fuel rods cannot be ruled out. However, even if fuel
assemblies with failed rods are put in dry storage, or if
cladding breaches develop during storage, the breaches are
not expected to propagate if an inert or nitrogen cover gas
is employed. Fuel handling experience to date at spent fuel
storage pools indicates that failed and damaged fuel as-
semblies, failed fuel rods, and the inadvertent breaking of
fuel rods (including prepressurized rods) can be accommo-
dated. In general, when fuel has been damaged as a result
of handling, there has been only minor degradation of the
fuel assembly components, no breaching of the fuel clad-
ding, and no release of radioactive fission gases or fuel par-
ticulates. Little information is available on damage that
has been sustained by intact irradiated fuel during ship-
ping, but the general indications are that the damage ap-
pears to have been minor. Problems did occur in two cases
where uncanned fuel assemblies, known or suspected to
contain failed fuel rods, were shipped in a dry, but oxidiz-
ing atmosphere.
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Cask Designs
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ABSTRACT
As the Department of Energy's (DOE's) from-reactor cask
development program contracts reach the end of prelimi-
nary design the program will proceed with two fully
funded contracts. They are General Atomic's (GA's) con-
tract for legal weight truck cask designs and Babcock and
Wilcox's (B&JW's) contract for a rail/barge cask design.
The designs are described in the paper. In addition, DOE
will pursue specific design features with two of its cask
contractors Westinghouse Electric Company (WEC) and
Nuclear Assurance Corporation (NAC). The paper also
presents several general considerations affecting the cask
development program. Two of these which are covered in
some detail are the technical topics of burnup credit and
source term evaluation.

INTRODUCTION
Under the Nuclear Waste Policy Act (NWPA) of 1982, and
its 1987 amendment, the DOE has been assigned the re-
sponsibility to develop a waste management system for
permanent disposal of spent fuel and high level nuclear
waste,- the Office of Civilian Radioactive Waste Manage-
ment (OCRWM) was established within DOE for that pur-
pose. Transportation is an important component of the
waste management system. A transportation system is
necessary to move spent fuel and high level nuclear waste
from existing storage sites (e.g., utility facilities) to a final
disposal site or a temporary storage facility such as a Mon-
itored Retrievable Storage (MRS) facility.

To meet the transportation requirements of the NWPA,
as amended, OCRWM has established a transportation
program comprised of four major elements: (1) cask design
and development, (2) the development of support facilities
and operational planning, (3) economic and systems anal-
ysis, and (4) institutional interactions.

The subject of this paper pertains to cask design and de-
velopment which is divided into four initiatives. The first
initiative covers development of spent fuel casks for ship-
ment from reactors (hence, From-Reactor Casks). The sec-
ond initiative is development of a From-MRS cask if an
MRS is established. The third initiative covers develop-

ment of specialty casks for nonstandard fuel and certain
irradiated hardware and components. The fourth initiative
is development of a defense high level waste cask.

Currently cask development activities are concentrat-
ing on the first initiative. That is, development of from-
reactor casks. The activities for this initiative started
when the DOE's Idaho Operations Office (DOE-ID) issued
RFP No. DE-RP07-86ID12625 in July 1986, inviting bid-
ders to offer proposals to develop from-reactor Casks. Sev-
enteen organizations submitted a total of forty-six
proposals to design, obtain NRC certification, build, and
test spent fuel casks from four different cask categories.
The categories included legal weight truck (LWT), over-
weight truck (OWT), rail/barge (R/B), and dual purpose
(DP) storage/transport casks. Selection was based on a set
of criteria that included technical, management, and cost
considerations. In June 1987, six proposers were identified
by DOE for contract negotiations. Eventually, five cask
contracts were awarded. Two of the awarded contracts
were for LWT casks, and three were for R/B casks.

STATUS OF FROM-REACTOR CASK
DESIGNS
All five cask contractors are in the process of completing
their preliminary design reports. Because of budgetary
constraints and to satisfy programmatic needs DOE has
chosen to pursue only one LWT cask design and one R/B
cask design at full funding for the remainder of FY 90. The
second LWT cask design and R/B cask design will con-
tinue at reduced funding, concentrating on specific design
features identified by DOE. The third R/B cask design con-
tract has been terminated.

The two fully funded cask contractors are GA, and
B&W GA is developing two dedicated LWT cask designs,
one for shipment of pressurized water reactor (PWR) spent
fuel, the other for boiling water reactor (BWR) spent fuel.
B&W is developing a single common use R/B cask design
with interchangeable fuel baskets for shipment of PWR or
BWR spent fuel. We are confident that these cask designs
will be certified in sufficient time to assure transport capa-
bility by 1998 which, along with developing a safe and effi-
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cient transportation system are primary goals of the
program.

The cask contractors who will continue at reduced
funding are WEC, and NAC. WEC is developing a LWT
cask design which uses a titanium alloy as a structural
material. WEC will concentrate its efforts on development
of materials specifications and qualification of the ti-
tanium alloy as an ASME code material. NAC is develop-
ing a R/B cask design which uses an innovative wedge-loc
closure design. NAC will concentrate its efforts on devel-
opment of the wedge-loc closure design. Both contractors
will address other design features as they are identified by
DOE.

THE GA LEGAL WEIGHT TRUCK CASK
DESIGN
GA is pursuing two dedicated LWT cask designs (i.e., sepa-
rate cask bodies for shipment of PWR and BWR fuel). The
GA-4 is being designed to carry four PWR spent fuel as-
semblies. The GA-9 is being designed to carry nine BWR
spent fuel assemblies. Both casks have square rather than
the more common circular cross-section, and both are
stainless steel structures with depleted uranium for
gamma shielding. Both have external solid neutron shields
made of a borated polyethylene. The designs both have
fully recessed closure heads. Burnup credit is used for the
GA-4 (PWR cask), but not for the GA-9 (BWR cask). The
fuel support structure for both casks is removable, and is
made of stainless steel with boron carbide rod inserts for
criticality control. Both the GA-4 and the GA-9 cask de-
signs have the capability of achieving leaktight contain-
ment. The GA cask designs use aluminum honeycomb
impact limiters.

The GA cask designs represent a significant payload in-
crease over currently certified LWT casks which have ca-
pacities of one PWR or two BWR spent fuel assemblies.
The 4/9 capacity is a four and four and one-half increase
over current cask capacities for PWR and BWR spent fuel.
A significant contributor to this increase is the fact that
the casks are designed for older and cooler spent fuel; how-
ever, several innovative design features have also contrib-
uted to the high payloads expected for these designs.

Current generation spent fuel casks are designed for
spent fuel that is cooled (out of reactor) for about 150 days.
The OCRWM from-reactor cask designs are being opti-
mized for ten-year cooled spent fuel. The additional cool-
ing time represents a reduction of internal heat generation
by about a factor of twenty, with a corresponding decrease
in gamma radiation from the spent fuel. For LWT casks
heat dissipation is no longer an important consideration,
and gamma shielding provided by dense metal can be re-
duced significantly. Both factors contribute to higher
payload.

The significant innovative features of the GA cask de-
signs that have contributed to higher payload are the use
of dedicated cask bodies, the square cross-section, and the
use of burnup credit which will be addressed later in this
paper. Because of differences in PWR and BWR spent fuel
dedicated designs allow for optimization on each fuel type.
PWR spent fuel is shorter but hotter (thermally and radio-

actively) than BWR spent fuel. A PWR cask can be shorter,
but requires thicker heavy metal gamma shielding than a
BWR cask. Conversely, a common use cask is penalized by
carrying extra length for PWR shipments, and extra shield-
ing for BWR shipments. The square cross-section of the
GA designs closely follow the envelope of the square fuel
assemblies reducing excess material inherent in placing a
square peg into a round hole. Additionally, the thick steel
containment shell is external to the depleted uranium
gamma shield rather than internal. The depleted uranium
is a more effective shield than the steel and having it in-
board is more efficient.

THE B&W RAIL/BARGE CASK DESIGN
B&W is developing the BR-100, a common use R/B cask
(i.e., one cask with interchangeable baskets for PWR or
BWR fuel assemblies). The cask design capacity is 21 PWR
assemblies or 52 BWR assemblies. The cask design has a
circular cross-section and has a stainless steel structure
with a lead gamma shield. Neutron shielding is provided
by an internal neutron/thermal shield made of borated
concrete. The cask design uses a fully recessed closure
head. The design uses burnup credit. In addition, an alumi-
num basket with cermet plates and flux traps is used for
criticality control. The cask is a leaktight design. The im-
pact limiters are made of balsa and redwood, and are en-
cased in Kevlar with a thin outer shell of steel.

The B&W cask design represents a significant payload
increase over currently certified R/B casks which have ca-
pacities of up to 10 PWR or 24 BWR spent fuel assemblies.
The 21/52 capacity is more than a factor of two increase
over current cask capacities for PWR and BWR spent fuel.
As in the case of the LWT designs a significant contributor
to this increase is the fact that the casks are designed for
older and cooler spent fuel; and again there are several in-
novative design features being developed by B&W, some of
these have contributed to the high payloads expected for
these designs.

The benefits associated with casks designed for ten-year
cooled fuel instead of 150-day cooled fuel are similar to
those for LWT casks. However, for the R/B casks heat dis-
sipation is more of a challenge than for LWT cask designs
due to the higher payload and resulting higher internal
heat.

The innovations in the R/B cask design do not impact
cask capacities as dramatically as those associated with
the LWT cask design, but they do help. The wood and Kev-
lar impact limiter is a weight saver, and the aluminum bas-
ket is light weight and provides a good heat transfer path
for the internal heat of the spent fuel. Again, burnup credit
is used in the B&W design, its contribution will be dis-
cussed later. A significant innovation of the B&W design is
the neutron/thermal shield. Although it does not increase
capacity it provides an effective neutron shield with the
added benefit of thermal protection to the lead gamma
shield.

BENEFICIAL DESIGN FEATURES
WEC and NAC will both be performing their OCRWM
cask contracts under reduced funding for the last three-
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quarters of FY 90. During that period they will pursue spe-
cific design features identified by DOE. Each contractor
has a feature that could prove very beneficial to the
OCRWM program. WEC's proposed titanium alloy could
result in significant weight savings because of its high
strength to weight ratio. However, titanium alloys have
not been approved as structural material for transport
casks in the U.S. Therefore, WEC's task will be to demon-
strate the acceptability of titanium to the NRC. The first
step in this process is to gain approval as an ASME code
material. NAC's wedge-loc closure could significantly re-
duce cask turnaround time. The wedge-loc closure is a hy-
draulically actuated device that offers an alternative to the
flanged-bolted closure common to spent fuel casks. The
benefit of this innovation is in the time to open or close a
cask. The process of opening or closing a 100-ton R/B cask
is estimated to take about two hours, the opening or clos-
ing process for the wedge-loc closure is estimated to take
10 to 15 minutes. The result would be reduced worker ex-
posure and reduced operation costs.

TRANSPORTER DEVELOPMENT
The from-reactor cask contracts call for development of a
total transport system, that is, a cask and a transporter. For
the LWT cask a trailer is required, for the R/B cask a rail-
car. In each case it gives the cask designer the latitude to
distribute system weights between the cask and its trans-
porter. For the LWT system the constraint is the 80,000
pound gross vehicle weight (GVW). For the R/B cask the
constraint is the cask hook weight of 100-tons and the
GVW of 263,000 pounds. In each case the push to higher
cask capacities results in the need to develop lighter trans-
porters. The goals are about 9,000 and 25,000 pounds, re-
spectively, for the truck trailer and railcar. Based on
current efforts of the cask contractors these goals appear
to be achievable. For example, GA has been working with
their subcontractor, Foster Wheeler, to use state-of-the-art
methods for a lightweight trailer design. They have used a
finite element structural model to design a trailer dedi-
cated to the GA cask configurations.

DESIGN REQUIREMENTS
The from-reactor casks are being designed to transport
spent fuel from commercial reactor facilities to federal
waste facilities. The casks must be designed to interface
with numerous reactor facilities that are already built and
operating as well as with one or more federal waste facili-
ties that are still to be designed and built. Other interface
design requirements that must be considered include
highway and rail limits, and spent fuel characteristics to
name a few. From an efficiency stand point design standar-
dization will be a beneficial pursuit.

An excellent source of information for utility design in-
terface is the ongoing Facility Interface Capability Assess-
ment (PICA). This has been used by, and will continue to
be used by, the cask contractors and DOE in monitoring
the cask development program. For interface with the Fed-
eral facilities we have established contacts within the
OCRWM program to assure compatibility between cask
designs and facility designs and concepts as they evolve.

OCRWM has established institutional and technical inter-
faces to assure knowledge of highway and rail require-
ments. We continue to perform systems studies to address
impact of fuel characteristics (e.g., age and burnup) on
transportation capabilities. As we proceed beyond prelimi-
nary design we will work on improved handling capa-
bilities of the cask designs, both manually and robotically.

TECHNICAL ISSUES
There are two technical issues that will be addressed in
this paper: (1) burnup credit, and (2) source term evalua-
tion. Both have the potential to significantly affect the effi-
ciency of the OCRWM transportation system. Because
both affect more than one cask design, they are addressed
under OCRWM's transportation technology development
program.

The use of burnup credit is expected to significantly en-
hance the ability to increase cask capacities. Burnup credit
is simply accounting for reduced reactivity of spent fuel
that results from power production. That is, as the fuel is
used or "burned" in the reactor there is a net reduction in
the fissile content of the fuel, and an accompanying
buildup of neutron absorbing fission products or "poi-
sons." Traditionally, a "fresh fuel" assumption is made in
analysis used to demonstrate criticality safety. The use of
burnup credit in demonstrating criticality safety would be
more consistent with the actual conditions of spent fuel.
Its use would allow closer spacing of fuel, less need for flux
traps (empty spaces in fuel baskets), less need for neutron
absorbing poisons within fuel baskets, and generally sim-
plified basket designs. All of which results in higher ca-
pacities, and fewer shipments to move a fixed inventory of
spent fuel. Fewer shipments reduce public and worker ex-
posure, reduce radiological and nonradiological risks asso-
ciated with transport of spent fuel, and reduce transport
costs.

Because of the long history behind the use of the fresh
fuel assumption for criticality safety analysis we must es-
tablish a sound technical base if we wish to use burnup
credit. A number of factors have been identified that must
be addressed in order to confidently use burnup credit for
the OCRWM cask designs. These include such things as:
characterization of fissile and poison content of spent fuel,
establishing the adequacy of analysis methods, developing
benchmark data, identifying practical measurement tech-
niques for verification of implementation procedures for
burnup credit, and demonstrating the effectiveness and re-
liability of implementation approaches. Efforts are cur-
rently underway to enable OCRWM to address and resolve
these factors to satisfy ourselves, the NRC, the criticality
safety community, and the interested public.

Although the from-reactor casks are being designed as
"leaktight," we anticipate using source term evaluation to
demonstrate containment adequacy in compliance with
NRC's transportation regulations (10 CFR 71). Designing
and building leaktight casks is not considered difficult,
but testing to demonstrate leaktightness could be an oper-
ational burden, leading to longer turnaround times and in-
creased worker exposure.
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The source term evaluation approach to containment
requires an understanding of the characteristics and dis-
persibility of a cask's radioactive contents, the behavior of
the contents under various transport environments, and
potential release mechanisms for the material contained.
The alternative is to use a leaktight container. Leaktight-
ness is demonstrated if a containment system is tested
without showing leakage using a method capable of de-
tecting a 1 x E-7 leakage of dry air at 25 C and 1 atm pres-
sure potentially leaking to a 0.01 atm pressure
environment.

NRC's transportation regulations (10 CFR 71), its regula-
tory guidance (Reg Guide 7.4), and the national standards
(ANSI N14.5-1987) all support the source term evaluation
approach to containment of radioactive materials. Fur-
thermore, the source term evaluation approach has strong
precedent in NRC's cask certification practice.

OCRWM is in the process of establishing a technically
sound and consistent approach to demonstrating the con-
tainment adequacy of its casks through source term eval-
uation. The ongoing efforts in this area are addressing the
technical issues that have been identified. Preliminary
work has been completed and reports will be issued in the
near future.

CONCLUSION
As the from-reactor cask contracts reach completion of
their preliminary design reports they show significant in-
creases in cask capacities over current spent fuel cask de-
signs. Much of this increased capacity is due to designing
casks for older and cooler fuel, but innovation has also
played a part in this achievement. Although the from-reac-
tor cask development effort has been reduced in scope,
OCRWM remains confident that the program goals of pro-
viding a safe and efficient transport capability by 1998 will
be accomplished.
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ABSTRACT
The well known High Level Neutron Coincidence Count-
ing technique for the non-destructive determination of
plutonium in sealed packages has for long been plagued
by complications arising from self-multiplication effects.
We propose here an extension of the techniques developed
recently by us for the measurement of the degree of sub-
criticality of highly subcritical systems in the field of re-
actor noise analysis, to the passive neutron assay
problem. It is shown that deployment of a variable dead
time filter of the extendable type rather than of the com-
monly adopted non-extendable type leads to a simple and
practical method for measuring the mean, variance and
higher moments of the multiplicity distribution of the
neutron emitting source and deducing therefrom the
spontaneous fission rate, the self-multiplication proba-
bility and other parameters. The applicability of the tech-
nique is demonstrated using a Cf-252 neutron source.

INTRODUCTION
The non-destructive estimation of plutonium contained in
sealed packages is of interest from the safeguards point of
view. The passive neutron assay techniques1-2 developed
for this purpose exploit the fact that Pu-240, which is al-
ways present to some extent in plutonium samples, decays
by spontaneous fission, emitting neutrons in bursts of two
or more. If the Pu sample is surrounded by a neutron mod-
erator-detector system having a sufficiently high detection
efficiency (>10%), the detected neutron pulses are corre-
lated with one another over time durations comparable to
the neutron die-away time in the moderator-detector as-
sembly. Statistical analysis of these pulses is used to deter-
mine the spontaneous fission rate after distinguishing the
background counts due to (a,n) reactions.

The earliest instrument employed for passive neutron
assay was the variable dead time counter (VDC) of
Birkhoff et al.3 This technique exploits the fact that the
introduction of a dead time in the path of a correlated
pulse train results in a larger count rate loss than what
may be expected for uncorrelated pulses. A similar tech-
nique had earlier been developed by Jacquesson4 for esti-

mating Pu-240 concentration in Pu samples and by Sri-
nivasan5 for measuring a, the prompt neutron decay con-
stant of a nuclear reactor. The VDC technique however
had a notable drawback viz that no exact relation between
the deviation from Poisson behaviour and the spontaneous
fission rate was available.

The VDC method has since been superceded by the
Shift Register (SR) technique of Bohnel.6 In this technique,
every incoming pulse triggers a time interval of length t
during which the number of real plus accidental coinci-
dences (with the trigger pulse| is measured and another
interval of the same duration but after a delay which is
large compared to the neutron die-away time which gives
only the accidental coincidences. The results are accumu-
lated on two registers viz the R + A and A registers and by
subtracting the latter from the former a true measure of
the magnitude of correlations is derived. The SR method
thus measures two quantities from which two parameters
can be derived. For large oxide samples, in addition to
spontaneous fissions and (a, n| reactions, self multiplica-
tion is important and it is necessary to measure an addi-
tional parameter viz the self multiplication probability.
The SR technique has been extended7 for such samples if
the latter quantity can be obtained by some independent
method.

A number of experimental techniques have been pro-
posed in recent years for deriving this quantity by analyz-
ing the information contained in the pulse train itself.8'11

Most of these techniques either attempt to measure the
multiplicity distribution of source neutrons or its third
factorial moment. The simple extendable dead time
method proposed here is of interest in this context since
the count rate (or the first moment) alone contains the in-
formation on all moments of the multiplicity distribution
of source neutrons as we shall see later. In this paper we
report the results of an experiment conducted at Trombay
to demonstrate the validity of our method, using a Cf-252
source. The objective of the experiment was twofold:
Firstly, to examine the validity of a number of dead time
formulae published in the areas of both reactor noise anal-
ysis and nuclear safeguards. Secondly, to compare the ex-
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tendable dead time method with some other method com-
monly used for the passive neutron assay of plutonium.
The moments method with randomly triggered intervals11

was chosen for this purpose.

REVIEW OF DEAD TIME FORMULAE
The introduction of a dead time filter in the path of a pulse
train besides reducing the number of counts in any chan-
nel significantly alters the statistics of the counts. Two
kinds of dead times filters referred to as extendable dead
time and non-extendable dead time (also called paralysable
and non-paralysable respectively) are conceivable. In the
extendable type of dead time unit, the duration of the dead
time gets extended if a new pulse arrives even during the
time that the counting system is dead. In the non-extend-
able dead time case no extension of dead time occurs if a
pulse arrives when the counting system is already dead.
These are illustrated schematically in Fig.l.

INPUT
PULSES

OUTPUT
PULSES

(a)

INPUT

PULSES

OUTPUT
PULSES

(b)

Figure 1. Effect of introducing a dead time gate in the path of a
pulse train: (a) extendable dead time,- (b) non-extendable dead
time.

Uncoirelated Pulses
If the incoming pulses are purely random i.e. uncorre-

lated, then the following relations12 are applicable for the
filtered count rate:

Ne(d) = N(o)exp{-N(o|d) ( i )

where Ne(d) and Nn(d) are the count rates in the presence
of extendable and non-extendable dead times respectively
and d is the dead time introduced. N(O) is the count rate in
the absence of any dead time gate. Similarly we have the
following relations12 for the variance Vfd) of counts in a
(randomly triggered) measuring interval t:

t-d
(3)

Vn(d|-
mn(d)

'[l + N|o)d]2 (4)

where m(d) is the mean number of counts in the interval
in the presence of a dead time d and the subscripts e and n
stand for extendable and non-extendable as before.

Correlated Pulses: Reactor Noise
If the pulses are correlated as in the case of reactor noise

studies, the derivation of relations is much more involved.
The earliest formulae for the count rate (First Moment)
and the variance (Second Moment) in the presence of a
non-extendable dead time filter were published by Sri-
nivasan and Salmi5-13 in the context of experimental deter-
mination of the prompt neutron decay constant of reactor
assemblies.

Nn(d} =

mn(df

N(o)
l + N(o) (5)

(6)

where,

a is the prompt neutron decay constant, Kp is the prompt
neutron multiplication factor and t is the length of the ob-
servation interval assumed to be randomly-triggered, e is
the detection-efficiency defined as the number of counts
per fission and v and p(c-l) are the mean and second facto-
rial moment of the multiplicity distribution of fission neu-
trons. A and B are complicated functions of a and d.

Eq. (6) has been verified by Edelman et al over a limited
range of t and d.14 However, the problem of deriving the
statistics of correlated counts in the presence of a non-ex-
tendable dead time filter is extremely complicated and the
simple formulae (Eqs. 5 and 6) are expected to have limited
validity only. An attempt was made by Teodosik15 to mod-
ify Eq. (5) so that it could be applied to extendable dead
times. However his modified expression for the count rate
is applicable to neither extendable nor non-extendable
dead times.

If the correlated pulse train is due to a spontaneously
fissioning source rather than due to a chain multiplying
assembly, then it is not difficult to show that Eq. (5) and (6)
remain unaltered except for a change in Q which now
becomes:

where v and v(v-\] refer to the spontaneously fissioning nu-
clide and the efficiency t is now defined as the number of
counts per neutron produced.

The following formulae for the count rate and the vari-
ance to mean ratio in a randomly triggered time interval of
length t in the presence of an extendable dead time filter
were derived by Babala.lfi

(7)
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(8)

where PTO is the random origin time interval distribution
function and Pco is the probability of zero counts in a time
interval of duration d following a count. Pro and Pco are
related to each other as follows

p =co N|o)

B is a complicated function of the system parameters and
the other symbols have the same meaning as in Eqs. (1) to
(6).

Eq. (7) is exact provided it is possible to derive a closed
form expression for the zero count probability in a time
interval. The same however is not true of Eq. (8| which has
been derived by integration of the probability of obtaining
a count between t1 and t j + dtj and another between t2 and
t2 + dt2. In deriving the latter, it is assumed that the condi-
tional probability of getting an output count at t2 given an
output count at t: is the same as the conditional proba-
bility of getting an output count at t2 given an input count
at tj.

Correlated Pulses: Nuclear Safeguards
Interest in the dead time method was revived in the con-

text of nuclear safeguards following the development of
the variable dead time counter technique. This instru-
ment also used the non-extendable kind of dead time for
which a simple extension of Eq. (2) was proposed by Stan-
ners.17 In the Stanners formalism, two quantities X and Y
are defined as follows:

X = N(o)-
N(d)

l-N(d)d
(9a)

(9b)

where nd is the number of pulses in the i th pulse group
and m is the average number of pulse groups per second. Y
is clearly proportional to the number of spontaneous fis-
sions per second and X is the degree of deviation from Poi-
sson behaviour. Y is then related to X as follows:

y=-
X

-E,- Nld'd E2
l-N(d)d (10)

where E, and E2 are functions of d, the count rate N(d) and
a parameter q. Interest in the VDC method subsequently
waned as the Stanners formalism could not adequately
give the correct Pu content in all circumstances.

The problem of extendable dead time has been recently
studied by Mathes and Haas18 for obtaining corrections
due to neutron detector dead time to the count rate and
the coincidence count rate in the shift register method.

Their formulae include only second order correlations and
are applicable to dead times which are short compared to
the neutron die away time in the moderator-detector sys-
tem. The following exact expressions for the count rate N
(d) and the function f2 defined such that fjd^dtj gives the
probability of detecting one neutron between tl and
tj + dt: and another between t2 and t2 + dt2, in the presence
of an extendable dead time filter have been derived by
Degweker:19

(-l)1

(7 + 1)!

expfs
L -,

m,.

(12)

where s is the source event rate, e is the detection effi-
ciency, 1/X is the neutron lifetime and m7 are the factorial
moments of the source multiplicity distribution. A, B, C,
and D are complicated functions of their arguments and
are explained in Ref. 19. The variance of counts in a ran-
domly triggered interval of length t can be derived from
the function f2 using the following relations:

= M2 + M,-M,2

(13)

(14)

where V is variance and Mt and M2 are the first and second
factorial moments of the counts distribution in the inter-
val. Eqs. (11) and (12) are exact in contrast to the formulae
presented earlier by other authors. It is clear from these
equations that even the average count rate following the
introduction of an extendable dead time gate in the pulse
path contains the information of all factorial moments of
the source multiplicity distribution. Thus by fitting the
measured count rate as a function of the dead time intro-
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duced to the above equations it should be possible to de-
duce various parameters including the self multiplication
probability as is shown later in this paper. While Eq. (12) is
too complicated for this purpose, Eq. (11) is fairly tractable
and forms the basis of the extendable dead time technique
described in this paper.

THE MOMENTS METHOD
In this method the system parameters are derived by mea-
suring the probability distribution of the number of
counts in either count triggered or randomly triggered
time intervals from which factorial moments up to var-
ious orders may be calculated. It is possible to derive the
system parameters directly from the probability distribu-
tion using the following relation9 between the 'real' multi-
plicity distribution of detected neutrons in a count
triggered interval, t, and the source multiplicity
distribution,/?

= fAWD/o (15)

where D, w and A are the detection, weighting and the SR
response matrices respectively and f is a normalisation
factor. However it is advantageous10'11 to use factorial mo-
ments because these are much more simply related to the
system parameters. In its simplest version the moments
method reduces either to the shift register method or to
the variance/mean method of Feynman20 depending upon
whether count triggered or randomly triggered intervals
are employed.

Expressions for the factorial moments of the probability
distribution of detected neutrons in count and randomly
triggered intervals have been derived by Hage and Cif-
farelli.8 These expressions can also be easily obtained from
the n interval probability generating function (pgf) of de-
tected neutrons. The following expression for the n inter-
val pgf was derived in:19

Fn(z,,z2...zn)

= exp

where,

[sT{ (16)

PJr) = l-

,(T) = e{exp-X(t,,-T)-exp-X(t,2-T)} r<t,,

= e{l-exp-\(ti2-r)} t , ,<T<t 2

= 0 T>t2

are the probabilities of detection of a neutron born at time
T in the i th time interval (t^t^), Frj is the n interval pgf of
detected neutrons, e is the detection efficiency, s is the
source event rate, p(v] is the multiplicity distribution of
the source and 1/X is as before the neutron die away time.

For randomly triggered intervals we consider the one in-
terval pgf for an interval extending from 0 to t. The facto-
rial moments are then obtained by successively

differentiating F, w.r.t. z and setting z= 1. The following
formulae are obtained for the first three factorial moments
on carrying out the integrations over T.

Mr=S£m1t (17)

M2 = se2m2(t-4 + 4 e-X t)+ M* I18)

M, = s

where Mj M2 and M3 are the first three factorial moments
of the distribution of the number of detected neutrons in
the time interval t while m, m2 and m3 stand for the corre-
sponding moments of the multiplicity distribution of the
source, e and I/A as before are the detection efficiency and
the die away time respectively.

For deriving expressions for the factorial moments of
counts in count triggered intervals we consider the two
interval pgf of detected neutrons in which the first interval
is infinitesimal and extends from 0 to 6t and the other is
finite from 5t to t. The conditional pgf of counting in the
second interval given one count in the first interval is then
given by

dzl

i = 0 (20)

The conditional factorial moments of the counts distribu-
tion in the second interval are obtained by successively
differentiating (20) w.r.t z2 and setting z2 = 0. On carrying
out the integrations over T we obtain the following expres-
sions for these moments.

2m, (1-e- (21)

1 + se2m2jt(l - e - Xt) +1 - - + - e -'
I A A

(22)

In Eqs. (21) and (22) the symbols nl and n2 have been used
for the first two factorial moments of the distribution of
counts in count triggered intervals to distinguish them
from the corresponding moments in randomly triggered
intervals [Eqs. (14-16)].

Eq. (21) gives the mean number of counts in a count trig-
gered interval. The real plus accidental coincidence count
rate (R + A) of the SR method, can be obtained by simply
multiplying Eq. (21) by the total count rate given by the
product semi since in this method every count is used to
trigger an interval. On the other hand it is easy to recog-
nize the first term on the right hand side of Eq. (18) as the
excess variance of counts in a time interval of duration t.
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BOHNELS FORMULAE
It is to be noted that both in the moments methods as well
as in the extendable dead time method proposed here, the
observed quantities viz N(d) [Eq. (11)], MT [Eqs. (17-20)], and
Hy [Eqs. (21, 22)] are related to the system parameters (s, e
and X) and the factorial moments my of the source multi-
plicity distribution. The latter can be related to basic nu-
clear data of the spontaneously fissioning nuclide and to

m, =-
1-i-p

(23)

(24)

-l) + v[v-l)(v-2)

(25)

the self multiplication probability within the sample as
follows:7-21

where p is the self multiplication probability v,v(i>-l) etc.,
have their usual meaning and the superscript (s) indicates
spontaneous fission. Thus the number of parameters that
can be deduced from the measurements is identical to the
number of factorial moments m. that can be inferred from
the measured data.

Table I summarizes various features of the above tech-
niques that may be used in the field of passive neutron
assay of plutonium. Among the methods listed in the table
the SR is the most commonly used technique for two pa-
rameter estimation for small and large samples. For large
samples involving simultaneous estimation of three pa-
rameters viz the spontaneous fission rate s f , the (a, n) rate
and the self multiplication probability p, the probability
distribution and the moments methods have been reported
with some degree of success. The extendable dead time (1
st moment) method was proposed19 as a possible alterna-
tive to these methods.

In what follows, we describe the experiments conducted
at Trombay to demonstrate the extendable dead time
method for the passive neutron assay of plutonium. For
the purpose of comparison, the moments method with
randomly triggered intervals was selected. Cf-252 was
used as the neutron source in these experiments.

Table I

Name of Quantities Equipment
Technique Measured Required Formula Used

VDC Count rate as Dead time filter Eq. (10)
(Birkhoff) function of dead unit (non-ext.)

time

SR method R + A, A SR Eq. (21)
(Bohnel) unit

Probability Modified SR unit Eq. (15)
Distribution
Method

Parameters
Derived

Sp. Fiss rate and
(a,n) rate

-do-

Sp. Fiss. rate (a,n)
and self mult.

Remarks

No exact relation;
Applicable for
small masses

Good for small and
large samples; No
third parameter

Good for small and
large samples;
Large errors
possible in p2, the
prob. of doubles.

Moments
Methods
(Hage)

Factorial moments
of counts in count
or randomly
triggered int.

Time int. between
successive counts
recorder

-do- Good for small and
large samples,-
Large errors
possible in 3rd
moment (m3)

i) Count triggered
intervals

ii) Randomly
triggered intervals

Dead time (1st
moment method)

Dead time (2nd
moment method)

Count rate as Dead time filter
function of dead unit (extendable)
time

PDA as function of PDA and dead
dead time time unit

Eqs. (21-22)

Eqs. (17-19)

Eq. (11) -do-

Eq. (12-14)

Good for samples
upto l-2Kg mass.
Large errors
possible in 3rd
moment (m3)

Difficult to
estimate
parameters
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EXPERIMENTAL ASPECTS
Description of the Neutron Source-Detector
Arrangement

The experiment was conducted in a large 60 cm side
rectangular tank filled with water (Fig. 2) at the centre of
the which is a hollow tube housing the Cf-252 source. Sur-
rounding the tube is a ring of six BF3 neutron detectors (45
cm long and 2.5 cm in diameter). The distance of these
detectors from the central tube was adjusted to achieve
maximum neutron detection efficiency. The detectors are
connected in parallel to form a bank and the combined
output is fed to an 8085 microprocessor based Probability
Distribution Analyser (PDA)22 after passing through a
variable dead time unit.

Dead Time Unit
This is fabricated from a single monostable 1C 71423

having two mono-shots. One mono-shot is used either in
the retriggerable or non-retriggerable mode corresponding

TO ANALYSER

TANK

CENTRAL TUBE
CONTAINING Cf "'

WATER MODERATOR
IN TANK

BF, COUNTERS

INTERCONNECTING CABLES

2(b)
Combined

output Irotn
BF Counters

Figure 2. Experimental setup used: (a) source and detector
arrangement; (b) electronics.

Discrimi-
nator

Deadline
unit

Probability
distribution

to extendable or non-extendable dead time modes of opera-
tion. The desired dead time value is determined by the out-
put pulse width and can be varied by adjusting the RC
time constant. The second mono-shot is used to give an
output pulse of a fixed width (O.5 /*s) at the end of each
timing pulse. This is fed to a sealer for counting. The input
is from a discriminator scaled down to suit TTL logic.

Probability Distribution Analyser
This is made from a 8085 microprocessor and three 16

bit counters contained in the 8253 chip. Two of these
counters serve as a timer when fed with the micro-
processor clock pulses while the third is used as a sealer.
The microprocessor is programmed to periodically open a
gate for a time interval (which can be varied from 10 ̂ s to
10 s) while the sealer records the number of incoming
pulses. Depending on the number of counts recorded the
contents of the corresponding location in the micro-
processor memory are incremented by one. The period of
the entire operation is only slightly (about 10%) more than
the counting interval chosen. Thus a frequency distribu-
tion of the number of counts in the selected time interval
is generated which is ultimately transferred to a PC for
further processing.

Experimental Results
The experiment was performed on a Cf-252 source con-

taining a few nanograms of Cf-252. The counting interval
was kept fixed at 10 ms throughout the experiments i.e. at
a value much larger than the neutron die away time in the
moderator detector assembly so as to be in the asymptotic
prompt variance region. The probability distribution anal-
ysis was carried out following the introduction of either an
extendable or a non-extendable dead time in the range of 0
to 450 jiS. The zero dead time readings were obtained by
bypassing the dead time unit. The inherent dead time of
the BF3 detectors which was in the range of 1 to 2 ^s was
ignored in the analysis. Since the source was rather weak,
it was necessary to accumulate data for about one hour in
order to obtain good statistics.

Table II
Variation of Mean and Variance

with Extendable Dead Time
(Counting Interval Fixed at 10 ms)

Table III
Variation of Mean and Variance

with Non-extendable Dead Time
(Counting Interval Fixed at 10 ms)

Dead
time
fas)

0

13

95

185

275

360

450

Mean
(M, or m)

24.608 ±0.010

23.500 ±0.009

18.286 ±0.006

14.543 ±0.005

11. 746 ±0.004

9.607 ±0.003

7.912 + 0.003

N(d)/
N(0)

1.0

0.955

0.743

0.591

0.477

0.390

0.322

Variance
(V)

30.478 + 0.075

26.910±0.067

12.777±0.032

6.836 + 0.017

4.150±0.010

2.904 ±0.007

2.280 ±0.007

V/m M3

1.238 15336.65

1.145

0.699

0.470

0.353

0.288

0.288

Dead
time
M

0

13

95

185

275

360

450

Mean
(M, 01 m)

24.426 + 0.010

23.360 + 0.009

18.93710.007

15.958 + 0.005

13.964 ±0.004

12.397 + 0.004

11. 094 ±0.003

N(d)/
N(0)

1.0

0.956

0.775

0.653

0.592

0.507

0.454

Variance
(V)

30. 179 ±0.074

26.936 ±0.067

14.301 ±0.035

8.691+0.022

5.85410.015

4.119±0.010

3.052 ±0.007

V/m

1.236

1.153

0.755

0.545

0.419

0.332

0.275

M3

14996.09
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The mean and variance of counts obtained with extend-
able and non-extendable dead times are summarized in
Tables II and III respectively. Also shown is the third facto-
rial moment of detected neutrons when the dead time unit
is completely bypassed. It may be noted that the detector
efficiencies in the two cases are slightly different since the
source may not have been placed in exactly the same posi-
tions in the two experiments. The error limits on the
mean and variance are theoretical estimates for the num-
ber of observation intervals used.

The count rate and the variance can be seen to fall with
dead time of both varieties; the fall being more pro-
nounced for the extendable dead time case. Fig. 3 shows
the variation of count rate (normalized to the zero dead
time count rate) for both extendable and non-extendable
dead times cases. The curve for extendable dead times lies
below that for non-extendable dead times as expected. The

450.00

Figure 3. Variation of count rate with dead time introduced.
The squares indicate the points obtained with extendable dead
time while the circles indicate the points obtained with non-
extendable dead time.

3.00 90.00 180.00 270.00
dftis) —

360.00 450.00

Figure 4. Variation of Nd/N0 exp(-N0d) with dead time of the
extendable type. The curve is obtained by fitting the
experimental points to Eq.(ll|.

correlated nature of the pulses is evident from the fact that
with no dead time introduced, the variance to mean ratio
is greater than unity. The V/m ratio decreases with
increasing dead time. For the non-extendable dead time
case the ratio goes to zero at large dead times showing that
with increasing dead time the pulses become more and
more like clock pulses. For the extendable dead time case
the ratio approaches a constant.

Fig. 4 shows a plot of N(d) / |N(O)exp(-N(d))} against d for
the extendable dead time case. (For uncorrelated pulses
this graph is expected to be a horizontal line passing
through (0,1)). The circles represent experimental data
while the curve is the best fit to Eq. (11) with three terms
of the expansion in moments. The neutron multiplicity
data used as input in these computations are taken from
Ref. 23 and are presented in Table IV. The parameters
deduced from the fit are the spontaneous fission rate, the
detection efficiency and the neutron die away tune. The fit
is quite good even with two terms of the expansion in
moments and further improves on including the third
term. This clearly suggests that we may estimate an addi-
tional parameter from the data viz the third factorial
moment (m3) of the source multiplicity distribution by
treating it as a free parameter rather than as an input. The
results are summarized in Table V.

Fig. 5 shows a similar plot for the non-extendable dead
times. Here N(d) / (N(O) (l-N(d)d)} is plotted against d. As
for the previous case the curve represents the best fit to
the experimental data (circles) using Eq. (5). The parame-
ters deduced viz the spontaneous fission rate the effi-

Table IV
Multiplicity Data for CF-252

v (mj 3.757

c(c-l) |m2) 11.95

"("-!) ("-2.) (m3) 31.6

Table V
Parameters Derived by Various Methods

Experimental Method

sf|sec-' l/X(fis) m3

8760 ±85

Extendable Deadtime

0.0746 ±0.0007 109 ±7 42 ±21

Non-extendable Dead Time
(1st moment)

10320 ±500 0.0627 + 0.003 114±17

8740 ±119

8791 ±119

Moments Method
(Random Trigger)

0.0757 ±0.0010

0.0747 ±0.0010

49.2

34.6
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ciency and the neutron die away time are presented in
Table V. The last two rows of Table V show the parameters
derived using the moments method with randomly trig-
gered intervals and without any dead time. While it was
not possible to get the neutron die away time, (since the
counting interval was kept fixed at 10ms) the third facto-
rial moment of the multiplicity distribution of fission neu-
trons of Cf-252 was derived.

The error estimates for the parameters by the two dead
time methods have been derived from the goodness of fit.
For the moments method, the error estimate for s and e is
derived from the errors in the mean and variance shown in
Tables III and IV. A similar estimate for M3 (and hence for
m3) is not easy to obtain and the difference in the two
values of m3 computed using the data in Tables III and IV
can be taken as a rough measure of the error in this
quantity.

Figs. 6 and 7 show the variation of V/m with dead time
of the extendable and the non-extendable varieties respec-
tively. Here again the experimental data is shown by cir-
cles and the curves are obtained from Eqs. (12-14) and Eq.
(6) (for the extendable and non-extendable cases respec-
tively) using the parameters given in the first row of Table
V. The V/m in the extendable case was obtained by numer-
ical integration of Eq. (13) since analytical integration does
not appear to be feasible.

DISCUSSION
It is seen from the results presented above that Eq. (11)
which gives the variation of count rate in the presence of
an extendable dead time filter fits the count rate data well
and also gives s and e in agreement with those obtained by
the V/m (moments) method.

However, Eq. (5) does not fit the data for non-extendable
dead times very well (as may be seen from the larger uncer-
tainties in the parameters), and the deduced parameters
also do not agree with those obtained by the moments
method. This is not surprising since the simple formula (5)

°oToo 90.00 180.00 270.00 360.00 450.00

Figure 5. Variation of (Nd/N0)/(l-Ndd) with dead time of the non-
extendable type. The curve is obtained by fitting the
experimental points to Eq.|5].

cannot be expected to be valid for large dead times. The
neutron die away time however does agree with that
obtained by the extendable dead time method.

Regarding the determination of the third factorial
moment (m3) of the multiplicity distribution of Cf-252, we
see that large errors are possible with both the moments
method as well as the extendable dead time method. Nev-
ertheless, the estimates for m3 may be said to agree with
the value given in Table IV by both the methods within
experimental error. The magnitude of this error is compa-
rable to that obtained by Hage and Ciffarelli11 with the
moments method in an experiment on a Pu sample.

The techniques involving measurement of the second
moment as a function of dead time are rather complicated
from the point of view of deriving the system parameters

°000 90.00 180.00 270.00
d((JS) —

360.00 150.00

Figure 6. Variation of V/m with dead time of the extendable
type. The curve shows the variation expected on the basis of
Eq.(12) and the parameters s, t, and X obtained by the
extendable dead time (first moment) method.

I
>e

3.00 90.00 180.00 270.00

d(MS) —

360.00 450.00

Figure 7. Variation of V/m with dead time of the non-extendable
type. The curve shows the variation expected on the basis of
Eq.(6) and the parameters s, c, and X obtained by the extendable
dead time (first moment) method.

MAY 1990 JNMM • 45



from the measured data. Moreover, these do not appear to
be as accurate as the first moment method. While Eq. (12)
agrees reasonably well with the measured data for all
values of the dead time, Eq. (6| deviates considerably from
the measured data for d>20 n$ and the V/m even becomes
negative beyond d>100 ps. This decides the limits to the
validity of Eq. (6).

CONCLUSION
The applicability of the extendable dead time (1st moment
method) to study neutron correlations and to obtain sys-
tem parameters therefrom has been demonstrated. It has
the potential of measuring higher moments of the multi-
plicity distribution, from which it is possible to derive the
self multiplication probability in the case of large Pu sam-
ples using BohneFs formulae (Eqs. 16-18). An advantage of
this technique is that it requires very simple electronic
hardware viz a dead time filter and a sealer. Online pro-
cessing of data is clearly possible.

A possible objection to the utility of this method in
practice is that the extendable dead time counter would
recover rather infrequently at high count rates characteris-
tic of large samples, leading to large statistical uncertain-
ties. Thus the method would appear to be suitable only for
small samples in which self multiplication is not very
important. We examine this with the help of a numerical
example.

The largest dead time gate that must be introduced in
order that the third moment affect the count rate must be
greater than (say two or three times) the die away time. At
the same time the product N(O)d should not be much
greater than unity since the count rate falls off roughly as
exp(-N (0) d). This means that at high count rates a shorter
die away time should be employed. This requirement is
true for all other techniques as well. Now IKg of Pu02

(20% Pu-240) gives a count rate N(O) of about 40,000
counts per sec in a detector having an efficiency of 10%.
Employing a die away time of 20 jts and the dead times in
the range of 0 to 60^s the largest value of N(O)d is about
2.4. This corresponds to a count rate N(d) of about 3000
cps in the slowest sealer and it should be possible to obtain
accurate estimates of N(d) in a reasonable amount of time.
Further since the variance (which is related to the statisti-
cal errors in the count rate) falls off faster than the mean
as the dead time is increased these errors would tend to be
somewhat lower. Thus the technique should be applicable
up to about 1-2 Kg of plutonium but perhaps not for higher
masses.

The variable dead time technique of the earlier days
which employed a non-extendable dead time presents an
extremely complicated problem from a theoretical point
of view and it appears almost impossible to obtain any
simple formula relating the count rate to the system
parameters.
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Pune University (1976) and a degree from the 20th batch of BARC
Training School, Bombay (1977). He is working as a Scientific
Officer at the Bhabha Atomic Research Centre, Bombay. He has
been working in the field of Theoretical Reactor Physics partic-
ularly Integral Transport Theory and has developed two- and
three-dimensional neutronics codes for reactor calculations. Deg-
weker is also interested in the theory of stochastic processes as
applied to zero power reactor noise techniques and passive neu-
tron assay of plutonium.

Mahadeva Srinivasan earned a B.S.c. from the Technical Univer-
sity of Madras (1957), a degree from the first batch of BARC Train-
ing School, Bombay (1958) and International Institute of Nuclear
Science and Engineering, Argonne (1962), an M.S. in Physics from
the University of Bombay (1966) and a B.S. from the University of
Bombay (1984). He is currently heading the Neutron Physics Divi-
sion at BARC, Bombay. Srinivasan is responsible for the critical
experiments program at BARC encompassing D2O moderated
Nat. U lattices, U-233 fueled H20 moderated experimental reac-
tors and Pu fueled small fast assemblies (ZERLINA, PURNIMA I,
n, and III and KAMINI reactors). Most recently Srinivasan has
been active in investigations related to the widely reported cold
fusion phenomenon.

46 • JNMM MAY 7990



IAEA

Posts Vacant in the IAEA

The Department of State, Depart-
ment of Energy, Arms Control and
Disarmament Agency, and Nuclear
Regulatory Commission have initi-
ated a program to improve recruit-
ment of U.S. nationals for employ-
ment in the IAEA.

To support this program, fNMM
publishes IAEA vacancy notices:

Department of Safeguards

Division: Operations Position: Nuclear Safe-
guards Inspector Grade: P-3 Vacancy #89/SGO-3
Open: 25 April 1989 Close:- Continuous recruit-
ment Duty Station: Vienna or Field Offices

Division: Operations Position: Nuclear Safe-
guards Inspector Grade: P-4 Vacancy #89/SGO-4
Open: 25 April 1989 Close: Continuous recruit-
ment Duty Station: Vienna or Field Offices

Division: Development & Technical Support
Section: Instruments & Equipment Provision
and Management Position: Nuclear Instrumen-
tation Engineer Grade: P-4 Vacancy #90/006
Open: 23 January 1990 Close: 23 May 1990

Department of Research, and Isotopes

Division: Physical and Chemical Sciences Sec-
tion: Nuclear Data Position: Programmer/
Analyst Grade: P-3 Vacancy #90/004 Open: 23
January 1990 Close: 23 May 1990

Safeguards Analytical Laboratory

Unit: Isotopic Analysis Position: Unit Head
Grade: P-4 Vacancy #90/007 Open: 23 January
1990 Close: 23 May 1990

How to Apply
Applicants should state their nationality,

quote the vacancy notice number, and address
an application and detailed curriculum vitae
directly to the Division of Personnel, Interna-
tional Atomic Energy Agency, Wagramerstrasse
5, P.O. Box 100, Vienna, Austria, A-1400. Appli-
cants will be informed about the outcome of
their application approximately two months
after the closing date.

U.S. candidates should mail a copy of their
application and proof of nationality to the U.S.
Mission to the IAEA, (Attention: Ronald Bar-
tell], Obersteinergasse 11, Vienna, Austria,
A-1190.

U.S. candidates also should mail a copy of
their application to: (for Dept. of Safeguards
positions] E.G. Williams, P.O. Box 650,
Brookhaven National Laboratory, Upton, Long
Island, N.Y., 11973; (for all other positions] Dept.
of State, IO/T/SCT, Room 5336, Washington,
D.C., 20520.

For more information, contact Mr. W. Porter,
Department of Energy, (202) 586-8253.

EQUIPMENT,
MATERIALS & SERVICES

Automated Passage
Control

The Campbell Engineering Com-
pany (CECO) announces a new Pas-
sage Control Unit that automates
access control. This PCU has a stand
alone microprocessor to control and
record passage to secure areas. It
interfaces with commercial identity
and surveillance devices such as card
readers, biometrics, metal and explo-
sive detectors.

The PCU is also configurable from
a remote host and accepts programs
to drive automated devices such as
portals, gates, turnstiles and doors. It
will network into a central system
for enrollment, alarm reporting and
controlled override. It is the versatile
entity in modern distributed process
designed systems.

The PCU was developed by a team
of CECO engineers to meet the strin-
gent access control requirements of a
major nuclear processing plant under
a $3.8M security access control con-
tact. The device is now used in all
CECO access control Portals to pro-
vide facility-wide automated passage
control.
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At last—no more guessing—

TSA Systems HHMCA-460—

A search instrument that identifies the isotope

Now there is a hand-held SNM de-
tector that not only provides the usual
sensitivity you expect from a TSA
Systems instrument (detects <40
nanoCuries), but also includes a 256-
channel Multi-Channel Analyzer with
operator selectable windows for identi-
fication of HEU, Plutonium, and the
common medical isotopes. It features a
bargraph display and digital readout,
verify mode, two user-definable regions
of interest, and the Search/Find modes
familiar to users of the HHD-440.

All this in a light hand-held instru-
ment that is tough, sensitive, and easy
to use. The HHMCA-460 uses a 1" x 2"
Nal detector and "intelligent" micro-
processor-based digital electronics.
You can further expand its capabilities
by using the built-in RS-232C output to
save data to the TSA Printer or a PC,
and by adding the optional gamma or
neutron probes. Rechargeable bat-
teries give up to 10 hours continuous
use.

The TSA Monitor Series also in-
cludes Personnel Portals, Vehicle
Scanners, Waste/Laundry Monitors,
Hand Held Monitors (gamma, beta,
and gamma/beta), and Indoor/Outdoor
Ground Scanners.

When you can't afford to guess-

Call or write now for more information:

TSA Systems, Ltd.
4919 North Broadway
Box 1920
Boulder, CO
80302
(303) 447-8553

CALENDAR

May 28-fune 1, 1990
Second International Symposium on

Stabilization/Solidification of Hazardous,
Radioactive and Mixed Wastes, Will-
iamsburg, Virginia U.S.A. Sponsor: ASTM
Committee D-34 on Waste Disposal et. al.
Contact: T. Michael Gilliam, phone (615)
574-6820.

June 3-7, 1990
30th Annual Conference of the Cana-

dian Nuclear Association and the llth
Annual Conference of the Canadian
Nuclear Society, Toronto, Ontario, Canada
Contact: CNA, phone (416) 977-6152.

June 4-7, 1990
Emerging Technologies for Hazardous

Waste Treatment, Atlantic City, New Jer-
sey Sponsor: American Chemical Society
Industrial and Engineering Chemistry
Division Contact: D. William Tedder,
I&EC Symposium Chair, School of Chem-
ical Engineering, Georgia Institute of
Technology, Atlanta, Georgia U.S.A.
30332-0100, phone (404) 894-2856 or (404)
973-3826.

June 10-14, 1990
1990 ANS Annual Meeting (and Nuclear

Power & Technology Exhibit), Opryland
Hotel, Nashville, Tennessee, USA Spon-
sor: American Nuclear Society Contact:
General Chair Donald B. Trauger, Oak
Ridge National Laboratory, RO. Box 2008,
Oak Ridge, Tennessee USA 37831-6254,
phone (615) 576-6730.

July 12-15, 1990
31st Annual Meeting of the Institute of

Nuclear Materials Management (INMM),
Biltmore Hotel, Los Angeles, California
U.S.A. Sponsor: Institute of Nuclear Mate-
rials Management Contact: Barbara Scott,
INMM (708) 480-9573.

August 27-3i, 3990
Seventh ASTM-EURATOM Symposium

on Reactor Dosimetry, Palais de 1'Europe,
Strasbourg, France Sponsor: American
Society for Testing and Materials (ASTM)
Contact: G.P. Lamaze, ASTM Program
Secretary, National Institute of Standards
and Technology, Building 235, Gai-
thersburg, Maryland U.S.A. 20899, phone
(301) 975-6202.

September 30-October 3, 1990
International Symposium on Handling

Hazardous Materials/Wastes: Social
Aspects of Facility Planning and Manage-
ment, Harbour Castle Westin Hotel,
Toronto, Ontario, Canada Sponsor: Insti-
tute For Social Impact Assessment Con-
tact: Ingrid Norrish, Conference
Management Director, Social Aspects
Symposium, phone (416) 675-3111, ext.
4459 or fax (416) 675-0135.

September 30-October 3, 1990
International Topical Meeting on the

Safety, Status and Future of Noncommer-
cial Reactors and Irradiation Facilities,
Boise, Idaho Co-sponsors: American
Nuclear Society Idaho Section, the ANS
Nuclear Reactor Safety Division, the
Commission of the European Commu-
nities and the Atomic Energy Society of
Japan Contact: Doug Croucher, Technical
Chair, EG&G Idaho, P.O. Box 51218, Idaho
Falls, Idaho U.S.A. 83401-1218, phone (208)
526-9804.

October 3-5, 1990
Spectrum '90: Nuclear and Hazardous

Waste Management International Topical
Meeting, Hyatt Regency Hotel, Knoxville,
Tennessee USA Sponsor: American
Nuclear Society Fuel Cycle and Waste
Management Division, the ANS Oak
Ridge/Knoxville Section and the Univer-
sity of Tennessee Contact: Technical Pro-
gram, Spectrum '90, P.O. Box 1342, Oak
Ridge, Tennessee USA 37831 or phone Earl
McDaniel (615) 574-0439 (FTS-624-0439) or
Karl Notz (615) 574-6632 (FTS-624-6632).
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