UNITED STATES
NUCLEAR REGULATORY COMMISSION

WASHINGTON. D.C. 20555-000C1

April 07, 1995

MEMORANDUM TO: Dr. Donald A. Cool, Director
Division of Industrial
and Medical Nuclear Safety, NMSS

Robert F. Burnett, Director ;JJ}
Division of Fuel Cycle Safety
and Safeguards, NMSS

Lawrence C. Shao, Director
Division of Engineering Technology
Cffice of Nuclear Regulatory Research

M. Wayne Hodges, Director
Division of Systems Technology
Office of Nuclear Regulatory Resear

FROM: John T. Greeves, Director
Division of Waste Manag
Office of Nuclear Material Safety

and Safequards

SUBJECT: ESTABLISHMENT OF REVIEW TEAM ON THE POTENTIAL FOR A NUCLEAR
EXPLOSION IN A HIGH-LEVEL WASTE REPOSITORY

As you may be aware, in October 1994, the Secretary of the U.S. Department of
Energy (DOE) established the Office of Fissile Materials Disposition (OFMD) to
oversee all activities related to the m-nagement, storage, and disposition of
fissile materials, primariiy weapons pl.tonium, and highly enriched uranium.
As described in the OFMD FY95 Program Plan (Attachment 1), DOE is considering
various alternatives for fissile materials disposition in deep boreholes or in
a mined geologic repository. In this regard, a recent issue of the New York
Times contained an article about a report (Attachment 2) by several DOE
scientists at the Los Alamos National Laboratory (LANL) on the potential for

a nuclear explosion from the disposal of fissile material in a deep geologic
repository. A subsequent issue of the New York Times included an article
about a report (Attachment 3) by several DOE scientists at the Savannah River
nuclear site, which supports the thesis proposed by the LANL scientists, that
disposal of fissile material in a geologic repository could erupt in a nuclear
explosion. Other scientists at LANL dispute the credibility of this thesis
(Attachment 4).

While DOE has primary responsibility for resolution of issues related to
possible disposition of fissile materials in a geologic repository, I am
interested in reviewing the LANL and Savannah River reports for their merits
and apprising DOE of any concerns, issues, or comments that result from the
staff’s review. In this regard, I am establishing a formal team to review
these reports, with Dr. Michael Bell of my staff designated as team leader.
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D. Cool, et.al. -2 -

Given the considerable expertise in criticality control and material
degradation issues outside the Division of Waste Management, as well as my
interest in a broad based staff review, I am requesting limited technical

support from your Division. Specifically, I would like one member from your

staff with the desired technical expertise to participate in this review.
This should necessitate no more than a few staff-days of his/her time to

review the documents and develop some questions/comments to be transmitted to

DOE. I would 1ike to have the team assembled by April 14, 1995.

Please call me on 415-7437, or Mike Bell on 415-7286, if you need any

additional information or have any questions about this request.

Attachments: As stated
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Department of Energy
Washington, DC 20585
November 30, 1994

To Interested Parties:

On October 12, 1994, Secretary of Energy Hazel O'Leary established the Office of
Fissile Materials Disposition to oversee all activities related to the management,
storage, and disposition of fissile materials. This new Office reports directly to Under

Secretary Charles Curtis.

The Office is an outgrowth of a department-wide project established in January, 1994 to
develop departmental recommendations and decisions on the disposition of excess
nuclear materials. It also responds to Congressional concerns regarding the
management of tissile materials from weapons and related nonproliferation issues. On
June 12, 1994, the project initiated a Programmatic Environmental Impact Statement
(PEIS) for the long-term storage and disposition of weapons-usable fissile materials.
Twelve scoping meetings were held across the country from August through October
1994. Over 1,000 people participated and provided comments on the Department's
proposed action. The scoping comment period closed on October 17, 1994, and we
expect to finalize the Implementation Plan during the first quarter of 1995.

The Energy and Water Development Appropriations Act for Fiscal Year 1995 (Public
Law 103-316) and the National Defense Authorization Bill for Fiscal Year 1995
provided $50 million for storage and disposition activities. The Fiscal Year 1995
Program Plan for these activities as well as a Reactor Options Report which outlines

the possible reactor alternatives for plutonium disposition are enclosed for your
informaticn. | hope you will find the reports inf.r native and useful.

We intend to continue the dialogue with you and other stakeholders regarding options
for storage and disposition through public meetir.gs, newsletters, and an electronic
bulletin board. We appreciate your continued involvement in this important national

challenge.

Sincerely,

balo WSt

Robert W. DeGrasse, Jr.
Director, Office of Fissile
Materials Disposition

Enclosures

Attachment 1
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INTRODUCTION

BACKGROUND

In the aftermath of the Cold War, significant
quantities of weapons-usable fissile materials
(primarily plutonium and highly enriched
uranium) have become surplus to national
defense needs both in the United States and
Russia. These stocks of fissile materials pose
significant dangers to national and
international security. The dangers exist not
only in the potential proliferation of nuclear
weapons but also in the potential for
environmental, safety and health
consequences if surplus fissiie materials are
not properly managed.

On September 27, 1993, President Clinton
announced the establishment of a framework
for U.S. efforts to prevent the proliferation
of weapo=s of mass destruction. This policy
commits the United States to undertake a
comprehensive approach to the growing
accumulation of fissile materials from
dismantled nuclear weapons and from within
civil nuclear programs. As key elements of
the President's policy, the United Statcs will:

Seek to eliminate, where possible,
accumulation of stockpiles of highly
enriched uranium or plutonium, and to
ensure that where these materials already
exist they are subject to the highest
standards of safety, security, and
international accountability.

Initiate a comprehensive review of long-
term options for plutonium disposition,
taking into account technical,
nonproliferation, environmental,
budgetary and economic considerations.
Russia and other nations with relevant
interests and experience will be invited to
participate in the study.

The policy, announced by the President in a
speech before the United Nations, represents
the broadest statement of national policy on
surplus fissile material control and
disposition. The Administration's strategy for
dealing with the control and disposition of
surplus fissile materials consists of four

parts:

(1) Securing the nuclear materials that
already exist in the U.S. and Russia;

(2) building confidence through openness;

(3) seeking to eliminate where possible,
the accumulation of plutonium and highly
enriched uranium; and

(4) planning for the ultimate disposition of
plutonium.

There are a variety of reinfo cing initiatives
being conducted by the U.S. government to
deal with this challenge.

First, the Administration is endeavoring to
ensure that surplus plutonium and highly
snriched uranium (HEU) from dismantled
nuclear weapons are not used to make new
weapons and that these materials are subject
to the highest standards of saf:ty, security,
and international accountability.

Second, the Administration is working to
engage the Russians in ongoing dialogue
aimed at building mutual confidence through
openness that provides assurance that (1)
nuclear weapons are being dismantled; (2)
that the resulting fissile materials are being
maintained in a safe, secure and
environmentally sound fashion; and (3) that
these excess materials will not be used for

new nuclear weapons.
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PROGRAMACTIVITIES

The major program activities for the Office
of Fissile Materials Disposition are as
follows:

(1) Analyzing long-term storage and
disposition options for the specified fissile

materials;

(2) Preparing a programmatic environmental
impact statement (PEIS) as required by the
National Environmental Policy Act (NEPA)

for these options;

Evaluate
Long-Term
Storage Optlions

Evaluate

Disposition
Options

Material

(3) Integrating and documenting the results
of the analyses to enable a Record of
Decision (ROD) for Departmental actions
regarding the materials; and

(4) Conducting outreach and public
participation activities regarding surplus
fissile materials disposition.

Figure 1 presents a summary of the program
logic leading to a Record of Decision and its

subsequent implementation.

implement
Rec?rd storage &

of
Disposttion
Declslon Options

Vuinerabliity
Assessments

Correclive

—>| Actions ™| Storage

Interim

Inspection
& Verification
Plans

Figure 1 Program Logic



No Action Upgrade in Place Consolidated
Pantex Plant Pantex Plant Consolidate
plutonium only H
Rocky Flats Plant Rocky Flats Plant or plutonium
and highly
Hanford Site Hanford Site enriched
Plutonium uramum at one
Savannah River Site Savannah River Site or more
locations. i
Idaho National Laboratory | Idaho National Laboratory |
Lawrence Livermore National
Laboratory
Los Alamos National
Laboratory
Uranium Y-12 Plant at Oak Ridge Y-12 Plant at Oak Ridge
Reservation Reservation
l

Table 1 Storage Option Alternatives

DisPOs TION OF SURPLUS FISSILE
MATERiALS

As a means for determining reasonable
disposition alternative(s), the Department is
developing a set of criteria for evaluating the
disposition options for surplus fissile
materials. This effort includes generating a
complete set of attributes for comparing
disposition options and developing methods
to quantify and measure each of these
attributes. This work will result in the basis
for comparing specific options for material
disposition.

A preliminary screening process will be
performed to c:tablish the reasonable
disposition alternatives to be evaluated in the
PEIS and to support the decision process

leading to the ROD. This preliminary
screening effort eliminz*es uteasonable
alternatives that do not merit detailed
evaluation. It also provides a mechanism for
obtaining stakeholder input and achieving
consensus on the results, and presents a
framework for evaluating new options which
may be identified.

Preliminary evaluation criteria are being
discussed with the public during the PEIS
scoping process to obtain input and feedback
which will be considered in establishing a
final set of criteria for evaluating disposition
alternatives.

The factors to be considered in the screening
criteria are as follows (the order does not
reflect relative evaluation importance):
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and burying it in deep boreholes drilled
into the earth or in a mined geologic
repository.

The analysis of these options also requires
evaluating the potential impact of disposing
spent fuel from plutonium-burning reactors
and/or plutonium immobilized with
high-level waste in the DOE Civilian
Radioactive Waste Management Program.
The impacts of these potential waste forms
including interim storage, transportation, and
final disposal will be evaluated.

PLUTONIUM: GOING BEYOND THE SPENT
FUEL STANDARD

Because the plutonium disposition
alternatives that meet the spent fuel standard
result in = material form that still entails a
risk of use in weapons and because the
radiation barriers to such use diminish with
time as the radioactivity decays, further steps
to reduce long-term proliferation risks will
be evaluated. Options that result in the
plutorium becoming essentially inaccessible:
or destroyed inciude:

(1) Accelerator-based conversion in
which a large portion of the plutonium
would be fissioned by the use of a sub-
critical reactor aided by neutrons
produced by an accelerator.

(2) Deep burn reactors which would
fission the plutonium so completely
without spent fuel reprocessing or
recycling, that only a small fraction of the
plutonium would remain in the spent
nuclear fuel.

DisPOSITION OPTIONS FOR SURPLUS
HIGHLY ENRICHED URANIUM

Surplus highly enriched uranium (HEU) can
be made proliferation resistant by blending it
down with natural, low enriched and/or
depleted uranium into low enriched uranium
(LEU) suitable for commercial reactor fuel.
This blending process can provide revenues
from the sale of the fuel and help offset the
costs associated with this alternative.
However, some surplus HEU may have
impurities that make this material
unacceptable as a reactor fuel when blended
down and would have to be disposed of as
waste. For these materials, blending down
to prevent use in nuclear weapons, followed
by disposal as waste, may be the only
reasonable alternative.

Indefinite maintenance of the surplus HEU in
a storage facility will also be analyzed in
order to meet the no action alternative
requirement for the PEIS. Any other
reasonable alternatives identified in the PEIS
scoping process will also be considered.



The estimated schedule for the preparation of the PEIS is as follows:

Issue Notice of Intent
Conduct Scoping Meetings
Issue PEIS Implementation Plan

Issue Draft PEIS

Issue Final PF''S and enable subsequent Recc:d of Decision

June 94

Aug-Oct 94
Winter 95
Summer 95

Spring 96

Table 2 PEIS Preparation Schedule

TECHNICAL INTEGRATION AND SUPPORT

In addition to the specific engineering and
scientific work in this program, supporting
efforts in technical integration, systems
engineering, and coordination/oversight for
all technical and environmental work are
required due to the complexity of the
evaluation and decision processes. A
systems engineering approach is desired not
only to ensure and document an effective
decision process but also to continually
examine work processes and make any
corrections to maintain focus on the
technical program objectives. Technical
integration and support also includes
tracking and dissemination of ongoing
research efforts and conducting technical
reviews to facilitate communication among
program participants. Program assistance
will also be required for common material
storage and disposition technologies such as
safeguards and security, transportation and
packaging, and automation and robotics.

PuBLIC INVOLVEMENT

The Department of Energy recognizes that
public trust can only be ac.deved if citizens
believe that their government is open,
truthful, and accountable. This openness will
help to ensure the maximum disclosure of
information and technologies critical to the
Nation's interests.

Successful implementation of this program
requires public dialog and consideration of
input in the decision making process. DOE,
with the assistance of interested members of
the public, has identified a number of
mechanisms for public involvement in this
program including national teleconferences
for the discussion of concerns and exchange
of information, interactive workshops to
address public concerns and newsletters on
program status. In addition, the NEPA
process described earlier in this plan provides
for the open meeting process to scope and
analyze issues in the PEIS.
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The Office will also obtain research and
analytical support via a cooperative
agreement with the National Resource
Center for Plutonium in Amarillo, Texas.
This cooperative agreement emphasizes
DOE's interest in protecting the
environment, health and safety of
populations adjacent to its sites and provides
" financial assistance to the State of Texas in
developing the Resource Center for
Plutonium to facilitate the exercise of the
State's responsibilities to its citizens and the
public in general. The Center will be a '
scientific and technical information resource
on issues relating to the storage, disposition,
potential utilization, and transportation of
plutonium, high explosives, and other
nuclear or hazardous materials generated
from nuclear weapon dismantlement.

COORDINATION WITH OTHER
DEPARTMENTAL ACTIVITIES

Across the Department, several offices
contribute to the assurance of safe, secure,
environmentally sound management of fissile
materials and past and present nuclear
facilities operations. The mission and
functions of the offices of: Defense
Programs, Environmentai Management,
Nuclear Energy, Environment, Safety and
Health; and Civilian Radioactive Waste
Management are unique but related. In this
regard, coordination is provided through the
Department's organizational structure,
Strategic Plan, and performance
measurement and plan-based budget process.
Most significantly, these organizations
participate in planning and coordination
efforts to help ensure coord.nation on the
development of plans and on the status of
storage and disposition activities within the
Department. This helps ensure that
duplication of effort is avoided and maximum
sharing of work and information occurs.

11

The Office of Fissile Material Disposition,
along with the National Security and
Environmental Management programs,
reports to the Under Secretary of Energy. In
addition, close coordination of program
efforts is also maintained with the Office of
Environment, Safety and Health; Office of
Civilian Radioactive Waste Management;
and the Office of Nuclear Energy. This
structure affords the Under Secretary the
ability to review the whole of these related
activities and helps maintain a horizontal
view and coordination among the programs
addressing nuclear materials and
nonproliferation issues.

Each Program's contributions, resources and
responsibilities are reflected in increasing
detail in the Department of Energy Strategic
Plan, Five Year Budget Plan and individual
program budget submissions. Each of these
undergoes extensive review by the '
Department’s Chief Financial Officer and
Program Assistant Secretaries prior to
approval by the Secretary. Once approved,
these elements form the foundation of the
Department’s input to the President’s annual
budget submission to Congress.

PROGRAM BUDGET AND CONTROL

The FY 1992 budget for the Office of Fissile
Materials Disposition reflects congressional
action to establish a new line item for the
Department's fissile materials control &
disposition activities. The FY 1995 budget
is consistent with the Program's formal work
breakdown structure which contains detailed
cost, schedule, and technical baseline data.
A program review process will monitor cost,
schedule, and technical baseline execution to
measure progress in relationship to the plan
and identify any needed adjustments. Table
3 summarizes the Program budget for FY
1995 and related fissile materials disposition
activities from preceding years'
appropriations to the Department.
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1.0 Introduction

The Senate Appropriations Committee's Report on the Energy and Water Development
Appropriation Bill for Fiscal Year 1995 (Senate Report 103-291, p. 152) provides:

"the Secretary [of Energy] to evaluate and report to the Committees on Appropriation
on possible means of ensuring that [the integral fast reactor and the gas turbine-
modular helium reactor] and other reactor options for disposing of excess plutonium
are kept open until a final disposal technology can be selected. The report should
include the estimated cost of preserving the reactor options and recommendations on
how these costs should be paid. The report should be submitted to the Committees no
later than October 1, 1994."

This report responds to the Congressional request.

In the next several years, it is anticipated that approximately 50 metric tonnes of plutonium
will be declared surplus to national security requirements. The Department of Energy (DOE)
is currently examining alternatives for the long term storage and disposition of weapons-
usable fissile materials and is preparing a Programmatic Environmental Impact Statement
(PEIS) on these subjects. The PEIS is scheduled to be issued in spring of 1996 with the
Record of Decision (ROD) to follow approximately a month later.

Many potential alternatives have been identified for the disposition of surplus plutonium, such
as transmuting the plutonium in accelerator targets, immobilizing the plutonium and
emplacing the plutonium into a geologic repository, directly placing plutonium in one or more
holes bored deep into the earth, indefinitely storing the material, and/or using the plutonium
as a fuel in one of many candidate reactor types These alternatives and others are being
considered by the Department.

For the reactor altern.tives in particular, the range of potential cptions is wide. Reactor
options include: converting existing, operating light water or heavy water reactors to utilize a
mixture of plutonium and uranium oxides as a fuel [mixed oxide or "MOX" fuel]; completing
partially completed reactors to use MOX fuel; or Jesigning and building new reactors for
surplus plutonium disposition. Among the new reactors that might be considered, the options
include: (1) evolutionary and advanced light water reactors; (2) liquid metal reactors; (3) gas-
cooled reactors; (4) other advanced reactor design concepts.

2.0  Process for Evaluating the Disposition Alternatives
The National Environmental Policy Act requires that federal agencies consider a range of

reasonable alternatives before undertaking actions which might have a significant impact on
the human environment. Pursuant to the National Environmental Policy Act (NEPA), an



ABB-Combustion Engineering). Each of the three vendors has designed many existing light
water reactors which are currently operating in the United States. Collectively, the three
vendors have identified no less than 77 operating light water reactors in the United States that
could be converted to using MOX fuels. In addition, several operating Babcock & Wilcox-
designed reactors might be utilized for plutonium disposition. Some of the 77 might not be
preferred candidate reactor options for using MOX fuels because of low plutonium
throughput, short remaining lifetime or other factors. However, the number of combinations
of preferred candidate reactors that could be marshalled to satisfy the plutonium disposition
mission is quite large. This is the case because as few as three or four reactors offer
sufficient capacity to disposition the entire inventory of plutonium which is expected to be
declared surplus to national security requirements.

Since the continued operation of the reactors necessarily implies the preservation of the
existing light wa.r reactor option, no DOE resources are required to preserve the option to
use them. However, DOE intends to conduct a number of specific activities in Fiscal Year
1995 relating to potentially converting operating reactors to using MOX fuels. These
activities include addressing issues such as fuel fabrication, fuel transportation, upgrades in

security, terms for fuel transfer, and legal and financial issues.

Since no commercial-scale plutonium fuel fabrication capability exists in the United States,
either a dedicated domestic MOX fuel capability must be established, or MOX fuels must be
manufactured overseas. As part of its overall eva'uation, the Department 15 ¢<amining the
feasibility of several alternatives for fabrication of MOX fuel.

3.2  New Light Water Reactors

In Fiscal Years 1993 and 1994, three light water reactor vendors (Westinghouse Electric,
ABB-Combustion Engineering, and General Electr.c) evaluated their new reactor designs for
the plutonium disposition mission. Additionally, it is expected that some follow-on activities
will be conducted by the vendors in Fiscal Year 1795 relating to their design proposals. The
designs use the advanced and evolutionary designs proposed by the vendors for the next
generation commercial light water reactors, design efforts which have been and continue to be
supported by DOE's Office of Nuclear Energy. The Department has committed $65 million
for Fiscal Year 1995 to these advanced and evolutionary light water reactor design efforts.

Based on the activities already accomplished and those already planned for Fiscal Year 1995,
no new, additional funding is necessary to preserve the new light water reactor options.

40  Liquid Metal Reactors

As part of a Fiscal Year 1993 and previous activities, the Office of Nuclear Energy has
examined the suitability of the liquid metal reactor concept for surplus plutonium disposition.



WNP-3 west of Olympia, would be completed. Revenues would be generated by providing
power to the Pacific Northwest while the reactors consume plutonium fuel.

A separate proposal by the Washington Public Power Supply System (Supply System)

suggests using the partially completed WNP-1 reactor in conjunction with an already .
operating WNP-2 reactor, both located on the Hanford Reservation in Washington State.. This
second proposal evidences the fact that the operating and partially completed reactor options

need not be mutually exclusive.

If it were determined advisable to maintain these reactors in a licensable state, it would
require approximately $5.0 million for WNP-1 and $5.5 million for WNP-3 per year per
reactor. The owner, the Supply System, has agreed to pay the maintenance costs until
January 13, 1995. DOE has initiated discussion with the Supply System concerning what the
Supply System's plans are for these reactors. The Supply System has a constmiction fund of
about $120 million remaining from the sale of WNP-1 bonds prior to 1982. The earnings on
this fund, at current rates, are approximately $5.8 million per year and are used to pay the
maintenance and preservation cost of the WNP-1 reactor, but may not be utilized on the

WNP-3 reactor.

In addition, there are other partially completed reactors for which the owners have maintained
the plants and their licensing. These include TVA's Bellefonte 1 and 2 and the Cleveland

Electric Illuminating Company's Perry 2.

8.0 Conclusions

The DOE intends to fairly and fully consider a wide range of reactor options in the process of
preparing the PEIS. Since there is an adequate -ange of reasonable reactor alternatives that
will be available, no additional funding is required at this time to preserve any reactor option.
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Underground Autocatalytic Criticality from Plutonium and Other Fissile Material

C. D. Bowman and F. Venneri

Abstract

Several widely endorsed solutions to the intermediate and long-term disposition of weapons plutonium and other wasle fissite
nuclear maerial invoive placement of butches of the material underground in subcrisical concemtraiions. 1t is pownted out here
that such concentrated subcritical fissiie material underground might reuch criticality that is autvcatatyiic or self-enhancing.
This criticality could come ubvut upon dispersion into the surrounding medium by either natural ar unnawral processes, or by
the fissile material being carried w other sites where it can collect inso different autocatalytic critical configurations . Under-
ground, where the material is confined and there is an abundance of moderating medium amund it, the results of such supercritical
excursions could range from modest energy releases tn the generation of explosive nuclear yields of up to a few hundred ons
Jrom a single event. Without water, 50- 100 kg of fissile materiad is required 1 reach autocatalytic criticality. Amounts as small
as a kilvgrum can reach autocatalytic crificaldy with water present. In varying degrees, all calegories of waste containing
Jissile actinide appear to be susceptible 1o these criticality excursions, including vitrified weapons plutonium, research reactor

and DOE spent fuel, commercial und MOX sperd fuel.

Introduction

The long term disposition of thermally fissile matc-
rial (TFM) is currently the focus of nuch national and interna-
tional attention. Thesc materials include excess weapons plu-
lonium (w-Pu) and highly enriched uranium (IILU) from the
reduction in nuclear weapons stockpiles in the U. S. and Rus-
@13, nava reactor spent fuel which contains a high concentra-
tion of 23U, spent fucl from research reactors containing HiLU,
spent fuel from commerclal reactors contaiming plutonium (c-
Pu) and other beavy elements such as neptunium, which also
are potentially usetul as nucloar weapons matcrials,  Recent
prominently publicized studics! considening the long-tcrm dis-
position of w-Pu have identified several options sl of which
end up with the maicnal in permanent storage deep under-
ground. These studies strongly influence current U, S. Gov-
crnment policy’. The purpose of this report is 10 show that
underground storage as presently recommended could lead to
underground autncatalytic cnicality and the uncontrolled dis-
persal of the TFM with significant nuclear cnergy releasc and
possibly nuclear cxplosions iu Use few hundred 1on range.

The weapons plutonium portion of the TPM is per-
hape of greatest current concern and for this rcason 7Py is
used for the most part in this paper 1o illustrate the criticality
risks of underground TEM. The actunl conrentration would
vary with the storage situation. For the option of vitrification
of the plutonium lollowed by storage in deep boreholcs. the
National Academy ol Sciences study on plutonium disposi.
tion' considers a concentration of up to 10% hy weight so that
aborusilicate cylindrical log S0-cm in dvameter and two melers
long would contain about 100 kg of plutonjum. A single log of
this material would be substantially subcritical uwing W ge-
ometry and neutron poison. Other storage forms of the w-Py
also would contain subgtantinl amnunts of fissile material.
MOX spent fucl assemblics for w-Pu destruction would con-
tain 18 kg cach’ and several of these might be stored together.
it w-Pu were simply vitrified with high 1cvel waste at 2% mass
fraction, the w-Pu mass would be 44 kg each®in logs of 3 m
tength and 0.6-u diameter.

In order W keep the costs of preparation for storage
und for actual smplacemont underground of TIM low, and W
make the repository storage site small, there wauld be pressure
10 store the THM in concentmicd but still safely suberitical
amounts. Suberticality would also be cohanced by the inelu-
sion of neutron poisons and by choosing geometry and com-

position such that only fast neutrons could be clfcctive in propa-
gating a chiain tcactivn,

Even without poisons, w-Pu in these amount and in
these configuration would be suberitical. The reasan is that
the neulruns do not have a chance L moderate in the rock be-
forc leaving the w-Pu and cannat find the w-Pu after modera
tion. However, once containment has been becached and the
THM s free to disperse in the underground matrix containing
good moderators such as water and rock in various propor-
rions, critical configurations are poxsible which may have posi-
ave o negative reedback features,

Fecdbuck positive and ncgative

Many fuctors influcnce criticality such as amounts of
fissile maierial, water, other moderating materiul, poison, the
configuration, and resonance hehavior. Poisons can he very
important but their pbysical propertics such as saluhility and
hoiling point will in general be subsumtially different from the-e
- the fissile material. In the view of the authors, poisons imay
not be a refiable means of preventing criticality over the long
term. The effects of resonances can be significant only i there
are lasge anwunts of 38 ar *3Th present, which 1s often not
e case for TI'M. The relative concentrations of fissilc mate-
rial, water, and other modcrator such as rock ae Ure jnust im-
porwunt factors and these can be analyzed lor positive or nega-
tive feedhack nn eriticality using Figs. 1 and 2.

Fig.l shows the criticality conditions for several vol-
umes of different radii with almost any mixture of 29Pn, water
and 810, surrounded by a Si0, reflector. The calculations were
donc using the M code. Si0, at adcensity of 2.2 approxi-
mutes to a reasonable degree the nuclear properties of rock.
The figure gives the mass fraction of plutonium on the ordi-
mito and mole fruction of watcr and S¥05 un e wbscissy. There-
fore for point G in the figure, Pumakes up I % of the spherc
mass. The remainder of the matenial in the sphere expreased in
mole [ruction is 20 % water and &) % Si0O,. A system lying on
the left ordinatc has no SiO4 in it, A system on the right ordi-
nate would have no watcr, A sysicm with mass fraction of
plutonium of one (not shuwn on the figure) would be pare plu-
lonlium.

The curves show critical homogenous mixtures tor
Si0; reflected spheres with radii of 23, 50, 100, and 200 cm.
Mixtures of a given radius which lie above the curve are
supercritical: those below are suberiticud. Obviously material
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Figure 1. Examples of positive and negative feedback fallmvmg undergnuuad criticallyy. Criticality curves are given far
spherical votumes of radius 25, 50, 100, and 200 cm for mixiures of 23 9Pu. water and Si0 2 reflected by 8i03. The ordinate is

the weight fraction of 23!

Pu in the sphere. A fraction of 1.0 means the rystem (s pure plstonium. The abscisau v the molar

Sraction of water ar Si07 in she rest of the volume. A system lying on the lefs hand ordinate contains ro Si07. A system lying on

the right ordinate contains no water. Systems of a giver radius with compnsition lying above the line for thas radius arc
supercritical; those lying below are subcritical. Therefore only systems lying below the line cun be placed in the repository.
Systems which reach criticality where the slope of these curves as = negative have pasitive feedback and are therefure autocata.
fytic. Sysiemy whic t reach criticality where the slope of the curve is positive will huve negative feedback

cannot be implanted underground as supercritical material, so
all injtial subcritical amangements of a given radiuy arc Incated
helow the criticality curve, Over time onc must expect that the
relative concentrations of water, rock und fissile matenial could
change and some ot these changes could lead to ¢riticality. Tt
is widcly believed that upon reaching criticality all systetns
will revert to subciiticality by natural means of negative feed
back. Onc of the principal purposes of this paper is to show
that the lecdback can be cither negative or positive and to out-
line means to distinguish between these two possibilities, The
main fcedhack mechanisms illustrated in the fignre are water
ejccton and T1M dispersal.  With regard 10 wuter ejection,
indicated in Dig.1 by a horizontal move 10 the night, if the
system reaches criticulily at a poinst where the curves have a
negative slope, the system will have positive feedback and could
therefure be autocatulytic, if the syssem reaches criticality at u
point where the curves show a poxitive slope, the system will
hrve negutive feedback and will be self-limiting or scif-term-
nating. While the figurc is only valid for spherical gcometry,
the criteria illustrated arc relevant 1o many criticaf shapes. We
illustrale these critcria hy examining six conditions labeled in
the figure as A through F.

Case A (negative feedback)

Nearly all TFM would be cmplaced as dry watesiul
and therefore will initially lic along the nght ($i0,) ordinate.
If we consider the cnrve {or S0 cm, we see that the mase frac
tion of PPy mixed with S$i0, must be less than about 0.06S or
the system would be critical upon implantation. The case A
examined here is for a foading of a wei ight fraction of 0. 044,
corresponding to about 50 kilograms of 2Py, which is well
below the dry critical mass of 30 kg ot 2*Pu for a radius u[ 50
cm. Tf water enters this system, it will move horizontally to
the left until it rouches wot criticality at a water rnule [raction
of about 2 % (0.6 % mass fraction). The system will generate
fission encrgy. with the power density depending on the ra
dius, until water near the centet is converted to steamy which
then drives the water out of the system. If the water expulsion
is complete, the system returns to its starting point un the nrdi-
nate. The next incursion of water will cause the same process
und this could continue indelmitely so long as the 50 kg of
TFM remains within the 50-cm radius. This phenomenon is
similar to that of the Oklo system. ‘[T Okl natural reactor®
in Gabon, Africa is {requently cited as an underground critical
systemn which operated for about one million yoars. This wiua
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deposit of high grade uranium which existed at a ime when
the natural isotopic composition of uranium was about-3.7%
B3, before it decayed to the present 0 7%. Criticality was
nitiated when water entercd the system. The fission heat boiled
the water away taking the system to subcriticality until the next
mncursion of walcr. The average pewer of that system was 20
kilowatts. Qklo is 8 good example of the effects of negative
reactivity feedhack,

Case B (negative feedback)

Water in small amounts in the rock can give rise to
smaller critical masses than either water or rock ulone, From
Fig. 1 for the 50-cm radius case, we find the critical mass of
2%y with water alonc is 4 kg; with rock only the smoimt is 80
kg; tor 20% mole (raction of water in rock the critical mass is
only 3 kg. If some of thc TFM should leave its original im-
plantation site and began to migrate 1o 3 new volumnc with 50-
cm rudius and containing 8 % mole fraction of water ( 24 %
mass fiaction), the system would siart at point B and move
vertically in the ligure. Mechanisms for migration cauld be as
simple ax water catrying plutonium oxide particles und depos-
iting thew souwwherte else. When a plutonium mass fraction
of 0.008 had accumul..cd, earresponding to a mase of ahout 9
ky in the 50-cm radius, the configuration would become criii-
cal and start generating heal. The expulsion ot the water by
fission heat would however move the system (o the right and
therefore to subcnticality. As long as no further dispersion of
the ¥°Pu uccurred, the system could maove horizoatally into
and vut of criticality indefinitcly folowing repeated incursions
of watcr.

Case C (positive fvedback)

Although water is generally known to be a better
modecator than rock, the infinite medivm TFM density to main-
tain subcriticality in rock is smuiler than in water. This is
consequence of the caplure cross sections for the rock which is
about 1,255 barns per molecule comparted to 0.66 barns per
molecule fur water, the different molecular densities for these
two materials. and the fact that the cnergy loss pee collision s
nol a relevan parameter for a lurge volume culculation. 't
some TEM [rom onc or morv original implaitatiue sites shou
Ligraie tn a 200-cm radius volume where the mole fraction ol
witer was 19 &, the systemn would start at point C and move
vertically until the sysiem went cntical at a mass concentra-
tion of 0,001. This correspunds to about 70 kg of ZPri in the
2-m radius 70-ton sphere. When this system becomes critical
and the heat begins to drive the watcr out, the systemn aliomovea
to the right but in doing so it drives itsclf to higher crilicality
reaching its highest critcality 10 a dry supercritical state, The
authors are nol aware that sueh 3 sitvation and consequence
have been recognized belore.

Case D (pusitive feedback)

The accumulation of plutonium in a sphere of 100~
cm radius with water present as 8 23 % mole fraction will stop
when criticality is reached at 15 kg. This system is also in a
rcgion of acgative slope on the criticality curve so that the sys-
tem autocatalytically drives itself (o the right. ‘This case has
the interesting feature Unal expulsion of the water eventuatly
can take the sysicm subcritical after the molc Iraction of water
has decreased to about 1 %

Case L (positive fesa.. wck)

This case illustrates another autncaralytie condition
which is simply approached somewhat differently. Teillustrates
the deposition ol plutonium in wet media (0 overmoderated
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subcritical concentrations of fissile matanal tollowed by dry-
ing of the system. As the system dries, it reaches autocatalytic
critigality. For the 200~cm rodius systoin (aye syswems) this
type of superctiticality can happen with any ratio of water 0
tock since the <lope is always negative.  For the smaller sys-
tems this danger is present for a wide range of water concen-
trations.  Dxumples of this casc are not cestricted to nnder.
ground phenomena. Ihe Chernoby! disastet is un example of
this Case E condition. This reactor was well moderated by
graphile. Water was prescent for heat removal and, in the pres-
ence of the large amount of graphite in this very large reuctor,
the moderatur funciivn of the water was not important and irom
the aculron economy perspective it served mainly as a poison.
Malfunction ol the control system led to “drying out” by un-
controllable hailing and the system became autocatalytic and
destroyed itself.

Case ¥ {positive feedback)

The criical curve for a 25-cmn radius is iatercsting
primarily for the small amount of material which could be-
come autocalatytic, For the pont I .. a mole fraction of 0.4,
the system is autocatalylic at a plutonium mass of less than |
kg. Nearly the same mass of plutuniuu bas negagive feedback
for & molar fractios of (1.5, Atamole fraction of().2, where the
m:aas ol water and Si0); in the sphere are about cqual, the sys-
tem js distinctly autocalalytic with respeet to waler cjection
with ¢ven smaller amounts of plutonium.  As the radins under
consideration becomes smalfer, the region of negative stope
(autvcatalytic condition) becomes smaller and the magnitude
of the stope decreases as well. For radii smaller than about 20
cm, the slope of the criticality curve is always positive and the
feedback always negative regurdless of the rock-to-water ra-
L,

Case A (revisited)

Tn the presence of substantial concentrations of plu-
tenium (case A}, the plutonium can he dispersed by repeated
water-steam expulsions, and the system can hecome critical
with less watcr present. If sufficient 2Py is present, the dis-
persion of plutonium can take the system to dry criticaliry at
larger plutoniu radius, at the lo. ation of emplacement. The
situation is more clearly illustrated in Fig.2, where the radius
of the spherical ciitical s for 50 kg of ¥7Pu is shown for
various molar fractions of water and rock represented hy SiO,.
Tl shaded areq of the curve ia the region ol supercriticality
and thereforc denotes mixtures for which emplacement is im-
possible. The unshaded area reprrsents suberitical regions
where emplacement can be made.  As a practical matter it
wanld seem that most etnplacements would be as dry material
and therefore would he made along the right ordinate. In that
case, the radius ot containment for SO kg of *?Pu must be be-
tweon 20 and 100 ¢m as shown by the poiats H and J or with a
radius greater than 200 cm.  The ‘ear” on the right ordinate is
Jarger for smaller amounts of fissilc matwrial, The toleva
transitions [or this sitwation are either horizontal (walcr ingress
orejection) or downward inthe figure (TFM dixpereal to larger
radii and lower concentrations).

The farther the systems move into the supercriticality
region, the greater k.y. Thereforc the region on the right ordi-
nate between points T and K represents a region of supercriti-
valily with thc maximum value about halfway in between, If a
system rcaches poiat K and conditions are such that the pluto-
ntum ig droiven by fission heat through the rock, the systern is
dry autocatalytic. Any dry systemn emplaced with a cenligura-
tion between H and T when cvposed 1o water could work its
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way down i K. This is illustraed by 10
the zigzag line in the “ear” lying on
the ordinate. .An initially dry system
is shown with a radius of 50 cm (point
A). The incursion of water would move
the system to the left until it became
critical at about a water mole fraction
of 5 %. Upon the generation of fission
heat, the system would cxpel some or
all of the watcr and move perhaps all
of the way back to the ordinate, Incur-
sion of waict will start the process
again. This could go oa indefinilcly,
hut it seems likely that eventually the
plutonium would he spread by these
criticality excursions and that the ef-
fective radius of the plutonium would
grow. In that case the return to dry-
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ness would not he exactly horizontal,
but would exhibit a slight downward
slope. If the plutonium were not car-
ricd away (perhaps 1o onc of the con-
ditions iflustrated in Fig. 1), the sys-
tem would evenmally he carried by
these repaated cxenrsinns down to
puint K where it could become dry au-
tocatalytic. Incremental dispersion and
the associated incremental increase in
ker 1cads 10 a stow approsch (o ¢riti-
cality by several routes. However the
plutonium could be dispersed suddenly.
These mechanss could be natural
cvents such as volcanice action, earthquakes, or morc modes.
geologic shifls. They could be man-made cvents also, such as
wcll drilling, mineral exploralion, or atlemnpts at recovery of
the buricd material. High concentratinns af nnclear material
might hc attractive sites for acts of malicious humaa intent as
wcll,

04
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Another way of describing the situation illustratec in
Fig. 2 is that after TEM dispcrsal in the surrounding mosdeiat-
ing medium (8i0,) the neutrons can rcach morc nearly ther-
mal cnergies, for which their reaction cross sectious ure much
higher than thosc in the original undesnwode ated systetr, and
the sume mass can therefore hecome supercritical. This situa-
tinn is illusteated in Fig. 3 which shows an inner sphere of $i0,
with density of 2.2 containing 75 k%nf B39py immersed in un
infinite medium of SiO;. When the Z°Pu is confincd to the 50-
cm radius, the system is comfortably subcritical at keg = U.85.
However if the same 75 kg of material were spread uniformly
1nto the surrounding Si0;, it would pass theough criticality at
about 100 em and reach a maximum k. of 1.12 at about 150
car. This bebavior iy iljusinted further in Rlg, 4 whire the
valuc for keg is given for ™Pu in Si0; in a spherical gcometry
s a function of radius fur two masses of ZPPu. The valuc of
k.xr is approximately at its minimum at a radius of aboul 50 cm
and rcaches its maximum st about 150 cm. Onee the cystem
passes through criticality and starts to generate significant en-
crgy, the 23%Pu js expected to further disperse, most probably
as a result of vaporizalion, as described in Appendix A, Be-
cause the system is characterized by positive feedback, it could
drive itself by dispersion w un ueeclerated cacrgy release with
significant nuclear yield. ‘The situation is in marked contrast
to criticalily accidents on the carth’s rurface which ure termi-
nated by explosive dispersion of the material after the yicld
has reached about a kilogram of high explnsive aquivaient if

0.6 0.
0.4 0.2 0
Molar Fraction

Figure 2. Criticality randitions for 50 kg of *’Pu in a sphere surrounded by $i0,
reflector. The ordinate is the radius of the volume containing the plutonium. The
abscissa is the molur apportionment of the water and SiQ; in the sphere. The shaded
region identifies regions of supercriticality. The other regions are the subcrivical re-
gions and represent those subcritical mixtures which could be placed underground,
Systems which undergo rearrangements taking them to criticality can have positive or
negutive feedback as described in the rext.

Figure 3. The increass in kyy with dispersion. Initially 75
kilograms of ***Fu stored underground in a one meter diam-
eter spheve of SiOy would be comfortably subcritical with k
~ 0.87. As the pluivnism iy dispersed into the Surrounding
rock. kg grows and when it has dispersed with uniform density
to 150 cm radius, kgphas risen 10 1,12,
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other faclors don't act to cause a more bemgn cvent. Nuclear
excursions are self-terminating above ground but can he self-
vnlancing underground.

The transition to high keq for the overmoderated wet
systome (cases C, D. . I in Fig. 1) is o much simpler process,
with the reduction of watcr concenaation first by warming and
then by conversion o steam.

The usual negalive feedhack mechanisms present in
nuclear reactors (fuel temperature coclficient, moderator tem-
perature coefficient) are either unavailable or relatively small,
so the previously described situations might indeed "run away”
with appreciable probability and release sigmiticant energy. 'Lhis
energy release can be rapid, and thc generation of nuclear yields
in the hundreds of tons of high explosive cquivalent cannot lie
ruled out.

Estimatcs of Explosive Yield

Onec a system has become prompt critical, the fis-
sion energy yield will increasc approximately exponentially
until the energy gencration is tcrminated by some pliysical
chunge in the system. ..bove grournd, this mechanism could be
disassembly resulting from the nuclear energy generation after
it lind reached a Jevel of 4 Klogram or so of high cxplosive.
{Inderground however, the fissile material is confined and sur-
rounded by rather good modemating matcrial and this disas-
scmbly mechapism is not available.

The crnmea of the cantined axplosion is determined
by the characteristics of the surrounding medium and is de-
scribed in some detail in Appendix B. The fission chain reac-
tion cun be terminated either becausce of cxpansion of the sys-
tem or from an increase in temperature or both together. The
surrounding cock [1rst acts to contine the excursion as the en-
ergy builds up. If the rock is taken to he sotid SiOy, tufl, or
granite, the ok is sl sUfl uotil the pressure nears 30 GPa
{0.3 megabars). As this pressure is approached, these maten-
alz undergo a phase change with an associated increase in den
sity hy a factor of about two. The compression of the sur-
rounding rock provides expansion space for the supercritical
utixiure.

Abont 10% of the energy gencraled guds into com-
pression of the rovk. The main portion is spent in heating the
gaseous 1ock. Far systems containing about 100 kg of T+M
with 1/v dependence of absorption cross sections, the tempera-
wre of Lthe gas, when it becomes suberitical, is about 4 eV, The
total cnergy gencrated 1n the cxpansion phase by the tune tu
system passcs lo subcriticality is 1.3x10'2 joules or about 0.3
kilotnns  [f the energy generatioa rate 1s slow enough, the sys-
tem might expand before reaching the 30 GPa level in which
case the yickl could be substantially lower as cxplaincd in Ap-
pendix B, In a fission nuclear weapon the temperatute gener-
ated is much higher but the mass much smaller than the tons of
rock in the sphere, so the yiclds can be roughly of the same
size ¢cven though the temperature is lower in the rock. The
conditions under which the system (cachies suboidcality have
been confirmed by Montle Carlo calculations to be close © those
cstimated in Appendix B analytically and therefore we belicve
that the nuclear yields projccted here are confirnyd to about a
factor of two,

If other baiches of fissile material were buried within
about 4-5 meters of the original site, the other balches would
probably be vaporized and dispersed by Uie heat o fission neu-
trons rcleased by the first explosion and could therefore be
driven supcreritical with probable subsequent caplistui. Even
though the average concentration of th Nssile material might
he small in an underground starage facility with the fissile
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Figure 4. The change in kg with dispersion. The situation
shown in Fig. 3 is presented in more detail here where curves
of kyy vs radius of dispersion in sghen'ca[ geomerry are given
for masses of 5 and 100 kg of ¥°Pu in Sic 3 of density 2.2 ¢/
cm?. Itis avsumed that the plutonium louding is uniform in the
sphere ard the termperaiure is takern to he 23 degrees Celsius.

It is importunt to note that thesc curves have a positive sbope
ay the system first passes through criticaliy. Once criticality
is reached, the fission heat generated could vaporize the plu-
toniton and lead in further dispereion and higher eriticality.

Such a system therefore would be autocatalvtic.

material woll separated at discrete sites, supercriticality al one
stle could spread throughout the stor=ge facility .

An additional casc of importance arises if the wasic
were to rearrangce itself into an extended slab gcometry. Such
geomewies are charactenized by large length- and width- (o
thickness ratios, such that neutron leakage from the lateral ur-
cas is small compared to the leakage fiom the Luge exieiled
surfaces. The analytical approximation for these geometries is
the infinitc plane source. For this «ituation there is only leak
are from the two extended surfaces of the souree, and the final
« 1d per Kilogram of THM can be substantially higher than for
tae sphere. In addition, as is shown 1o Appendix B, the leak-
age does notincrease as the density decreases. Therefore only
the temperature tisc and the associated neutron spectral shift
will increasc the leakage and terminsts Jwc energy generation
from an autocatalyte cridcal excursion. For an exteaded rock
slab of thickaess 2 meters and for a fissile juaterial density of 3
kg of B¥Pu per cuhic meter, the temperature vises to about 6
¢V with cnergy generation of about 50 tons per kilogram of
TFM. The reason that the: energy generation per kilogeam of
{issile material can be so much targer for the plane than for the
sphere (3 tons per kilogram of TEM), even though the tem-
peratures are nearly the samc (4 vs, 6 eV), is the ditference in
the mass of rock participating. Tor the 1-meter radius sphere
containing 100 kg of TFM., the rock mass contained (s abount &
o' whercas for the slab the same amount of fissile material is
distributed in a rack mass that is about ten times lager.

Weapons-grade phitnninm and real rock

Tn the previous analysis, pure 2Py was used as rep-
reseatative of TFM, While this is a good approximation for
high enrichment uranium fuel (almost entirely 2U), in reality,
plutonium almost always is accompanied by a significant com-
ponentof 2Py, This isotope cxhitits a resonance at 1.05 ¢V
which is more than 100,000 b high at its peak. It operates as a
trap to nuutrons maderating Jown tu thormal eneryy. ‘The wap
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Table 1. Composition of Several Underground Media

Compound Westerly  Sandstone Nevada  Limestone
Granite Alfuvium
Si0y 73.9 783 71.6 52
AlO3 149 4.8 12.1 08
HyO 0.0 0.0 4.0 0.8
K20 4.5 1.3 35 0.3
Ca0 33 5.5 24 42.6
Mg0 0.0 1.2 0.0 2.7
FeO 2.0 1.4 (1.0 0.5
CO, 0.0 5.0 0.0 415
Testal R 6* 97.2% 9%.6* 4.4+

* Plus lesser amounts of other oxides
# E ] Pettijohn, “Sedimentary Rocks,” Published by Harper
Brothers (1948)

is very efficient for dry systems, wherc ncutrons lose 4 small
fraction of their energy (or cuach collivion and therefore cannot
casily bypass the resonance on their way to thermalization. The
effect of the resonance 18 to significantly reduce the possibility
for undermoderated criticality for w-Puin dry systems. How-
cver the half-life for Py is 6,600 yeurs whereas the Z7Pu
decay rate is about four times slower, and the daughter product
of #Opy is 36U, which does not exhibit the same resonance
betmvior. Therefore ke loager weapons-grade plutonium re-
mains in permanent storage, the higher will be the risk of a dry
spontaneous supercriticality event Afier 25,000 ycars weap-
ons-grade plutonium will be functionally equivalent to Z“Pu.
In the same perind of "'me the plutonium cantained in pent
fuel (spent fucl standard isotopic composition) will be trans-
formed by decay into weapons-grade plutonium. Decay cvene
tually will coovert w Pu and c-Pu into alinost pure TEPM.

Small quantities of water or other hydrogen-hearing
materials 1 the rock medium could lead to a bypass of the
40y resonance and therefore signilicantly lessen its ncgative
cflects un Ure plulwiven teacuvity., The fraction of energy loss
by a neutron in hydrogen in fact is very large so that the prob-
ability 0f & neutron escuping caplure in the .05 eV “Xpy reso
nunce in between hydrogen collisions can be very high.

Another simplification introduced in the paper i< the
use of purc Si0; as representative of rock. In reality rock can
have widely differcat compositions, us shown in Table | While
the moderation propertics of most rocks are very sinilar, some
Tock constitueats have lower cross-sections than silicon, such
a8 calclum or curbon, while other possible constituents have
higher cross-sections, such as sodium and potassium. The ef-
fects of trace clements with high cross sections, such as rare
earths, are usually negligible. Considering the composition of
Nevada tnff (Topopah Spring tuff), the overall thermal crove-
section for neutron absorption is about 0% larger than {or pure
Si0,, which takes us to the conclusion that 50% lurger quant-
ties of TM would be necded when SiQOs is replaced by the
Topopah Spring tuff to reach the same conditions.

Application to specific W-Pu disposition options

Spontancous supercriticality could be a sigaificant
concemn for any of the plutonium and other TI'M disposition
propasals aow under conviderstion which require permanent,
unatiended underground storage.

Deep borehnle storage
This proposal® would iavolve the emplaccment of plu-
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tnngsn pruliably with sitrification intw borcholes of about 50
cm diameter at a depth of 2000 to 4000 meters so that a lincar
array of casks would be placed one abave the nther. They would
be scparuled by suitable filler material. Perhaps SO tons of w
Pu would be placed in ane such hole If the casks were two
meters long and cach contained 100 kg of w-Pu, 500 such casks
would be required, We have scen that yiclds of up to about
several hundred tons could conceivably result from the auto-
catalylic explosion of 100 kg of buried w-Pu in this {form. The
resulting heat would vaporize all matcnial within about an ¥- to
10-meter diameter, possibly initiating explosions of the samc
s.ze in the w-Pu above or below the list explusion, witls [ue-
ther coupling possible.

Geologic storage of w-Pu, HEU, naval spens fuel and research
reactor spent fuel

Geologic storage of these materials as canisters of con-
centrated material in a rectangular plancr arruy would carry a
risk of spontaneous explosion. The first spontaneous explo-
sion could propagate to nther emplacements in the urruy, if the
emplacements are not well separated. If tac average density of
fissile material were high cnough, the infinite slab geomatey
could bo approached, and the autocatalytic ceiticality for this
case could result in much larger yiclds per kilogram than pos-
cible for isnlated cvents

Destruction by underground ruclear detonation

A Russian group’ has propused the destruction of the
nuciear weapon stuckpile by placing a number of weapons
underground and destroying them with a nuclear explosion.
The practical implementation of this would probably includz
scveral tons uf w-Pu fur each puclowr detonation. Instcad of
the ¥-Pu heing trapped in fused rock as suggested by the Rus-
gian group, an alternative prospect would bo that the pluto-
nium would be vaporized and dispersed into the surrounding
medium, If ¢riticality were reached in ane or mare loeations
after this dispersal, the autocatalytic hehavior could be initi-
ated. The yield from the event therefore might be much larger
*han anticipated.

Cieologic siorage of reacior spent fuel
From the spontanecus criticality perspective, under-
cround storage of commercial spent (el can be done safely
cver the short term for cither 4 thermal or a fast spectrun be-
cause the amount of 28U poison present in the fuel is sv large
and, if the system is dry, hecausc of the presence of 20Pu, The
plutonium and uranium however could separate over time since
the uranium solubility in an oxidizing cnvironment is about
300 times higher than that for plutonium. Furthermore, the
24Py has a 6,600 year half life and in two hulf lives the pluto-
nium isotopic composition will approximatc the isotopic com-
position of w-Pu and the criticality risk for stored material will
become larger as more umc passes. Water infiltration could
further reduce the clfcctivenese of the %8Py poison aad the
mass of TFM that could become autocatalytic. Liventually the
amount of c-Pu turned into w-Pu would be much larger than
the 50-1X} tons of w-Pu presently requiring disposition. There-
fore in the lang term, after the canister integrity is lost, reactor
spent tuel could be subject to the autocatalytic cnticality sce-
narios described in the paper.

Summary

Ax long as the canisters containing thermally fissile
material maintain their integrity, underground criticality is not
a concern. When Lhe canisters have hean hreached and the
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fissile material loosencd and raurranged, spontaneous critical-
ity with positive feedback is possiblc. IT the feedback is rapid,
explosions of significant nuclear )(ie.ll'l can e Thee main
points can be summarized as follows:

1. Criticality underground is noi always characterized
by negative feedback; situations with positive feadback can
readily be reached if the TFM migrates from ws ongmal em-
placement to a new geometry or [ocalion.

2. Both wet and dry autocatalytic conclitions are pos-
sible, with THM quantities in the kilugram range behaving
autocatalitically in some wot secnanos,

3, The autocatalytic feature of bunied w-Pu, HEU,
aaval spent fucl, and spent research reactor {uel could give rise
tty sequential ignitions when this concentrated puclear material
is stored in an extended array.

4. A ximple means of roughly estimating the yield
from autocatolytic phenomena is described which dues not re-
quire detailed information on the cxplosion time history and
material ripuation of ctate

5. The maximum yields for the sphere containing 100
kg of TFM and for the infinitc slub geometries were estimated
respectively at 3 and 50 tons per kg of TFM, with the yicld for
the slab heing relatively insensitive Lo the cquation of state.

6. The tole of e 1 eV resonance in 2*YPu ax 3 empo-
rary (6.600 year half-life) barricr Lo commercial spent fuel spon-
taneous supereriticality 1r pointed aut. The barrier lurgely dis-
appears if water is present in the sturuge medium.
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Ap&cndixA. The approach to criticality for
undermoderated systems

The intention here is only to show that prowpt criti-
cality is possible rather than to treat the subject comprehen-
svely. After sufficient time has pussed for the emplacement
¢ .aister to lose its integrity, water will enter the canisicr and
siart Lhe dissolution of the vitrificd material. The glass will
alteady be thoroughly cracked at emplacement as a conscquance
of the cooling process and has no structural integrity in itself,
it having heen held together by the canister®!, The water will
penetrate throughout the vitrified mass and dissolution of the
contents of the contained will commence. Some sotubilities at
abvout 200 K ure listed in table Al.

The B,0; in the horosilicate glass is 100 times morc
seluble tan the $105, and Si0; and ByO; are several vrders of
magnitude more soluble that PuQ;. Therefore the water will
move through the cracks preferentially rcemaoving the boron first
and then the Si0; .

The <alishilities far water if it were silicate-satyrated
would be lower than the above solubilities if the vitrificd plu-
tonium were at the samc temperature as the surrounding rock.
Howcver the decay heat of the plutonium will warm the water
entering the vitrificd mass bringing the silicate (o an unsatus-
ated conditian. ‘1he B,U3, which makes up about |5 % of the
mass of the glass will be leached away much faster than the
§i0; and the prefercatial lenching of the ByO, will desuyoy the
structural intsgrity of the glass. After a significant portion ol
the By0 (and SiO;) has been leached away, the vitrified maes
might take nn a spongy character with substantial volume avail-
ale for water and the mass will reach crideality upon water
ingress.

A tise in tempetature avcraged over the mass of the
sphere would cause a larger rise 1n the water temperaturc at the
center, since the power density in a uniformly loaded sphere
Cepends strongly on thw radius. The result would be steam
generation starting ncar the center and a possibly violent ex-
pulsion of a water und steam mixture to the outeide of the vit
fificd mass, especially for systems that do not contain signifi-
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cant fractions of resonance absorbors such wi ¥, This would
be repeated periodically as water reentered the system. The
conseqences are shmost certainly further vracking of the vit-
rified material perhaps eventually taking it to powder, loss of
integrity of the surrcunding rock by the repeated steam hursis
possibly converting it to rubble, and more rapid dissolution of
the plutonium-hearing mass.

Onee the undissolved J'ul; 1s treed by the disappear-
ance of the boron and part of the glass, it might be carried out
of the viuificd juwasy wisd tnlo the cracks and rubble by the steam
bursts. Some of the plutonium might be carried with the water
to the bottom of the glass-containing cavity or olxewhers pos
sibly leading to the criticality described for cases C, D, E,F in
Fig. 1. Some of it could however disperse in the cracks and
rubble surrounding the original site.

A lust sicam burst might carry cnough additional plu-
lomium into the Tock to establish dry prompt supercriticality.
A much larger reactivity increment might also occur at any
lime ax a result of sudden collapse of the glass cylinder onto
itself following crosion of a substantial portion of its volume.
At this point the autocatalytic criticality could proceed towards
explosive energy release, if the feedback mccharism is fast
cnough. Vaporization could mobilize the plutonium to the point
that such releases are possible.

‘The plutonium should not be uniformly distnbuted in
the rock, but rather dispersed in many cracks. Only aboul 1/20
of the energy of the fission is carricd by the ncutrons and this
component ix deposited in the rock in the moderation process.
The bulk of the energy is deposited by the fission products in
the plutonium and its immediate vicinity, The ratio of plute-
nium mass to the mass of rock is about 1/50. The heating ralc
for the plutonium could then be up to 50 x 20 = 1000 Lines
faster than for the rock and lead to plutonium vaporization well
hefare the surmwinding roek is heated appraciably. We there-
fore believe that plutonium vaporization in these circumstances
is possibie. Depending on the degree of vaporization and the
veloeity with which the plutonium disperses through the cracks
in the surrounding rock matrix, the small negative temperature
cnefficient (calculated to be -1 x 1077 °U tor the relevant zon-
ditions) might not be ahle to counterbalance the reactivity in-
creasc due to the dispersiou of the plutonium n the cock. Liom
Fig. 4, the vatue for key would increase by about 0.0025 per ¢in
of spreading. If each degree of heating in the rack corresponds
10 a plutonium temperature increase of 1000 K, then the pluto-
nium volume could vaporize aftcr only a few-degree incrcase
in rock temperature. A two-fold increase in volume corresponds
to an increase of up to 20% for the dispervion radius of pluto-
nium in the rock. For a sphere of 50 cin in cadius, this would
cause K. (0 go up from slightly above 1 to 1.025, even -
cluding the cffects of the negative temperature coefficient

In urder for (he gencrated energy Lo be explosive in
anture, the tmo sculo of the driving mechanism (incrcase in
ko) would have to b comparable tu the energy generation
time scale. The energy generatian constant (e-folding time)

" Tuble Al. Sulubilities of relevant materials in water ai 300 K.

Materiai  Solubllity  Reference
(Molfliter)
Pu0, 10° Michaels\2and Wilson™
UG, 10041 Michaels* and Wilson™’
Si0, ~10r? Derived from compuring solubility of
U0Oj; in wuter and silicate-saturated warer
. 3203 ‘0-03

for Yucca Mown'ain -

CRC Haadbook (1.01 grums per 160 mi)

Afn-oi— orautdiddedy =Ly

tor thesc systems 13 on the order of onc milliscond. 50 that a
plutonium expansion velocity in SiO; of about 100 /s could
bring about & k.4 of [.1 in within very few c-folding times for
the cuse of 100 kg of 2Pu. These values for the cxpansion
velecity might indeed be possible in the presence of such pro-
nounced vverall positive reactivity feedbacks.
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Appendix B. Explosive Yield
Once the svstem has become prowmpt criticsl, the fis-
sion energy yield will increase appruximalcly cxponcntially
until the energy generation is terminated by some physical
change 1n the system. Above ground, this mechanism could be
disassembly resulting (rom the nuclear energy generation after
it had reached a level of a kilogram ot so of high cxplosive.
Jndorground however, the [issile materiac is con fined and sui-
rounded by rather good moderating material, and 4 disassemn-
bly mechanism leading o quick shutdown in principle is not
available. Other shutdown mechanisms will have to be invaked
to terminate the eveni and the (inal vields to be expected could
be substantially targer than for ahove ground scenarios. To gain
some understanding of the order of magniwde invelved, we
will attempt to simply evaluale these yields in some idealized
vet relevant conditions. The exponential tine constant for fis-
i puwse genetalivn Pis telenred (o s w and the appropriate
CApression iy
(o).

PPy (1)
The quanuty ¢t is generally time dependent and is given by
o)

where K is the ncutron multphication tactor and 715 the lite-
time for nautrons in the system. For thermal systems, this time
can be shown to be givea by

o= (ker - 1)¥1

=15y 3
wherce v is the thermal neutron ve]ocit%and Z.isthe
wmacroscopic absorption cross section™ for the me-
dium. For 100 kg of #*Pu spread uniformly through-
out & one-meter-radius sphere ot $10;, we tind T =
. 100 microsceonds. For ke = 1.1, which appears to
l be a typical value for (se suparctitival systemns,
the value for @ in inversc microseconds is @ = |/
1000 so that the yield will increase hy the factore in
1 tilliseeond. The time for sound to move one eler
in Si0, is about 200 microseconds so thal a onc
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meter radius system con udjust itgelf faily well to the increas-
ing energy deposition by fission without shock effects.

The course of the eonfined explosion is determined
by the characteristics of the surrouading medium. The fission
chain reaction can be terminated cither because of expansion
of the system or from an increase in temperature. After the
excursion s launched, the termination of the excwrsion muy
he summarized bricfly. ‘1 he surrounding rock {irst acts to con-
fine the excursion us the energy builds up. 1 the rock is taken
to be s50lid 5i04, (T, Lt granite, the ruck is rathor stiff until the
pressurc approaches about 30 GPa (1.3 megabars). As this pres-
sure is approached, these matertals undergo a phuse change
with an ussociated increase in deasity by a factor of about two®,

The compression of the surrounding rock providie ry-
pansion space for the supercritical mixture. Eventually the ex-
pansion of the system and (he increasc in the temperature Lo-
gether cause the neutron leakage to increase and Lhe syslem to
cross into subcriticality. In a fission nuclear weapon the icm-
perature generaied is tmuch higher but the mass much smaller
than Cic tons of rock in the sphere, so the yields can be compa-

ruble cven though the tcmperature is lower in the wck.

The yield estimation i% baxed on a model assuming
an initial uniform distnbution of fissile matenu in 8i0;at a
density of 2.2 with radius a surrounded by rock of the same
density and composition. Si0, is a fairly good approximation
since 1t is a major fraction of the material in soil or rock of
various types and since the Jighter elements have very small
neutron caplure cross sections with the cxceptions of sodium,
chiorine, boron, lithium and nitrogen. These more absorptive
elenenis are found only In “mines™ such as salt deposits which
have not been selected for geologic storage of high-level waste,
The compuouitions of scvetal underground media are given in
Jublc 1. Note that limestone is primarily CaCO+ which has
lower neutrnn ahanmtion crasy section than Si07, and is a bet-
ter modenator. Therefore supercriticality is more readily reached
than for the media consisting primanly of 810, On the other
hand, the absorption cross section of Topopah Spring Tuff (Ne-
vada rock) is about SO % higher than that of SiQ; and the mod-
eration properties of thus rock and S10; are neirly the same,
Tor simplicity, SiO- is used as a surrogate in this calculation
for the various types of rock which iighit tnuke up the storage
nedium.

For the fissilec material quantities and densitics und
for the normal density of $i0,, the likelihod of losing a neu-
tron by leakage after thermalization is small. Towever the slow.
ing down rangc [or a neutron in SiO; at normal deasity is about
100 cm so that for a 200-cm diameter sphere, there is a sub-
stantial loss of [ast neutrons hefore they slow down. Euch fis-
sion in TPPu produces 2.88 neutrons. In order to sustain a
chuin reaction, one of these must be spent in causing fission of
the next 29Pu nucleus, an additional 0.35 must be spent be-
cause the rotio »f capturc to fission i3 0.35. In addition a few
percent of these neutrons are lost to absorption in the 5i0; so
that allogether ahout SO% of the fixsion neutrons remain and
could be lost by leakage while still maintaining critivality. The
leakage of fast ncutrons depends much less on the temperature
and density of the system than does the loss of moderated neu-
trons for which the competition between absorption and leak-
dge is important. Assuming that half of the neutrony arc tast
and lcak out anyway, the system should become subcritical
when the leakage of thermal ncutrons becomes significant
(larger than 20%). We analyze the system as a thermal neutron
diffusion problem by assuming that ali nexirony <tarr from the
center of the sphere and by (hen calculating the probability of
20 % leakage. The number of neutrons n(r) that arc ahsorbed

Arh-3, - QLOULETL33Cdd —1s

in the spliciival shell of volume ¢V at radius ¢ when the flux at
is ©(r) is given by

n(r)dr = Z(r)dV. #

I, is the macroscopic absorption cross section for the matertal
in the sphere. ‘Lhc volume element dV is 4rte’dr and the flux
ity the sphere from a point source of neutrons is givenB! hy
91} = (SARDr)e (5)
where 8 is the source intensity in ugutrons per sceond, D is the
thormal neutron diffusion constant given by 1/3Z, and X, is the
macroscopic svultering cross section. The parameter L s «
nuclear cngineering term called the diffusion length and is re-
lated 10 the distance a ncutron will trave! belore ahsorption. In
terms of defined parameters™ it is

L =1/(3L,%)"*

Substitating in (5) and (4} and dividing n(r) by S 1o convert it
to the probability P(r), we have after inicgrating from O to athe
probubility of absorption of the thermal neutron iu tho sphaic

(6)

Pla)= | - (1. + e ¥ )
Thc parameter L depends on the scattering cross section in the
sphere which is independent of the temperature and on the ub-
sarption cross sections which have a temperature dependence
eV of (025 cV/T)M where 0.025 ¢V is the starting tempera-
ture ot the medium in clectron valts. "The ubsorption ctoss
section for the 'TFM is that for Z°Pu al thermal energy. Both
1., and Iy depend vu the awomic density of the spherc which
changes with the rudius a as the sphere of constant mass ex-
panda. The problem then is to find the radius at which the
sysicm becomes subcritical. Setting P(a) =0.80in (7) gives a/
I. = 3. If the sphere contains 100 kg of TFM in Si0, al a
density of 2.2, we find using 6 combined with a1 = 3 Lhat
a =271 cm (0.025¢V/T)'*, (%)
Therclore for a sphere of vuponzed 1TFM and 5i0;
which cxpands owing to fission heating to the temperature T in
<V conscrving S10; and TTM mass, B gives the rudius at which
ithccomes subcritical. We must consider the equation of state
of SHD; (o estitnute the temperature. The cquation of state also
will provide the energy density in the sphere at that icmpera-
ture so that the fission yield when the system enters
subctiticality can be obtained by mulliplying the energy per
unit mass by the total mass in the sphere.
‘Ihe phase disgram for granitc is shown® in Fig.Bl.
The phase diagram for Si0; and il arc similar. The left fig-
use gives We pressure vs. density for several temperatures. The
curve on the right shows the cnergy density as a [unction of
pressure for various lemporatures. The tempuraturcs in ¢V arc
shown for a lcw of the curves in the left hand side of both
upper and lower figures. Upon reaching snpercriticality un.
derground, the systemn starts out at ambient temperature at 2
density of 2.2. This is shown as the circle in the left figyre.
‘Ihe system builds up energy so that the TFM is vaporized with
the rock following soon and the pressure builds. The T¥M
would dispene further inw the rock upon vaporization. For
the purposes of this calculation it is assumed thal the radius of
the volume containing TFM grows to a sphore with 100 em
radius which, as is shown in Vig.4, is substantially prompl
supereritical. Tf the pressure reaches 30 GPa (0.3 megabars),
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the rock completes a phase chenge 10 stiskovite which has o
density higher by a lactor of two than the original rock. Above
30 GPa the rock becomes quite silf. The sphere ennfaining
"I'FM at 4 temperature of about 0.3 eV becomes a mixed vapor
of TFM and rock at lower than original density.  Siace the
rock outside of the gas is “infinite” in extent, the surrcunding
rock can continue (o yield as the fission energy builds creating
more volume. ‘The pressure underground does not incrcase
hove the 30 GPa pressure because of the cxtra space provided
by the phase clauge unless enerygy multiplivation is very uch
highcr und faster than established bere for thesc large low TFM-
density systems. The radius of the spherical systam contaio
ing fissilc material simply grows larger.

As the volume and tempersturc increase, the density
decreases and the system moves to the left along the constant-
prossurc harizontal line at 30 GPa pressure.  As the system
expands, the sphere becomes lcss absorptive and this effect is
further enhanced by the decreasing cross sections with increas-
ing temperature. Bxpression (8) gives the refationship between
tempcerature and radius (density) at which the system passcs
into subcriticality. This point can be obtained in a3 density-
temperature relationship by substituting for the radius a using
the cimple relationchip between density and radius p —py(ay/
2)® whefc py and sy arc the initial density and radius. Substi-
tating for 4 in 8 to turn it 1nto a temperature-density relations
ship gives

pipo = (LU271)%(10.025 eVy*™ 9)

T T vTomy T T I

2
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2

2

G

L lll'llll

oot

e 10! 10
Denxity (glem?)

102 10

N DARIS! i

OLoUl4lD20uY =i

This cutve ol density @ T is shown in the left part of Fig, &,
labeled "Sphere". The curve crosscs the 30 GPa pressure line
af 4 ¢V where the density is 0.8 g/cmn” and aw 140 cm. This is
the point at which the systemns becames subcritical. "This esti-
matc from thermal nentron diffusinn theory was confinmed by
a Monte Carlo calculation [or 2117, for which k= 0.99£0.03
was found. The same curve is located in the figure to the right
and also labeled Sphere. The cnergy density is found to be 100
MJ/kg. Multiplying hy the mass in the sphere givey 1.2x107
joulcs. The energy stored in the compresscd mass pushed out
by the increese in sphere radius from 100 to 140 cm is smaller®
at 0.1x10'? joulcs. The total energy generated iu the capans
sion phase by the time the systoin passcs 1o suberiticality is
therefore 1.3x10'2 joules or about 0.3 kilotens,

While this is an upper limut value W the actual yield,
the vield estimate does not depend strongly on the details of
the phuse change. As long as the ratc of cnergy generation is
large enough that the systemn reaches the horizontal line at 30
GPa before reaching the 4 eV temperature, the yicld will he
the same. However if the cnergy generation is too slow, the
system might ncver Teach the horizontal line. It would insicad
intercept the p vs. T curve (Bq. 9) at a lower temperature a5
illustrated by tho othor path-linca in Fig. B1. If itintervepled
ut 4 lemperature of 0.5 eV. the yield wauld he lower hy a factor
af ten (30 tons).

The c-folding time for maltiplication in this system is
about one millisccond so that nearly all of the energy is gener-
aled in about 3 milliseconds. The system next enters another
slower energy generation phase during which the hot plasma
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Figure B1. Equation of state for rock (Westerly Granite). The figure on the left shows the pressure in giyapascals ( GPu's) as

w function of the density of 8i02. The differens curves correspond 10 the different emperalures givenin Kelvinonthe nght. | ¢V
corresponds 10 11600 degrees. '[he temperature in eV for a few of the curves iy given just inside the ordinate scale, A phuse

cheange to twice the density occurs in the SiOz a6t a prossure of 30 GPa (0.3 megabars). This pressure iy shown as the horizonial

line. A cool supercritical system starts at its normal density of 2.2 (indicated by the cirele) and moves vertically while expanding

antil it reaches the horizontal line. The change in density at this pressure of the surrounding rock, which is mainty Si€dy creates
space to uccommodate the growing nuclear energy yield sv thut the pressure cannot rise higher. The system then moves horizon-
tsdly to the left along the consiant pressure line increasing in temperature as the system expands until the system becomes
subcritical from the combinalion of expansion and temperature increase.  The line shown laheled Sphere crosses the horizontal
line indicating the density at which a sphere of SiQ; of original radius 100 cm and containing 100 kg mass of fissile material
would becume subcritical. The figure on the righs shows the energy denstry in the malenial also as a function of mass density.
The corresponding point in the right-hand figure is the point of crossing in the upper figure and gives the energy density at
subcriticality, For the sphere describsd above, energy gencration stops at 4 ¢V when the system radiws hax grown to J40 e
The energy density in the system is 100 megujoules per kilogram of $iQ. The wiul fission energy reached at subcriticality is
about 0.3 kilotons. The vield from the infinite slab peometry ohtainad uxing theve cuvves is described in the text.
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aceretes rock from the spherical surface into the plasma 1o
creasing its density and cooling it with the result that the cap-
turc and the fission cross sections for the materials in rthe plasini
increase. Lcakage therefore decreascs and the system returas
1 ctiticality and increases its temperature entering a quasi-
steady state where the system remains critical and the crergy
is taken up by accretion of mare rock to keep the system criti-
cal. The system grows until the capture in the rock 1s 100 farge
compared to the fission from the fixed amount of fissionab.e
material to sustain criticality and the system becomes subcriti-
cal permanently.

For the spherical geometry just explored, the energy
generation was teeminated by the loss of ncutrons into 4% sohid
angle. by the increase in temperature and finally by rock accre-
tion. Probably the most likely mcans of practical storage of a
much larger amount of weapons matcrial such as 50 tons would
be in arectangular array of concentrated fissile material batches.
The corresponding reactor physics problem pertinent after dis-
persion or coupling spreads the weapons material suffictently
is the infinite slab reactor. For such a system with thickness 2a
in o vaouum, the same analysis for probubility of absorpion
gives®.

P(a) = | - cosh(d/L.Ycosh[(a+d)¥L]

where d is the straight line extrapolation distance of the flux
outside of the boundary a to a flux of zcro. 1T this disiance is
laken (o be 1 cm tor a value ot a = 10U cm, a value tor&/L =2
is found compared to 3 for the sphere) for a leakage probubil-

(16)

Point Source Infinile Plane Source

P(2) = 1-{ui+1)exp({-al.)

P(a) = 1-t/cash(a/l
[ m=30 Cetezo
fym 100 cm 8y = 100 cm
M Fisslle = 100 kg ~ M Fisstle = 3 kg/m?
2 = 271cm (.026eV/T)ue { (TI0280V)'# =30
P =0.3 Mbars | Pa0.3Mbars :
a=140cm ! » = (no dependenca)
TadoV TaGev ’z
L Yield = 3 T/kg Yield w 60 T/kg j

Kigure B2, Underground yiold ostimation renults. The yield

is estimated for spherical, cylindrical, and slab geomeiries.

The amount of fissile material is: (1) 10G kg for a sphere of one
meter radius, and (2) 3 kg per cubic meter for an infinie slab
of two meser thickness. The hase vield is the yield reached ut
first subcriticality as a result of expansion. The hot system
then accreies additional mass from the surrounding rock, cools,
ared bevurnes critice Caugaus. This accreiion poocess COMGIRES
until the system becomes subcritical because of increased neu-
tron capiure from the udditional mass compating with nertron
absorption by the fissile material. The additional yield by ac-
cretion might be significans, but is not estimated here.

OtuuUleliledd —1io

Ain-

ity of 0.20 (same as for the spheic). The value of s oot very
important as lonyg as 1t is small compared to a. Jsing {6) in the
same way as was followed to get expression (8) involving a
and T, thc result

(10025 eV) =39 an

is found for an infinite slab of thickness 2u = 2 meters and for
a fissile material density uf 3 kg of “/Pu per cubic meter. This
interesting telalionship (1 1) exhibits no dependence on ¢ and
shows that the Inflalte slab never goes subcritical because of
expansion. The reason is that the solid angle for loss of new-
trons from the infinite slab and the absorption probaoility da't
change with the thickness of the sfab so long as mass in the
slabis conserved. Inthat case the slub thickness doesn’t influ-
ence kyr. The leakage solid ungle also is smaller than for the
sphere, roughly 413 for this case compared to 4x for the sphere.
Once supercritical, the system only gocs subcritical if the tem-
perature gols too high. Solving 11 for the temperature at which
Lhe systems becomes subcritical gives I'=6eV. Thisis shown
as the constant temperature line Slab. in the left side of Rig.
B1.

As shown from the corresponding linc in Fig. Bl
(right-hand side), the energy density on nearly independent of
the mass density and is about 200 MJ per kg of rock. With Lhe
temperanure rising to 6 ¢V, the encrgy generation wonld he ahout
50 tons per kilogram of TTM at which poinl the system would
become subenitical hecause of reduction in the cross sections
from the temperature increase alone. As in the case of the
sphere, the expansion phase might be followed by an accretion
phasc which returned the system 10 supercriticality and the yield
might increase further. The parameters and yields for energy
gencration arc swauarized ia Tig D2.
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