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SAFEGUARDS AND NONPROLIFERATION ASPECTS
OF A DRY FUEL RECYCLING TECHNOLOGY*

K. K. S. Pillay
Nuclear MaterialsTechnology Division

Los Alamos National Laboratory
Los Alamos, NM 87545

ABSTRACT

Los Alamos National Laboratoryundertook an independent assessment of the
proliferationpotentials and safeguardability of a dry fuel recycling technology,
whereby spent pressurized-water reactor (PWR) fuels are used to fuel canadian
deuterium uranium (CANDU) reactors. Objectives of this study included (1) the
evaluation of presently available technologies that may be useful to safeguard
technology options for dry fuel recycling (2) and identification of near-term and
long-term research needs to develop process-specific safeguards requirements. The
primary conclusion of this assessment is that like ali other fuel cycle alternatives
proposed in the past, the dry fuel recycle entails proliferation risks and that there are
no absolute technical f'utes to eliminate such risks. This study further concludes
that the proliferation risks of dry fuel recycling options are relatively minimal and
presently known safeguards systems and technologies can be modified and/or
adapted to meet the requirements of safeguarding such fuel recycle facilities.

I. INTRODUCTION

It is widely acknowledged that the real and perceived risks of nuclear proliferation
constitute serious threats to international _ace and stability and to the peaceful applications
of nuclear technologies. Therefore, effective international safeguards are an essential
feature of the nuclear power industry, particularly in those sensitive areas of reprocessing
and mixed oxide (MOX) fuel fabrication where plutonium exists in a relatively pure form.
The effort involved in safeguards is also important to safety and physical protection.
Although the proposed direct use of spent pressurized-water reactor (PWR) fuels in
CANDU (Canadian Deuterium Uranium) reactors does not produce enriched uranium or
plutonium in pure form, scenarios of diversion can be envisioned. This paper assesses the
proliferation potentials of the proposed DUPIC fuel cycle and identifies the technology
requirements to safeguard such a facility.

Light-water reactors (LWRs) operate on low-enriched uranium. Only about 1 or
2% e_"the potential energy in the fuel bundle is used during the conventional once-through
fuel cycle. It was assumed that spent fuel would be reprocessed and the unused fissile and
fertile materials would be recycled back into power reactors• Because the reprocessing of
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spent fuels to produce pure plutonium is considered to have high proliferation potential, a
variety of alternative fuel cycles have been proposed and studied during the past two
decades. Two major studies were conducted in the late seventies, one under the auspices
of the International Atomic Energy Agency (IAEA) and another for the U.S. government.
These studies examined a number of alternatives to the conventional fuel cycle that uses
chemical reprocessing of spent fuels and then reuses separated plutonium as a fuel
component.L2 Neither of these studies identified a proliferation-proof alternative, although
several of the alternatives studied have varying degrees of proliferation resistance. One of
these alternatives, which is highly desirable, is a proliferation-resistant fuel cycle that uses
fissile contents of spent LWR fuels to generate more enrgy. The DUPIC fuel cycle, a
proposal by a joint working group from Canada, the Republic of Korea, and the U.S.,
uses this concept.

Experience in the implementation of international safeguards in reprocessing and
mixed oxide (MOX) fuel fabrication facilities has increased significantly during the last
decade and there has been considerable innovation in technologies used for measurement of
special nuclear materials (SNM), material accountancy, and containment and surveillance.
To date, the safeguards system for such plants has been based on material accountancy
supplemented by limited containment and surveillance measures. This combination is
generally capable of providing effective international safeguards for operating plants. The
DUPIC fuel recycling facility may be considered as a special type of MOX facility with
very little plutonium and a fuel matrix having intense radiation fields because of the
presence of fission products. The experience gained to date from MOX facilities can
provide a useful basis for the evalution of new and improved techniques of accountancy,
containment, and surveillance that are needed for the special requirements of DUPIC fuel
cycle facilities of the future.

The DUPIC version of the CANDU fuel cycle uses a slightly enriched uranium
(0.9% 235U)and plutonium-bearing (0.6%) fuel. The use of this fuel composition does not
involve any new safeguards considerations compared to the once-through LWR fuel cycle

that uses uranium enriched approximately to 3.5% in 235Uas fuel. Because of the presence
of plutonium in the DUPIC fuel cycle, the safeguards considerations may be somewhat
different from that of the conventional CANDU fuel cycles using natural uranium.

This preliminary evaluation of the safeguardability of the DUPIC fuel cycle
considered seven options proposed for study and evaluation during phase-I of this project.
We grouped the seven options into two major categories - - "item -rebatching" and "bulk-
handling" operations and identified generic safeguards issues for these two categories.
Because of the limited information available in this early stage of the project, detailed
analyses of the options were difficult. During phase-I of this project, we chose one of the
options, probably the most complex in terms of safeguards design, for detailed analysis
and safeguardability assessment.

Although the DUPIC fuel cycle entails proliferation risks, the principal finding of
this assessment is that the proliferation risks am relatively minimal in the DUPIC fuel cycle
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and presently known safeguards systems and technologies can be adapted to meet the
requirements of safeguarding DUPIC fuel recycling facilities. In this paper, we also
peripherally examined some of the safeguards issues relevant to using the dry fuel recycling
technology in the LWR fuel cycle. Details of Los Alamos National Laboratory's
independent assessment of the safeguardability of the DUPIC fuel cycle are reported
elsewhere 3.

II. DRY PROCESSING OPTIONS

The DUPIC program identified seven different options for study and evaluation during
phase-I. These options are briefly described below.

(1) Option one uses a new type of PWR fuel pin containing sealed segments, 0.5 m in
length, inside 3.67-m-long PWR pins. These segments will be extracted and used
directly to fabricate CANDU fuel bundles.

(2) Option two is more or less the same as the first, except the CANDU rods would have
double sheaths.

(3) Option three is a bit revolutionary in that full-length PWR pins will be reassembled into
extra-long CANDU bundles with single or double cladding. This option would require
the development of a new type of CANDU fuel bundle and new technologies related to
fuel management.

(4) Option four is a variation of options one and two above, except the PWR pins involved
are conventional pins with no prefabricated segments. Full-length PWR fuel pins are cut
and reloaded into double-clad CANDU rods.

(5) Option five is another variation of option one. In this option, the thin-walled inner
sheathing in 0.5-m segments will contain the fuel pellets. The inner sheathing is not a
conventional cladding. It simply holds the pellets in segments. Cigarette paper holds
tobacco in place in a similar way. In this case, the CANDU elements produced will have

double cladding.

(6) Option six is a thermal-mechanical option called OREOX ( or, oxidation/reduction of
oxide fuel). This option is somewhat similar to the "Airox" process that was tried by the
Rocketdyne Corporation in the U.S. 4 Here, the claddings of PWR fuel pins are
removed and the fuel meat is treated with a series of higir-temperature processes
whereby the spent-fuel material from PWR undergoes oxidation followed by reduction.
During these processes, the UO2 in the fuel undergoes a series u_'cheraical changes
before it reverts back to UO2. In the meantime, almost all the volatile materials,

especially some of the fission products, escape from the fuel matrix. The product is
homogenized and refabricated into fuel pellets suitable for CANDU rods and bundles.



(7) Option seven is another thermal-mechanical option called VIPAC ( or, vibrational
packing). This option is similar to the "Vi-pac" process developed at the Hanford
Laboratories during the late 1950s and early 1960s to fabricate low-enriched fuel for the
Plutonium Recycle Test Reactor.5 As in option six, the fuel material is removed from
PWR spent-fuel pins. The fuel material may be thermally treated as in option six before
it is homogenized and repacked in free-standing CANDU sheaths. The repacking
process uses high-energy vibration to get the required fuel density. This option does not
include a pellet fabrication stage as in option six. Vibratory packing is proposed for
dense packing of the UO2 in new CANDU sheaths. This alternative has not yet been
demonstrated to be viable in producing the fuel densities desired.

Of these options, the f'trst five are "item-rebatching" operations and the last two are true
"bulk-handling" processes. The study group did an extensive examination of the reactor physics
and fuel performance of these options as well as safeguardability, retrofitability, and licensability
of various options. We concluded that the OREOX (option #6 above) is probably the most
desirable option to pursue during second phase of this study.

Those who are familiar with the design and evaluation of safeguards systems would readily
recognize that the item-rebatching facilities are easier to safeguard and the systems can be relatively
simple. On the other hand, since the bulk-processing facilities would have many material flow
streams and large inventories spread over each facility, they would be a greater challenge to those
who design safeguards systems.

III. THE OREOX OPTION

Our study examined the OREOX option in detail for proliferation and safeguards issues
because this option is probably the most complex among the seven options proposed. Since the
literature on this process technology is limited, our discussions will be limited to a conceptual
process design.

Figure 1 identifies major process areas and the material flows across this conceptual
DUPIC fuel recycling facility. To make a final evaluation, considerable additional details of
material flows are necessary. Because most process details are yet to be developed, we will limit
our examination of the OREOX fuel recycle facility to the features identified in Fig. 1.

The OREOX process is a thermal-mechanical option involving controlled oxidation to
produce a mixed oxide of uranium and plutonium. The OREOX option of the DUPIC fuel cycle
studies is similar to the "Airox" process described in earlier literature.4, 6 During this process, the
cladding of PWR spent-fuel pins is severed and the fuel material is treated to a series of high-
temperature processes whereby the spent-fuel material from PWR undergoes controlled oxidation
in an oxygen-rich environment. This process is followed by a high-temperature reduction of the
higher oxides in an environment of pure hydrogen or hydrogen mixed with a noble gas. During
these processes, the UO2 from spent PWR fuel undergoes a series of chemical changes before it
reverts back to UO2. Some of the major chemical changes that take piace during this processing

are the following:
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Corresponding chemical changes may occur in most of the minor actinide components, including
plutonium. The oxidation process step is known to go through several intermediate stages causing
a variety of phase transitions in the fuel material resulting in both volume changes and changes in
physical properties.7.s In the meantime, almost ali the volatile materials, especially some of the
fission products, such as krypton, iodine, and ruthenium escape from the fuel matrix. In addition,
there will be partial volatilization of fission products such as technetium and cesium. About 40-
60% of the f'msion product radioactivity escapes as volatile materials, thus reducing the radiation
field around the products. This material is homogenized, blended with other materials as
necessary, and refabricated into fuel pellets suitable for CANDU rods and bundles. This part of
the processing scheme is similar to ones used for conventional reactor fuel fabrication.

IV. SAFEGUARDS ISSUES OF THE DUPIC FUEL CYCLE

Figure 2 is a simple illustration showing the key facilities and material flows in the
proposed DUPIC fuel cycle. Safeguards systems established by the International Atomic Energy
Agency (IAEA) and various state systems already address the proliferation potentials of both
reactor facilities and transportation systems of this fuel cycle. Safeguards issues of transporting
CANDU bundles from the reconstitution facility to CANDU reactors may be handled similar to
the transportation of MOX assemblies from fuel fabrication facilities to fast-breeder reactors.
The only new facility in this fuel cycle is the location where spent PWR fuels are reconstituted
into CANDU fuels, lt is the safeguardability of this facility that is examined in detail during this
study.

A. Diversions from the DUPIC Fuel Cycle

A basic premise of SNM safeguards is that ali nuclear materials, regardless of how
relatively attractive, a.e candidates for diversion. Therefore ali SNM requires safeguards. Material
in the DUPIC fuel cycle does contain direct-use material (Pu) but in a form essentially similar to
spent fuel. The fuel powder, like spent fuel, will continue to bear the essential characteristic of
being self-protecting because of its radioactivity. For any fuel powder that is diverted from the
DUPIC fuel cycle, new facilities would be required for reprocessing the powder to recover pure
plutonium. Consequently, the timeliness criterion that IAEA assigns to spent fuel, detection of
diversion of one significant quantity (8 kg of plutonium) within three months, is appropriate. To
divert one significant quantity of plutonium, a diverter would have to remove approximately 1 Mt
of spent PWR fuel materials or materials contained in two or more PWR assemblies or 50 CANDU
bundles.
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There are several inherent attributes of the DUPIC recycling process that make this f_.,_el
cycle unattractive for diversion when compared with conventional fuel reprocessing and
plutonium recycling.

• The dry recycling processes proposed do not produce a pure or partially pure
plutonium product. Therefore, further processing of diverted material using a
process similar to aqueous PUREX (Plutonium-Uranium Recovery and Extraction)
reprocessing would be necessary to recover plutonium.

• The reconstitution options require a sophisticated remote operation contained in
canyons or highly shielded cells. It is difficult to gain undetected access to these cells
to modify hardware or install new processes. The complexity of these operations
with highly radioactive materials does not allow manual operation. The process will
be highly automated; the inherent abilities to track and log in-cell operations can be
included in the design. A safeguards system can be incorporated that will not
interfere with plant operations but will provide information on installation of ali the
equipment in the processing cell(s) and material movements within the cell that
would indicate diversion paths, if any.

• Processes used in some of the DUPIC fuel recycling options require high-
temperature furnace operations under controlled atmospheres. Unauthorized penetra-
tions into the processing cell(s), to divert small quantities of materials using a clandes-
tine material stream on a protracted basis, would be extremely difficult and would be
readily detectable.

• The most likely on-site processes for complete plutonium purification would be
aqueous reprocessing methods. The most probable approach to final plutonium
purification would be through conventional technologies, such as aqueous ion
exchange or solvent extraction. But these processes would have to be conducted
outside of the main processing cell(s) because they involve aqueous reagents that are
incompatible with the DUPIC cell design. Because of the high radiation field
associated with ali plutonium-containing streams of the DUPIC fuel cycle, the
operation would require a heavily shielded cell if the usual safety standards are
applied. Such installations within the DUPIC recycling facility, outside shielded
cells, could be readily detected during routine inspections by the IAEA. The removal
of diverted SNM from the DUPIC fuel would be relatively easy to detect because of
the high radiation emissions.

• The possibility that normal materials in the bulk processing areas could be diverted in
small quantities (during each material balance period) and processed off-site to sepa-
rate plutonium cannot be ignored. If this off-site location is an undeclared facility,
detection of such operations during routine inspections would be unlikely. Such
diversions are detectable using special analysis methods that are presently available to
detect protracted diversions. However, the probability of detecting these diversions
depends on the quality of the measurement methods used for materials accounting and
verificati.on.
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• Another possibility for diversion is through the misuse of the accountancy system.
A plausible scenario is to divert materials from desirable material inventories and con-
ceal the diversion in materials unaccounted for (MUF) by overstating the SNM con-
tents of undesirable materials, such as discards. Such a diversion scenario could be

detected using a well-designed verification regime that will adequately verify both the
desirable and undesirable materials at the facility.

A single-act (abrupt scenario) diversion can occur in which enough material is diverted to
meet the goal of the diverter, or a series of acts (protracted scenario) may occur. In protracted
diversion, each act diverts material in quantities below the requirements for the ultimate goal of
the nation intent on proliferation. In the DUPIC fuel cycle, the abrupt diversion scenario can, in
principle, occur at any l_3int in the system: at the reactor facility, during off-site transportation,
or at the fuel recycling facility. Protracted diversion is most likely at the fuel recycling facility.
Brief discussions of these two diversion strategies follow.

B. Abrupt Diversion Scenarios

This discussion is limited to plausible diversion scenarios at the DUPIC recycling facility or
during transportation to and from this facility. The operator could conceivably abruptly divert a
significant quantity of plutonium-bearing material in the following forms:

• two or more whole assemblies of spent PWR fuels,
• 50 or more fabricated CANDU assemblies,

• approximately 500 spent PWR pins and substituting dummy pins for plutonium-
bearing pins,

• approximately 2000 fabricated CANDU rods and replacing plutonium-bearing rods
with dummy rods,

• approximately 1 Mt or more of materials in the process line and replacing them with
uranium, or

• some combination of items described above.

Such large-scale loss of materials are readily detectable by the IAEA using presently available
verification tools and systems within a prescribed detection time.

C. Protracted Diversion Scenarios

Safeguards systems studies performed at Los Alamos examined the conceptual flow sheets
of the DUPIC recycling options to see how the process might be modified to make diverting
material less easy to detect.3 We began with a deteiled conceptual facility design and analyzed
several diversion paths to see what would be required to detect surreptitious removal of
materials. The diversion paths for ali plant materials associated with significant amounts of
highly radioactive fission products should include the ability to transfer materials using remote
operations and to circumvent surveillance by radiation monitors. We concluded that a well-
designed material accountancy and verification system, similar to those presently used in MOX
fuel fabrication facilities, will be able to detect protracted diversions as well as data
falsifications.9

_,,,,.,,,_._,,,,r_,........,,',,',11qp",',,qv_,mm,,r.'I,',Iw.,,,_r¢r_llnrnl,'ilmlgqV,r_,,,,,.,.i,ell,,=,r,,,,qrv_,qp,qn,qlrrll,.."u_mmr,'_Pl_llqPU",111,",_HrP:''mmpp,,,,IqllqqlIq'lppplreiil,ivp_iI,f_iipllrlll_iqaqqTqilill_qlPqplqlqwiilUIqImirlUllR11My_l,IIPlrlll_lqqplgglqrpgWPRBqlwr,,qwlqRiq,rqqllll_p,iqlllIg1_ll_qm_IIInlqlIiI1'MIHlllnwjgq,,_llqlqPrqIifriiiP_lqr_Jll_lll,_1,11niP_i_!Jq,n,iil_lgl,iiqlI1iI'IIIII_iRqll_lqlllI_iBi_H_INI_IIIqgIMIIq_llq_'"_] ]llrq'lpqqlr:I,¢llnqq_lllEq_li_I_pIIIq_I_lPquIqqllqll_iqIIIJluPIpI_N_qliJq_qrll'H_qllJ_Ii
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Nuclear materials produced as a normal recycling product contain both minor amounts of
transplutonium actinides (predominantly neptunium, americium, and curium) and a major portion
of the fission products. Together, these contribute significantly to the radiation level of the
product. Purifying the plutonium from from DUPIC recycle facility requires either a heavily
shielded supplemental facility on-site or an off-site facility. Additionally, heavily shielded
carriers would be needed to remove the material from the recycling facility. The diverted
materials from DUPIC fuel cycle facilities could be processed through a simplified PUREX cycle
or its equivalent to remove the remaining fission products and uranium to recover plutonium.
Because IAEA inspectors have access to many areas on-site, it is unlikely that such a process
operation within the DUPIC fuel recycling facility could be operated without detection.

By keeping track of ali nuclear materials within the DUPIC fuel cycle facilities using
material accountancy, containment and surveillance, and routine inspections by the IAEA, one
could detect the diversion of feed materials to operate a clandestine facility to recover plutonium.

D. Containment and Surveillance to Detect Diversion

In the international safeguards arena, "containment and surveillance" (C/S) systems are a
complementary measure to safeguard SNM. There are m_y proper uses of C/S systems to
safeguard SNM in the DUPIC fuel cycle. The DUPIC fuel cycle is not diversion-proof from
state-sponsored diversion, but it has many diversion-resistant attributes (see Section IV.A).
Development of measurement systems for key operating and process parameters and independ-
ent, _uthenticated data recording for the inspectorate should provide further assurance that
international safeguards requirements can be met. Except for nondestructive measurements of
key parameters, the equipment for safeguarding the facility based on C/S should not interfere
with production operations. Judicious use of C/S techniques integrated with a well-designed
material accountancy system can adequately safeguard a DUPIC fuel recycling facility.

V. DRY RECYCLING IN LWR FUEL CYCLE

If the dry fuel recycling process in the DUPIC proposal shows technological promise, it is
prudent to examine the potential safeguards of applying these technologies to the LWR fuel cycle.
The potential use of plutonium for energy production in LWR fuel cycle have been amply
demonstrated in the past. If the dry fuel recycle discussed here is to be used for the LWR fuel
cycle, it would be necessary to augment the fissile content of the reconstituted fuel by the addition
of enriched uranium or plutonium. Of these two options, the use of slightly enriched uranium
offers less proliferation potential than the use of pure plutonium or MOX compositions.ii

Since the safeguards issues of uranium enriched up to 20% in 235Uis the same as for
presently used enrichments for LWR fuels, additional safeguards required would be minimal at an
LWR fuel fabrication facility using the proposed dry recycling. The uses of plutonium or MOX
fuel compositions from co-conversion facilities for LWR fuel recycle would require considerable
additional safeguards.

I
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During the past few years, a variety of proposals have been made as to the potential use of
fissile materials deriving from the dismantlement of nuclear stockpiles of the U. S. and the former
Soviet Union.lO If an option to use this dry fuel recycle process for LWR include the potential use
of materials deriving from the proposed dismantling of nuclear weapons, there will be a significant
increase in proliferation potentials. It is, however, possible to design a nuclear material transfer
system whereby the highly enriched uranium or plutonium from the weapons fuel cycle may be
first converted into low-enriched uranium and low-enriched MOX before it reaches the civilian fuel
cycle. The initial dilution or conversion of direct-use materials may be performed within the
existing nuclear weapons complex under established safeguards and security procedures.
Although this approach would reduce the proliferation potential, it would still be necessary'to
design unique safeguards systems to deter and detect diversions from fuel cycles involving the use
of SNM from weapons fuel cycles. Design and establishment of such safeguards systems are well
within the realms of presently available technologies.

VI. CONCLUSIONS

An objective assessment of the safeguardability of the DUPIC fuel cycle requires simul-
taneous consideration of its inherent proliferation resistance and the ability to design an integrated
system of technical measures designed to guardagainst diversions and be capable of timely
detection. To carry out a detailed analysis of diversion possibilities and to identify safeguards
elements to detect such diversions, it is necessary to examine attributes of the DUPIC fuel cycle.
At this stage in the development of this new fuel cycle, most of these attributes are not defined
clearly enough to thorougly assess the safeguardability of the DUPIC fuel cycle. Therefore, this
safeguardability assessment should be considered only as a preliminary evaluation, subject to
possible modifications as more reliable information on technical parameters becomes available.

This preliminary assessment of the safeguardability of the DUPIC fuel cycle is based on
our assumption that the basic features of the fuel cycle areproliferation resistant and that safe-
guards issues of the fuel cycle will undergo continual examination during the technology
development phase of this fuel cycle. Some of the premises behind our conclusions are as
follows.

(i_ The removal of spent PWR fuels from long-term surface storage locations to dry fuel
recycling facilities would not significantly change proliferation risks.

(2) The DUPIC fuel cycle does not involve any fissile materials in pure form. As such,
isolation of fissile materials from the DUPIC fuel cycle would require a clandestine
facility (or operation) to process DUPIC fuel cycle materials to extract pure fissile
materials. This would be an expensive and risky undertaking.

(3) The interval between IAEA verifications of the DUPIC reconstitution facility can be
made short to detect diversion of a significant quantity of SNM from this facility.

(4) Although all the technologies required to establish intematio_aalsafeguards and
verification regimes for the DUPIC fuel reconstitution facility are not presently
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available, such technologies can be developed by the time the DUPIC _tzchnologies
become real.

(5) Most of the measurement instruments required to verify SNM inventories at the
DUPIC facility could be modifications or extensions of presently used safeguards
instruments, especially those that are now in use at MOX facilities.

At the facility level, key elements of a safeguards system to account for and control nuclear
materials include materials accounting, materials control, containment and surveillance, and
maintenance of verifiable records of transfers and inventories of ali SNM. At the state level, the
responsibilities include accountancy and control of nuclear materials, complemented by a physical
security system to prevent theft or loss, and the facilitation of the application of IAEA safeguards.
The IAEA's responsibilities would include verification of facility records, material transfers, on-
site verifications of physical k|ventories, verification of containment and stu'veillance data, and
analyses to reach conclusions about safeguards effectiveness. We have examined the technical
requirements to safeguard and verify the DUPIC fuel cycle. Our conceptualization of facility
features and material flow across the DUPIC fuel cycle leads us to conclude that a safeguards
system can be designed to meet the IAEA's detection goals, provided an independent verification
scheme can be developed.
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