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INTRODUCTION

Before addressing main topics of the present te@kjice. ecological
and nuclear non-proliferation problems of nuclaasl ftycles, it is nec-
essary for readers to get some acquaintance wiic lsanceptions of
nuclear power industry.

Peaceful as well as military applications of nuckeaergy are based
on various nuclear technologies dealing with nucleaterials (NM).
Nuclear materials are those substances withouthaihis impossible to
actuate the following two self-sustaining nuclesaations accompanied
by release of huge energy amounts:

1. Chain fission reaction of heavy nuclei.

For example, neutron-induced fission of isotépe results in pro-
duction of two (in very rare cases, three) fisgpooducts (FP), in emis-
sion of 2.5 fission neutrons (in average) which cantinue the chain
fission reaction, and in intense generation ofrtiadrenergy (about 200
MeV per one fission).

Y +n - FP +FR + (2-3)n + 200 MeV.

That is why nuclear materials include all uraniund ahorium iso-
topes (natural NM) and isotopes of artificial traremium isotopes
(mainly isotopes of plutonium, neptunium, americiand curium).
Also, nuclear materials include highly radioactiadificial uranium
isotope®®U (half-life Ty, = 1,610° years), which can be produced by
neutron irradiation of natural thorium.

2. Thermonuclear fusion reaction of light nuclei.

For example, fusion reaction of light hydrogen ag®s, namely re-
action of deuterium with tritium is able to produstable helium, high-
energy neutrons and about 21 MeV of thermal energy:

D+T— “He +n+21 MeV.

That is why nuclear materials include two hydrogeriopes: deute-
rium and tritium. Abundance of stable deuteriunmatural hydrogen is
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about 0,015%. Natural hydrogen does not contairhéavier isotope
(tritium) because of its rapid radioactive decly,(= 12,3 years). Lith-
ium is also regarded as a nuclear material becitsi$ight isotope°Li
can be used for intense production of tritium tigtofii(n,o)T reac-
tion. Micro cross-section diLi(n,a)T reaction in thermal point (&=
0,025 eV) is sufficiently large (about 940 barrsatural lithium con-
tains 7,5%'Li.

Thus, the following NM categories are under consitien now:

1. Initial NM — natural uranium and natural thoriungplieted ura-
nium, i.e. uranium with reduced contentdt).

2. Special NM — enriched uranium, i.e. uranium witlereased
content of®%U, plutonium with any isotope composition and éiifl
uranium isotopé*U.

3. Transuranium elements (Np, Am, Cm, Bk, Cf).

4. Deuterium, tritium, lithium and heavy water.

The first three NM categories are related with aaclpower based
on fission reactions of heavy isotopes while thertto NM category is
related with fusion reactions of light isotopes. thermonuclear power
facilities are not built and put in operation yatain attention in the
textbook is given to nuclear technologies dealirithwhe first three
NM categories.

Nuclear technologies include the procedures intérfde NM pro-
duction, storing, applications, transportation, roegssing for repeat
usage of secondary NM or ultimate disposal of tetgical wastes.

For a long time the world public expresses deegems about links
between nuclear technologies and safe vital agtofitthe humankind.
Therefore, the textbook gives the largest attentibanalysis of these
links. The term “safety” should be interpreted hegrex wide sense in-
cluding radiation safety, nuclear safety, non-peodtion safety (or se-
curity) and ecological safety.

The term”radiation safety” means a sufficient protection against
the striking effects caused by direct exposurerny tgpe of ionizing
radiations.

The term”nuclear safety” means an inadmissibility for the self-
sustaining uncontrolled chain fission reactionrtibiate and propagate.
Serious violations of the nuclear safety requiraim@an lead to a nu-



clear explosion, thermal explosion or, at leastthi® flash of ionizing
radiation and over-exposure of operation staff mensib

The term”non-proliferation safety (or security)” means a suffi-
cient NM protection against their thefts or diversifor manufacturing
of nuclear explosive devices or radiological weapoRresently, the
IAEA experts propose to use the term “nuclear sgcuor designation
of this nuclear non-proliferation aspect that difen principle from the
aforementioned term “nuclear safety”.

The term“ecological safety” means an inadmissibility of unac-
ceptably strong negative impact of nuclear techgiel on the envi-
ronment including radiation, chemical and thermfiéas. One else
negative effect is related with a necessity toraie large territories for
safe operation of some nuclear facilities.

Nuclear fuel is a nuclear material containing rades$i which can be
split (fissioned) by neutrons. The following NM cha regarded as fis-
sionable nuclides:
1.Natural uranium and thorium isotopes.
2.Artificial plutonium isotopes (products of consedgat neutron cap-
tures beginning frorff?U).
3.Isotopes of artificial transuranium elements (Nm,ACm and so on).
4 Artificial uranium isotopé>*U (product of neutron capture BTh).

As a rule, uranium, thorium and plutonium isotopéth even mass
numbers (“even” nuclideS®U, 2%2Th, 2*%Pu,?*%Pu) can be fissioned only
by high-energy neutrons (energy thresholds fornoadnduced fission
reactions of these nuclides cover the range frokheY to 1.5 MeV).
On the contrary, uranium and plutonium isotopediwild mass num-
bers ("odd” nuclide$®U, #U, *%Pu, *'Pu) can be fissioned by neu-
trons with any energy values including thermal neng. Moreover, the
lower neutron energy, the more intense fissiontir@acan occur.

Energy spectrum of fission neutrons is a fast meusipectrum with
mean energy about 2.1 MeV. Besides, these fastamutindergo in-
tense slowing down, and their energies sharply diown below the
threshold levels for fission reactions of even med. This means that
it is very difficult to maintain the chain fissiomaction by even nu-
clides only because a small fraction of fissiontrens has the energies
high enough to overcome the threshold levels. Atghme time, it is
desirable and quite possible to slow down fissientrons to thermal
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energies and, thus, provide the best conditionsnitiation and propa-
gation of the chain fission reaction on odd uraniamd plutonium nu-
clides.

Nuclear fuel containing only natural fissionablecldes ¢U, 22U,
32Th) is named as a primary nuclear fuel. Nucleal oataining arti-
ficial fissionable nuclides®U, *%u, *'Pu) is named as a secondary
nuclear fuel.

Natural fissionable nuclide€s®U and®*Th are of little use as a nu-
clear fuel because they can be fissioned by fagromes only. However,
these nuclides can be used to produce artificidiHigsionable (or fis-
sile) nuclides®®Pu and?*U, respectively, i.e. for reproduction (or
breeding) of secondary nuclear fuel. That is whgsthnuclides are of-
ten named fertile nuclides.

The present nuclear energy systems are based lpaise of natural
uranium containing the following three isotopes:

1.%%; natural abundance — 99,28%:; half-lifg, = 4,510’ years;

2.%2%; natural abundance — 0,71%; half-lifg, = 7,110° years;

3.2%4; natural abundance — 0,0054%; half-Ilig, = 2,510’ years.

By the way, the Earth’s age (approximately 10 dilliyears) is com-
parable with**®U half-life.

It is interesting to note here tHafU is a member of*®U decay fam-
ily: *U is produced byi-decay of*®U and two consecutive, relatively
rapid B-decays of intermediate nuclides:

28(a1,T1=4,510° years$**Th(B,T1=24 df**Pa,T.,=6,7 h{*U

All uranium isotopes are radioactive materials. ylcan emita-
particles whose energies cover the range 4,5+4,8 lslied undergo
spontaneous fission followed by neutron emissiam: éxample ?3%U
emits ~13 n/(s-kg).

Uranium isotop€®U is the only natural nuclear material which can
be fissioned by neutrons of any energy includirgyntal neutrons (the
lower neutron energy, the better fissionability"8t)) with emission of
excessive fast neutrons. Just thanks to theserfisgutrons it becomes
possible for the chain fission reaction to initidtinfortunately, natural
uranium contains a rather small fraction?5t (~0,71%). The over-
whelming majority of nuclear power reactors in @iem now applies
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enriched uranium, i.e. uranium containing 2-8%J instead of 0,71%
2 in natural uranium. Some research reactors $# uranium en-
riched with?**U up to 90% and above. Currently, the IAEA insislien
recommends the states-participants to arrange gradwnsfer of their
research reactors on the use of uranium fuel auingabelow 209%4°°U.
Critical mass of 20%-uranium is equal to ~830 kgcc@ssful theft of
so large uranium mass and manufacturing of a grientbut transport-
able nuclear explosive device is quite unlikelysibge.

Enriched uranium contains relatively larg&U quantity tharf>U
abundance in natural uranium. There are the foligwéategories of
enriched uranium depending AU content (%):

1. Low-enriched uranium with gbelow 5%.

2. Middle-enriched uranium with gfrom 5% to 20%.

3. Highly-enriched uranium with gfrom 20% to 90%.

4. Weapon-grade uranium withsXabove 90%.

Depleted uranium (X< 0,71%) is a by-product of the uranium en-
riching process. Contemporary technologies of wranisotope enrich-
ment can produce depleted uranium Wfitbl content at the level of 0,2-
0,3%.

When capturing neutron, main uranium isotép¥e transforms into
secondary nuclear fuel, namely fissile plutoniuotépe®**Pu, after two
consecutivgd-decays of intermediate nuclides:

2 (ny)PU(B, T1=23,5 FPNp(B, T1=2,3 df**Pu.

Similarly, fissile uranium isotop&U can be produced by neutron
irradiation of natural thorium. When capturing rreat the only long-
lived thorium isotope®®*Th transforms into secondary nuclear fuel,
namely fissile uranium isotog&U, after two consecutivB-decays of
intermediate nuclides:

Z2Th(ny)*°Th(B,T12=23,3 Y**Pa@,T1,=27,4 df*U.

However, these conversions of natural fertile ipe® **U, 2°*Th)
into secondary nuclear fuel isotopé&Ru, 2%U) require that primary
nuclear fuel, i.e. fissile uranium isotop&U, must be placed into the
reactor core in such a quantity which makes it ipbsgo initiate the
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self-sustaining chain fission reaction. The chassibn reaction can
generate a large enough amount of fission neutt@msoduce secon-
dary nuclear fuel through radiative neutron capure fertile isotopes.
Large fraction of fertile uranium isotog&U in primary fuel of nuclear
power reactors (95-98%) can realize a partial rdypecton of nuclear
fuel.

Fuel element (fuel rod or fuel pin) is a main constive form of nu-
clear fuel in the reactor core. Cylindrical fuetiroonsists of a central
active part (fuel meat) containing fissile and iferisotopes and her-
metical cladding around. Usually, the claddingsraesle of metals (Zr-
based alloys and stainless steels). In spheriedl dlements of high-
temperature gas-cooled reactors (HTGR) micro fastigles are clad
by thin layers of silicon carbide and pyrolytic lsan, and then these
fuel particles are uniformly dispersed in grapnitatrix.

Fuel rods are united into fuel assemblies (FA) aiminng from sev-
eral fuel rods up to several hundred fuel rodsidm$-A fuel rods are
stiffly fastened by the spacing grids (spacerskoAkertain conditions
must be guaranteed to provide a reliable heat rahimyw coolant from
fuel rods and compensate temperature-induced exan$ structural
and fuel materials.

Complete set of all fuel assemblies disposed irudear reactor
constitutes the reactor core where the controllercfission reaction
can be initiated to convert nuclear energy intaria energy and then
into electrical energy. It appears the reactor queys a similar role
with a traditional thermal pile, or boiler, wheresséil organic fuel
(charcoal, oil or natural gas) is burnt to prodheat. This analogy al-
lows us to use such habitual terms as “fuel”, ‘fvecation” or “burn-
up” although no any burning or incinerating proesssn their tradi-
tional sense, occur in the nuclear reactor core.

Indeed, there are many substantial distinctionw/éen nuclear and
organic fuel. Main distinctions are briefly deseatbbelow.

1. Significantly higher calorie content in nuclearfuel.
Incineration of one carbon atom in chemical rearctidth oxygen
can produce thermal energy at the level of 4 eV:onl

C+0 - CO+4eV.
11



Fission of oné*U nucleus by neutrons can produce thermal energy
at the level of 200 MeV:

ZY+n- FP+FR+(2-3)n + 210° eV.

Taking into account different atomic weights of nitan and carbon
isotopes (235:12), calorie content?U fission reaction exceeds calo-
rie content of”?C oxidation reaction (per one atomic mass unit)aby
factor of 2,510,

E(Lkg Z°U)= 10050x G x 2116 ev
E(lkg 2C)= 1020x 616%x 4ev

E(lkg *°U)_ 12 216 5110

= = =2,500
E(kg™C) 235 4 20

Such a large ratio reflects the fact that intraleaicenergy is much
higher than energy of chemical (inter-atomic oefanolecular) reac-
tions. Large calorie content of nuclear fuel camssantially reduce
mass and volume of fuel needed to produce the samgy. Thus, ex-
penses for fuel transportation and storage can diesiderably de-
creased. Moreover, nuclear fuel creates a new itapbfactor, namely
geographical independency of NPP site placemempiamement of ura-
nium mines and nuclear fuel fabrication plants.sTrioperty of nuclear
fuel allows the humankind to correct unfairnesshef nature consisting
in extremely non-uniform geographical distributiohorganic and nu-
clear energy resources.

2. Impossibility to reach complete incineration ofall fissile nu-
clides for one irradiation cycle.

During time period of full-power reactor operatitive reactor core
must contain nuclear fuel in the quantity largearthits critical mass.
That is why for one irradiation cycle it is posgiltb incinerate only so
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fraction of nuclear fuel quantity that exceedscitgical mass and pro-
vides super-criticality, or reactivity margin nedde make up the nega-
tive effects caused by fuel burn-up and build-ufissfion products.

Usually, nuclear fuel burn-up is evaluated eitherHP quantity per
total fuel mass (for example, 10% fuel burn-up nsetrat 10% of fuel
mass was burnt-up and converted into FP) or by tiwasf produced
thermal energy per total fuel mass, MWd/t. It mayshown that 1% of
fuel burn-up is approximately equal to specific rgyeyield of 10
GWdrt.

Typical, currently achievable values of fuel bumare as follows:

e Heavy-water CANDU-type reactors - 10+12 GWd/t, el 2% of
heavy metals (HM).

e Light-water reactors (LWR) of VVER, PWR and BWR ¢&/p40+50
GWd/t (or 4-5% HM).

e Fast LMFBR-type reactors — up to 100 GWd/t (or ~1ias).

Upon exhaustion of the reactivity margin, spent Asgsemblies have
to be replaced by fresh ones completely or payti&pent nuclear fuel
(SNF) contains large amounts of fertile and fissilelides. One ton of
SNF discharged from VVER-440 contains, in additton30 kg FP,
about 950 kg®®U, 12,5 kg®*U and 6,5 kg of plutonium isotopes
(mainly, ?*Pu and*°Pu).

3. Possibility to organize repeat usage (recyclej tertile and fis-
sile nuclides.

The recycle can reduce significantly the demandsnfdural ura-
nium mining and for its isotope enrichment witfu.

4. Possibility to organize reproduction of fissilenuclides.

Fissile nuclides can be reproduced in any nucleactor which, in
addition to fissile nuclides, contains fertile rides®*U or ***Th. When
capturing neutron, fertile nuclid@U converts into fissile nuclid&*Pu.
Similarly, ?*Th converts into fissile nuclidéU. The reproduction
process is conventionally characterized by the dingeratio (BR), i.e.
by ratio of secondary fuel generation rate to prinfael incineration
rate. Depending on the BR value, the following opsi of nuclear fuel
reproduction are marked out: partial reproductiBR « 1); full repro-
duction (BR = 1) and extended reproduction (bregydiii BR > 1.
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The reproduced secondary fuel can slow down thetivitgt slump,
prolong the reactor lifetime and generate sometiathdil amount of
thermal energy. In stationary operation mode oicglpLWR, when the
reactor core contains both fresh and partiallyriacated FA, total gen
eration rate of thermal energy includes a conshlderaontribution (up
to 40% and above) from fissions of secondary &ssilclide”*Pu.

Thanks to some neutron-physical peculiarities, lihst conditions
for extended reproduction (breeding) of nucleal fism be formed in
fast breeder reactors loaded with mixed uranium @otbnium diox-
ides, i.e. with mixed oxide (MOX) fuel. Fast breedeactors are able to
produce such plutonium quantity that is sufficismmeet fuel demands
of the reactor-producer and create an initial faatiing for a new reac-
tor-consumer. If large stockpiles of natural uramiare available or if
there are no incentives for intense NPP deployniaety fast reactors
can operate in fuel self-sustainability regime wttle BR value about
unity.

Similar situations can be formed for mixed thoriunanium fuel.
Good neutron-multiplying properties 6fU and huge abundance of
natural thorium keep a customary interest to nuichEawer reactors
loaded with thorium-uranium fuel. However, nucléachnologies re-
lated with fabrication of fresh and reprocessingspént (Th-U) fuel
assemblies encountered some specific difficultéas] till now these
technologies are not developed yet up to an iniddisttale.

5. “Incineration” of nuclear fuel does not require oxidizer.

Incineration of conventional organic fuel in tradtal thermal
power plants requires roughly three-fold mass gfgex taken from the
Earth’'s atmosphere. Moreover, the incineration gssds followed by
release of toxic wastes (smoke, ashes, sulphunigrodien oxides).

“Incineration” of nuclear fuel does not require @idizer at all. Ra-
dioactive fission products and spent nuclear fwdlich may be re-
garded as nuclear wastes, are retained withinrbgd for a rather long
time period and, then, after appropriate treatmeansported into well-
protected geological repositories.

Data on fuel consumption and waste production by éhectrical
power plants (TPP and NPP) of the same power (M/@&) are pre-
sented in Table I.1.
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The well-known Kyoto protocol concerning global wéng-up of
the Earth’s climate proposes to introduce someogitdl constraints
on release of CQinto the atmosphere by coal-fired TPP and establis
certain economic sanctions for the exceeding ddtmnstraints at the
level of 60 US dollars (about 40 euros) per onedbnarbon dioxide.
Following from the scale of global coal-fired povsststem, it is easy to
evaluate total scope of these economical sanctions.

Table 1.1
Fuel consumption and waste production by electpoaer plants
TPP-1000 VVER-1000
Coal consumption — 2:80° tlyear
Oxygen consumption — 6;0° 2% consumption — 1,0 t/year
t/year
Wastes
Radioactive wastes — 1,0 t/year
CO, — 8,510 t/year Spent nuclear fuel — 35+40
Ashes — 2,30 t/year t/year
The wastes are released The wastes are retained
into the atmosphere in spent fuel rods for a long time

6. Accumulation of radioactive FP. Residual heat geration af-
ter reactor shutdown. Induced radioactivity of structural materials
and coolant.

Fission reactions of heavy nuclides produce fisgooducts, i.e.
relatively lighter nuclides whose mass numbers cakie range from
~70 a.m.u. up to ~160 a.m.u. As a rule, fissiorttiea is an asymmet-
rical act, i.e. instead of splitting a heavy nueléuto a couple of fission
products with approximately equal masses, fissiesction produces
two nuclides with mass ratio about 2:3 (95 a.mnd &40 a.m.u., for
example). Common form of FP vyields dependency air tmass is
roughly the same for all fissile nuclides and fdm&utron energies. (a
symmetrical two-peak curve, as is presented in IFly. FP accumula-
tion rate in nuclear power reactors is about 10pPdr one GWe-year.
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Fig. I.1. Dependency of FP yields on their atomasm

Fission products consist of about 200 radioactetapes belonging
to 36 chemical elements including daughter prodo€ttheir radioac-
tive decays. Half-lives of these radionuclides ede very broad time
range: from several milliseconds up to severalionllyears. Depending
on half-lives, the following FP categories can barked out: short-
lived, middle-lived and long-lived nuclides. Maipe of FP radioactiv-
ity is a B-decay. Each radioactive FP is a starting isotapedecay
chain consisting of 4-5 consecutive decays andngndy a stable nu-
clide.

Besides fission products, spent nuclear fuel costaiso transura-
nium isotopes, intense emittersoefandp-radiation. A particular atten-
tion should be given to minor actinides (MA) cotisig of >*Np (nep-
tunium fraction),””Am and ***Am (americium fraction),**’Cm and
#°Cm (curium fraction). Chemical properties of minactinides are
very close to those of rare-earth fission produtieerefore, at the stage
of SNF reprocessing and FP extraction, minor adg®iand rare-earth
FP are removed together. As a consequence, a P&/ category is
being formed, namely MA-containing RAW. All minoctmides are
fissile or fertile nuclides. That is why minor agtles must put under
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strict control in order to prevent proliferation weapon-suitable nu-
clear materials.

Main channels for MA generation in nuclear reactresas follows:
1) 22U (ny)*U(ny)*Np;
2) *Pu@’, 141er)* Am(n,y)**"Am(n,y)**Am(n,y)**’Cm(ny)***Cm;
3) #*2Pu(ny)**Am(n,y)***Cm(ny)***Cm.

MA generation rates are presented in Table |.2.¥9R loaded with

traditional uranium oxide (UOX) fuel and with adeaa mixed ura-
nium-plutonium (MOX) fuel.

Table I.2
Generation rate of minor actinides in LWR

MA generation rate,
Nuclide Ty, years kg/GWeyear

UOX MOX
ZNp 2,110° 20,4 15,1
2IAm 432 1,3 6,0
*3Am 7380 2,5 21,8
#Cm 18,1 0,9 15,6
#Cm 8500 0,1 1,7
Total - 25,2 60,2

Significant fraction of SNB- andy-activity is caused by short-lived
FP. Therefore, SNF radioactivity rapidly decreas#h time after SNF
withdrawal from the reactor core. Residual heategated by spent FA
in the cooling pool is mainly caused by FP and Ma#ioactive decays.
Time dependency of residual heat generation rageite similar to the
aforementioned time dependency of SNF radioactivigpid exponen-
tial slump just after withdrawal followed by gradw@gpproach to a pla-
teau level constituting several percents of nomieattor power.

The induced radioactivity of steel in-vessel stuwes is mainly
caused by the following radionuclidéi (T., = 100 years)?’Co (T4,
= 5,3 yearsy >Fe (I', = 2,7 years). These radionuclides are produced
by neutron irradiation of stable chemical elememsmponents of
stainless steels. Total radioactivity of steel L\WWRictures is equal to
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[0 MCi (BWR) andb MCi (PWR) at the reactor shutdown. After-
wards, the total radioactivity rapidly decreased gnadually (in the
process of 20-30-year staying in the cooling pegproaches to the
plateau (1 MCi for BWR-type reactors and 0,1 MGi RWR-type reac-
tors), approximately 2% of initial radioactivity.

The induced radioactivity of metal NPP structuresdmes more
and more urgent problem as NPP lifetime expires.

Nuclear fuel, being involved into the processegsfabrication, us-
age and reprocessing, passes a series of congesi#tges which can be
united into a general concept of nuclear fuel cysIEC).

Main NFC stages

. Mining of uranium ores and uranium extraction.
2. Nuclear fuel fabrication:

2a. Production of uranium concentrate in the fofraranium octa-

oxide UOs.
2b. Conversion of uranium concentrate into uraniuemxafluoride
UFs.

2c. Uranium enrichment withU.

2d. Manufacturing of fuel rods and fuel assemblies.
3. The use of nuclear fuel in nuclear reactors afous types (pluto-
nium-producing, power or research reactors).
4. Interim storage of spent fuel assemblies (SBAhe cooling pools at
NPP.

The following two options may be chosen for thetndkC stages,
namely once-through, or open NFC and closed NFC.

If the open NFC option was chosen, then:
5. Transportation and ultimate disposal of SFA éeml geological for-
mations. This stage is a final step of the open NFC

If the closed NFC option was chosen, then:

6. Transportation of SFA to a spent fuel reprocgspiant.
7. Extraction of radioactive wastes, their treatmand ultimate dis-
posal in deep geological formations.
8. Extraction of primary and secondary nuclear fioel multiple uses
(recycles) in re-fabricated fresh fuel rods and assemblies. In reality,
this is a return to point 2.

=
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The following three NFC variants can be marked out:

A. The open NFC
Main stages of the open NFC:

1. Mining of uranium ore.

wWnN

0o~NO O~

. Production of uranium concentrateQy.
. Conversion of uranium concentratedg into uranium hexafluoride

UFs.

. Isotope uranium enrichment.

. Fabrication of nuclear fuel in form of fuel roalsd fuel assemblies.
. Use of nuclear fuel in nuclear reactors.

. Interim SNF storing in the cooling pools at NPP.

. Ultimate disposal of SNF in deep geological siuies.

B. The closed NFC with uranium recycle
Main stages of the closed NFC:

1. Mining of uranium ore.

wWnN

0O~NO O~

9.

. Production of uranium concentrateQy.

. Conversion of uranium concentratedg into uranium hexafluoride
UFs.

. Isotope uranium enrichment.

. Fabrication of nuclear fuel in form of fuel roaisd fuel assemblies.

. Use of nuclear fuel in nuclear reactors.

. Interim SNF storing in the cooling pools at NPP.

. SNF reprocessing: separation of uranium, plutonand radioactive
wastes.
Recycle of extracted uranium to the stage 4.td.é¢he isotope ura-

nium re-enrichment.

10. Plutonium storing in the dedicated warehouses.
11. Ultimate disposal of RAW in deep geologicalasifories.

C. The closed NFC with uranium and plutonium recyck
Main stages of the closed NFC:

1. Mining of uranium ore.
2. Production of uranium concentrateQy.
3. Conversion of uranium concentratedg into uranium hexafluoride

UFs.
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4. Isotope uranium enrichment.

5. Fabrication of nuclear fuel in form of fuel roaisd fuel assemblies.

6. Use of nuclear fuel in nuclear reactors.

7. Interim SNF storing in the cooling pools at NPP.

8. SNF reprocessing: separation of uranium, plutorind RAW.

9. Recycle of extracted uranium and plutonium mgtage 5, i.e. to the
fabrication of mixed oxide fuel.

10. Ultimate disposal of RAW in deep geologicalasifories.

These variants of NFC schemes are sown in Fig. 1.2.

Presently, only seven states are able to reprapess nuclear fuel:
the USA, Great Britain, France, Russian, China lgarcpowers), India
and Japan. But the US administrations decideddp sgprocessing of
spent fuel assemblies discharged from commercid® NP effective
and proliferation-proof SNF reprocessing technolsggeveloped.

Currently in the world there are the following twpposite and con-
troversial viewpoints on reasonability of the NHGstre:

1. The NFC closure is an unreasonable action bedaassumes ra-
diochemical SNF reprocessing, extraction, trangpiort and applica-
tion of primary fuel (mainly, regenerated uraniuamd secondary fuel
(mainly, plutonium) for re-fabrication of fresh near fuel. Thus, the
NFC closure creates a series of complicated teogiwal and political
problems, including:

a. Possibility for terrorist groups to steal figsihaterials for manu-
facturing of nuclear explosive devices.

b. Complicacy and jeopardy of SNF reprocessingreldyies.

c. Complicacy and jeopardy of RAW treatment andnate disposal
in geological repositories.

This viewpoint is held by the US Government. The R¥@sidents
Ford and Carter, in the late 1970s, prohibitedaeltgémical reprocess-
ing of SFA discharged from commercial nuclear povesrctors. How-
ever, scientific investigations of the problemsatetl with SNF reproc-
essing and recycle were continued but within a eceduscope. Spent
fuel assemblies are considered as a RAW form daitldy ultimate
disposal in deep geological repositories. The RAWEitories must be
equipped with some technical tools capable toaedriSFA containers
for further reprocessing, if target priorities inet US nuclear policy
would be changed.
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2. The opposite viewpoint does not regard SNF astegasuitable
only for ultimate disposal. The viewpoint regarddFSas a valuable
nuclear material that contains both primary andsdary fuel which
can be extracted and multiply used for energy prtidn. The NFC
closure is considered as a main strategic pathesagirds national en-
ergy independency.

Technological difficulties of SNF reprocessing, RAWatment and
ultimate disposal are estimated as very complicaed radiation-
dangerous but all the difficulties can be succdlgstivercome by cur-
rently available methods and technical tools.

Potential jeopardy of NM thefts and unauthorized irsthe closed
NFC is recognized too but the NM non-proliferatipmoblems are con-
sidered as completely resolvable by means of ajraadilable domes-
tic and international safeguard systems.

This viewpoint is supported by the Governments @hEe, Japan
and Russia. The brightest example is a positiodapian. Practically,
Japan has no available its own resources of fosgdnic and nuclear
fuel. So, Japan is not able to form a self-depengewer system based
on coal, gas or oil incineration. Moreover, Japas & series of substan-
tial reasons to reject nuclear power option at Filistly, Japan is the
only country in the world that was subject to thellvknown nuclear
bombardment in 1945. Secondly, Japan is a densgylgted country
placed on relatively small territory with intenseissnic activity. Cher-
nobyl-like nuclear accident is able to enveloptlall country. Neverthe-
less, development of nuclear energy system basddsbireeder reac-
tors with extended reproduction of secondary fumethie closed NFC
opens an opportunity for Japan to reach energypemdency with very
limited import of natural uranium.

The USA never encountered a problem of nationalggniedepend-
ency. There are large deposits of fossil organit &imd natural uranium
in the USA. The US nuclear power system includet urits with total
electrical power about 100 GWe; NPP share in tetargy production
is equal to 20%). In 2011 global nuclear power exystonsisted of
(450 units with total capacity of 375 GWe, i.e. abane-fourth frac-
tion of global nuclear power is produced by AmemiddPP. No new
NPP were built in the USA for the last 30 yearssiBes, typical
American NPP is a privately owned commercial entsep Thus, from
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the USA standpoint, there are no any economicdltigad and non-
proliferation incentives to arrange the closed NFC.

In 2011 total power of nuclear energy system irdapas equal to 45
GWe (30% of total energy production), several nexsi@ar power units
are under construction (15 GWe, in total). Japavitaly interested in
the NFC closure to reach self-sustainability ofrggeesources.

Control questions to Introduction

What is nuclear fuel? Call main components of rarcfael.

What are the primary nuclear fuel and the secondaciear fuel?
Call main distinctions between nuclear fuel angilozrganic fuel.
Call main stages of the open and the closed NFC.

What are main difficulties for the NFC closure?

aokrwnPE
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CHAPTER 1. MAIN STAGES OF THE CLOSED NUCLEAR
FUEL CYCLE

1.1.Mining and primary treatment of uranium ore

For the beginning, the following information can firesented about
discoveries of natural nuclear materials — urarngunt thorium.

German chemist M. Klaproth is considered as a sistewho per-
formed uranium discovery in 1789. Klaproth precd a yellow
compound by dissolving pitchblende extracted fralmes mines in
Jachymov (Czech Republic now) in nitric acid. Klapr erroneously
assumed the yellow substance was the oxide of aypewndiscovered
chemical element. He named the newly discoverethesi¢ after the
planet Uranus. In 1841 the French chemist E. Pelggated the first
sample of metal uranium.

Thorium was discovered in 1828 by the Norwegianaratogist M.
Esmark, identified by the Swedish chemist J. Béngehnd named after
Thor, the Norse god of thunder. Despite such ablername, thorium
was never used in any military purposes. In puogitim ores thorium
consists of isotopé®Th only. Thorium decays with emission af
particles, its half-life (T, = 1,4-16° years) is about three-fold longer
than half-life of main uranium isotog&U (T, = 4,5-18 years). Geo-
logical evaluations showed that natural thoriumoueses exceeded
natural uranium resources up to the same degrese{tbld exceeding).
Average uranium abundance in the Earth’s crusttisnated as 2-4 ppm
while thorium abundance is three times larger,1i2215 ppm.

Because of their strong chemical activity, uraniand thorium are
not found in the nature as pure metals but onlyointn of complex
chemical compounds. In total, nearly 200 uraniund ahorium-
containing minerals are known today.

Because of strong chemical activity of uranium, duse of high
solubility of uranium compounds in water that leaolsactive uranium
transport in the Earth’s crust, there are relayivielv regions in the
world with rich deposits of uranium ores. Accordilmgsome geological
evaluations, sea and ocean water contains alibdt tdnatural uranium
(08,3 mg/ni, or 0,003 ppm, as an average content). For cosgrari
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total natural uranium resources in the Earth’stcans evaluated in 1
tons (2-4 ppm, as an average content).

The following categories of uranium ores can bekedout depend-
ing on uranium content:

1. Very rich ores contain above 1% U.

2. Rich ores contain 0,5-1% U.

3. Medium ores contain 0,25-0,5% U.

4. Ordinary ores contain 0,09-0,25% U.

5. Poor ores contain below 0,09% U.

In average, the mined ores contain about 0,1%eUthese are ordi-
nary and poor uranium ores.

Natural uranium resources are evaluated on theviollg two cost
categories:

1. Cheap uranium costs below 80 US dollars per W:Ka.

2. Expensive uranium costs above 80 US dollard ey UsOs.

The threshold cost (80 US dollars/kgQd) differentiates the com-
petitiveness areas of NPP and coal-fired TPP. tilirahuranium costs
below 80 US dollars/kg 4Ds, then NPP produces the cheaper electrical
energy than TPP does, and vice versa.

The following four categories of natural uraniunsaerces can be
marked out depending on the completeness of gealbigiformation:

1. Reasonably assured uranium resources (RAR).

2. Inferred uranium resources (IR), i.e. uraniurpadits at periph-
eral wings of reasonably assured resources.

3. Prognosticated uranium resources refer to teapected to exist
in well-known uranium provinces.

4. Speculative uranium resources refer to thoseagd to exist in
geological provinces that may host uranium deposits

The first and second categories are the most toutty ones. In-
formation on global uranium resources (as of Jania009) and ura-
nium production rate in 2006-2008 is presented ablé@ 1.1 and Ta-
ble 1.2. As is seen, the reasonably assured uramisources are evalu-
ated as 3,920 t, the inferred uranium resources - TJ88t, i.e. about
5,410° t in total, including 3,AC° t of cheap uranium and I17° t of
expensive uranium. As of January 1, 2009, the waddlear power
(373 GWe) required 59 thousand tons of naturaliurara year. Under
such a consumption rate, the cheap uranium resowitiebe sufficient
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for 63 years, the expensive uranium resources waory this time in-
terval on 28 years, i.e. total cheap and expensiagium resources will
be able to meet the demands of the world nucleaepéor naturalura-

nium during 91 years.

Table 1.1
Uranium resources, thousand tons (2009)
No. Country RAR IR
<80 $/kg | <130 $/kg < 80 $/kg < 130 $/kg|
1 Australia 1163 1176 449 497
2 Canada 337 361 111 124
3 Kazakhstan 234 336 242 316
4 Brazil 158 158 74 121
5 SAR 142 195 91 100
6 China 101 116 49 56
7 Russia 100 181 58 299
5(1-7) 2235 of 2523 of | 1074 of 1226| 1513 of 1879
2516 (89%)| 3525 (72%) (88%) (81%)
Table 1.2
Uranium production rate, thousand tons
No. [ Country 2006 2007 2008
1 Canada 9,86 9,48 9,00
2 Australia 7,59 8,60 8,43
3 Kazakhstan| 5,28 6,63 8,51
4 Niger 3,44 3,19 3,03
5 Russia 3,19 3,41 3,52
6 Namibia 3,08 2,83 4,40
7 USA 1,80 1,75 1,49
5(1-7) 34,24 of 39,62 35,89 of 41,24 38,38 of 43,88
(86%) (87%) (87%)

Nearly 85% of the reasonably assured and inferneshium re-
sources are placed in seven countries: in Amefieadéda, Brazil), Af-
rica (SAR), Eurasia (Kazakhstan, China, Russia)ianélustralia. The
same situation takes place with uranium productidnnual rate of
natural uranium production (40-44 thousand tonsdsdoot meet the
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demands of the world nuclear power (59 thousand)tdrhe deficit of
natural uranium is covered by the previously mineghium ores.

Some data on total capacities of national nucleargy systems in
2011 and on NPP shares in gross electricity geoerate presented in
Table 1.3.

Table 1.3
The world nuclear power in 2011
No. Country Total nuclear power,| NPP share, %
GWe
1 USA 100,4 19
2 France 63,1 78
3 Japan 44,7 30
4 Russia 23,7 18
5 South Korea 19,7 35
6 Ukraine 13,1 48
7 Canada 12,7 15
8 Germany 12.1 18
9 China 11,8 2
10 Great Britain 10,1 15
Total 312,0 of 373 (84%) 16

As is seen, the countries possessing main depafsiitsanium ores
are the main producers of natural uranium too bey tare not obliga-
tory the possessors of the well-developed nucleavep system. For
example, all African countries and Australia haeeNPP in operation
at all. Quite the contrary, Asian countries Japat South Korea have
no any available resources of natural uranium, biodlse countries are
the main uranium importers in the world, but theme the well-
developed nuclear power systems in these states.

Of 312 GWe produced by the countries with the welNeloped nu-
clear power industry, about 113 GWe are generageddsth American
countries, 123 GWe — by European countries and & G by Asian
countries. The remaining 61 GWe are generated &\ctluntries, non-
members of the top-ten list.
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The following four methods are mainly used for nesry of natural

uranium:

1. Underground extraction from uranium mines.

2. Uranium extraction from open-cast mines.

3. Underground leaching, or in-situ leaching of uramideposits.
4. Uranium extraction from seawater.

When uranium-containing minerals are already rea/drom the
Earth’s crust with application of the first two rhets, uranium ore un-
dergoes the hydro-metallurgical (HM) treatment. Theydro-
metallurgical technologies are based on good dithbif the uranium-
bearing minerals by acidic and alkaline solutions.

Natural uranium can be recovered from uranium dresneans of
the following consecutive procedures:

1. Crashing and physical concentration of uraniumbyr@emoval of
the barren (dead) rocks.

2. Leaching (dissolution) of uranium ore in acidicaarbonate solu-
tions.

3. Selective separation of uranium from the soluti@mspulps by
technologies of sorption, extraction and chemicatipitation.

4. Production of dry uranium concentraf®$% U;Og).

5. Production of pure (refined) uranium compounds veifiplication
of the affinage technologies.

The following methods can be used to concentraa@ium ore by
separation of the uranium-bearing rocks from thredmarocks:

1. Radiometrical separation.The radiometrical method is based on
the higher radioactivity of the uranium-bearing k®cUranium ore is
milled into pieces with typical sizes about 20-30. @he ore pieces are
examined by monitoring the natural gamma-radio#tytiof each ore
piece and removing the barren pieces. This methathle to remove up
to 50% of the barren rocks.

2. Gravitational separation. The gravitational method is based on
different densities of the uranium-bearing miner@s 5-10,5 g/cr)
and the barren rocks (2,5-2,7 gfgnUranium ore is milled into pieces
with typical sizes about 1 mm, and the ore piecespat into a water-
filled vessel. The heavier pieces sink onto boteord can be next col-
lected. The gravitational method is often combingth a floatation
separation.
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3. Floatation separation.The floatation method is based on differ-
ent densities and different abilities to be moisteby water of the ura-
nium-bearing minerals and the barren rocks. Urarboenis milled into
pieces with typical sizes about 0,1 mm, and thepigees are put into a
water-filled vessel. Air flow is pumped from thettmm. The lighter
pieces of the barren rocks are sticking to thebalsbles and going to
the water surface while the heavier pieces of lamium-bearing min-
erals gradually sink onto the vessel bottom whiey tan be then col-
lected. The separation process can be quickenddtimducing some
floatation reagents into the water-filled vesselctange purposefully
natural ability of the uranium-bearing mineralsbi® moistened by wa-
ter.

The next step in the HM-treatment is a leachingh(real by dissolv-
ing) of uranium compounds from uranium ore. Depegdin chemical
composition of uranium ore, one of two leachingenals can be used,
namely acidic or carbonate solutions.

The acid leaching is a more widely used technol&yphuric acid
H,SO,, nitric acid HNQ and hydrochloric acid HCI may be used as a
leaching reagent. The carbonate leaching is appliddrge content of
impurities which can actively interact with acidiolutions. Soda Na-
HCO,;, sodium bi-carbonate MNaO; and ammonium carbonate
(NH4).CO; may be also used as a leaching reagent.

After uranium compounds were leached from uraniue, these
uranium compounds can be selectively derived frauid acidic or
carbonate solutions by using the following thredhods:

1. Sorption on organic ion-exchange resins.
2. Extraction by organic liquid (extractant).
3. Chemical precipitation from solutions.

Uranium can be sorbed from pulps and clarified thmhs. Extrac-
tion and chemical precipitation of uranium compareghn be per-
formed from the well-clarified solutions only. Uiam-bearing solu-
tions can be clarified by:

1. Settling of solid particles in large vessels.
2. Filtration of the solutions obtained after remowibolid particles by
settling through thick layers of sand, silica gedlactivated charcoal.

The sorption method is based on the selectivetaloli some or-
ganic ion-exchange resins to sorb primarily uranicompounds on
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their surface. Small spherical granules of an iwchange resin are
mixed with uranium-bearing solution, and the grasuorb selectively
uranium compounds. Since ion-exchange resins gheeli than liquid

solutions, the granules can be easily collectedrambved for further

de-sorption of uranium compounds from their surfathe uranium

washing off the granules is named as a de-sorptioe]ution process
with an eluate as a final product. Neutral or alle@lsoda solutions are
widely used as eluents.

Other method is also used to derive uranium comg®firom acidic
or carbonate aqueous solutions. This is a methattafium extraction
by organic substances. From viewpoint of a gengramistry, the ex-
traction process is based on a solvation reactiah ¢an unite mole-
cules of quite different materials into a singlald¢ compound (sol-
vate). The simplest example of the solvation reacis a hydration of
salts that leads to formation of stable hydrateth whe following
chemical formula “salt-n}©”. The uranium extraction process is based
on the property of some organic dissolvents (eidras), immiscible
with water, to form complex chemical compounds witlanium salts.
The extraction process must be followed by thexteaetion process,
i.e. dissolution of uranium-bearing solvates byesscquantity of a neu-
tral dissolvent and, thus, formation of a highlyncentrated uranium
solution.

When the clarified acidic or carbonate solutiontacts with organic
extractant, uranium is distributed between aquemasorganic phases.
The most uranium quantity goes into organic ph@ken, these phases
are separated, and uranium re-extracted from thgenar phase. Light
water or low-concentrated nitric acid HANQan be used as re-
extractants. Several consecutive applications & #xtraction-re-
extraction process can derive up to 99,7% U coathiim the mined
natural uranium ore.

One else method of uranium derivation from acidicarbonate so-
lutions is a chemical precipitation. The precipdatprocess can deal
with the clarified acidic or carbonate solutionsguced by leaching of
uranium ore and with large volumes of low-concertiauranium-
bearing solutions produced by the de-sorption eexteaction proc-
esses.
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Uranium compounds can be precipitated by introdysiome appro-
priate reagents (precipitants) into the uraniunribgasolutions. The
following substances can be used as precipitanydrogen peroxide
H,0,, ammonium hydrate Nf@H, caustic soda NaOH, magnesium ox-
ide MgO, etc. The precipitation process producsslitble hydrates of
uranium oxides UQnHO which fall as a sediment onto a bottom.
Then, the uranium-bearing precipitates can be dickeand dried.

The precipitated, picked up and dried uranium cotrege is a final
material produced by HM-treatment of the mined iwanore (solid
form).

Thus, HM-treatment of solid uranium ores includee following
main steps:

1. Transportation of the mined uranium ore to HM-péant

2. Crashing of the uranium ore and physical conceptradf uranium
compounds.

3. Leaching of uranium compounds from the uranium ore.

4. Application of sorption, extraction and chemica¢gipitation proc-
esses.

5. Application of de-sorption, re-extraction and cheahiprecipitation
processes.

However, the in-situ leaching (ISL) process makegpdssible to
work without transportation, crashing, physical cemration and leach-
ing of the uranium ore. The ISL method consisttheffollowing steps:
1. Drilling of the injection and output wells into thanium ore body.
2. Injection of liquid dissolvents into the uraniumedsody for leaching
of uranium compounds.

3. Pumping out of the produced solutions through thtput wells after
a certain time interval.

Then, these solutions undergo the aforementionedegdures of
HM-treatment  (sorption-de-sorption, extraction-réraction and
chemical precipitation).

As a rule, the ISL wells are drilled not deepemthl@0 m. Main dis-
position scheme of the ISL wells represents a sqtige-well cluster
with four injection wells in four apices of the sqa and one output
well in the square center. Pitch of the clustends longer than 30 m.
Acidic (at low content of carbonates in the uraniora body) or alka-
line (at high content of carbonates in the uraniumbody) are used as
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uranium dissolvents. Uranium concentrations in ¢lgput solutions
can reach ~200 mg/l, i.e. about 0,02%, or 200 ppm.

The ISL process can be applied only if the uraniwmenbody is char-
acterized by the following properties:

1. The uranium ore body is placed between two watgt-tstrata so
that the uranium-bearing solutions could not le@knf the deposit re-
gion.

2. The uranium ore body is porous enough for the lieactissolvent
to penetrate easily and deeply into the ore body.

Seawater can be also regarded as a very low coatehturanium-
bearing solution. In a global scale, seawater @f world seas and
oceans contains aboufl®’ t U but with as low concentration 88,003
mg/l, or 0,003 ppm. So, total uranium resourceseawater are larger
by three orders of magnitude than total reasonasdyred and inferred
uranium resources in the Earth’s crust (EB)%t U). Unfortunately,
derivation of natural uranium from seawater encergt the following
difficulties:

1. Large volumes of seawater to be pumped througlamium extrac-
tion installation.

2. Flow of fresh seawater can not be mixed with speater effluents
produced by a uranium extraction installation.

3. Large volumes of chemical reagents and wastes.

Thus, HM-treatment of uranium ore can produce dgnium con-
centrate as a mixture of uranium oxides (mosthOd) Uranium con-
centrate consists of practically all uranium quasrtthat previously con-
tained in uranium ore. But uranium concentrate veéerifrom the ore
contains also some accompanying impurities. Realgnium concen-
trates contains about 94-95% of uranium oxides &8&o of undesir-
able impurities. That is why it is necessary t@ol@ranium concentrate
by removing all impurities, and a particular attentshould be given to
elements which could play a role of parasitic neutabsorbers in nu-
clear reactors. Some isotopes of boron, cadmiumjura, of rare-earth
elements (europium, gadolinium and samarium) amngtneutron ab-
sorbers and so they must be removed from uraniunmoectrate.

Therefore, the next NFC stage is a fine purifigatd uranium con-
centrate from undesirable impurities (especiallypnf neutron-
absorbing elements) with application of affinagegasses. The most
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developed and mastered affinage technology is bagsethe aqueous
extraction process with application of tri-butylggphate (TBP) as an
extractant. TBP is a complex organic ethejH§:PO, with the follow-
ing scheme of chemical links:

CHy—O-P=0
CHe—0"

TBP density (0,973 g/cinis close and slightly lower than density of
light water. TBP is a very viscous liquid and, sduce its viscosity,
TBP is usually diluted with neutral organic liquileerosene, for in-
stance). From the standpoint of nuclear technotpglee most signifi-
cant TBP property consists in its excellent abitiiyextract selectively
uranium compounds from any uranium-bearing solstiGrBP can ex-
tract uranyl-nitrate UgINQOs), from its aqueous solutions by four orders
of magnitude more effectively than impurities. OrigP liter can retain
up to 440 g U.

The aqueous extraction affinage process includedalfowing pro-
cedures:

1. Dissolution of uranium concentrate by nitric acidhaproduction of
uranyl-nitrate:

U308+ 8 HNQz 3 UOZ(N03)2 +2 NQ"‘ 4 |"20

2. Mixing of the uranyl-nitrate solution with TBP. Maifraction of
uranyl-nitrate goes into organic phase.

UO,(NO5), + 2 TBP - UO,(NOy), [2 TBP.

3. Separation of aqueous and organic phases.
4. Derivation of pure uranyl-nitrate from organic pedsy the chemical
precipitation process. Here the following two wags be applied:
a. Hydrogen peroxide 4@, is used as a precipitant. Hydrate of uranium
peroxide UQ[RH,O falls into deposit.
b. Ammonium bicarbonate NHCO; is used as a precipitant. Ammo-
nium-uranyl-carbonate (NHLUO,(COs); falls into deposit.
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Calcination of both these products (hydrate of wianperoxide and
ammonium-uranyl-carbonate) can produce, dependinghe calcina-
tion temperature range, the following impurity-freeanium oxides:
UO; at 240-350C, U;0; at 580-620C and UQ at 750-808C.

1.2. Conversion and isotopic enrichment of naturaliranium

All contemporary nuclear power reactors are fueldtth enriched
uranium compounds, i.e. uranium containing thedafgU fraction
than that in natural uraniunil{,71%). Thermal light-water reactors
(LWR) constitute a basis for the global nuclear powndustry, and
they are fueled with uranium dioxide enriched ug#%2*U.

A whole series of nuclear technologies have beerldped for ura-
nium isotope enrichment. All the technologies aasdal on the mass
difference of main uranium nuclidé$U and®*U (3 a.m.u.). This dif-
ference of nuclear masses causes different dengatbd ionized atoms
traveling in a magnetic field (electromagnetic tealogy), different
probabilities for light and heavy atoms to penetrdirough a porous
wall (gas diffusion technology), different spatiiktributions of light
and heavy atoms in a centrifugal field (gas cemgef technology and
separation nozzle process).

Advanced and very promising laser technologiesusder intense
development now. There are two varieties of lasehtiology for ura-
nium isotope enrichment, namely atomic and moleayions.

Atomic vapor laser isotope separation (AVLIS) tedlogy is based
on selective excitation 6f°U atoms under laser irradiation. Then, the
excited®*U atoms can be ionized by additional laser radiatmd®**U
ions can be easily separated from electricallyna¢&fU atoms.

Molecular laser isotope separation (MLIS) technglégy based on
selective excitation of gaseoi?iJFG molecules under laser irradiation.
Then, the excited®UFs molecules can be chemically dissociated by
additional laser radiation with production of sdffdUFs powder.

Some chemical methodologies of isotope separatienbased on
different isotope stabilities in different chemicabmpounds of the
same chemical element. The chemical methodologesreactions of
isotope exchange between two different compoundsnef chemical
element. Individual isotopes are accumulated in th@mical element
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where they are more stable. For example, natunarb(?0%"°B and
80% 'B) can be enriched with its light isotop®, strong absorber of
thermal neutrons, to fabricate highly efficient tohrods needed to
provide safe LWR operation. When mixing Bkith BF;:O(CHs),, the
following isotope exchange reaction can occur withdual accumula-
tion of °B in organic phase:

BF; + BRO(CHy), — 'BF; + '“BF;0(CHg),

A similar effect can be achieved in the isotopehaxge reactions of
different uranium compounds, desirably, with diffier uranium va-
lences. As is knowrf>®U is more chemically stable in six-valence ura-
nium compounds while, on the contrafjfu — in four-valence com-
pounds. Such a fine distinction in chemical prapsrof uranium iso-
topes can be used for their separation.

Plasma isotope separation technology is based emeffect of ion
cyclotron resonance. Any charged particles (iops,eixample), when
coming into a constant magnetic field, begin roigtaround the force
lines of the magnetic field with a certain frequertion cyclotron fre-
quency —ICF) and with a certain orbital radius. TBE value depends
on the ion mass, s8°U and®®U ions are characterized by their own
ICF values. Orbital radii 0f*U and®*®U ions depend on their energy. If
the alternating electrical field with the frequenegualed to the ICF
value of?*U, for instance, is applied, then energy of theteieal field
is selectively absorbed B§”U ions only. As a consequence, energy of
23 ions increases, and orbit of their rotation edgeriThus, an oppor-
tunity arises to separate spatigfiyu ions from?*®U ions.

Quality of isotope separation (enriching) techn@sgcan be evalu-
ated by the following two parameters: efficiencyl @nergy consump-
tion. Efficiency of the enriching technology is ohefd by its ability to
upgrade relative content (abundance) of necessatyge after one step
of the enriching process. Energy consumption ofetmeéching technol-
ogy is defined in the terms of energy expensesapseparative work
unit (SWU). The concept of separative works andr tiieasuring units
is described below.

Schematically, the process of uranium enrichmentleEacharacter-
ized by such a way. Initial uranium mass F (feed) eelative?*™U con-
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tent X= are main input parameters of the process. Maiputyiarame-
ters of the process are mass of enriched uraniyprdeluct), relative
23 content in the product p{mass of depleted uranium W (waste or
tails) and relativé®U content in the waste\X

F (feed), %(**%V)
!
System of separative steps
!

Depleted uranium - W (waste),&U)
+

Enriched uranium - P (product) 5{&U)

Mathematical definition of material balance in tli@nium enrich-
ment process can be written as a system of thewilfy two equations:
1. Balance of uranium mass: F=P +W.

2. Balance of*U mass: X% [F = Xo [P + Xy DW.

This is a system of two equations with three unkmeariables (F, P
and W). Fortunately, by dividing both equationsfthe system can be
transformed into the resolvable system of two eéquoatwith two un-
known variables F/P and W/P:

By solving the system, the following characteristif the isotope
separation process can be determined:
a. Factor of natural uranium consumption per the pooduct mass
unit:

E_XP_XW.
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b. Factor of the waste production per the product rass unit:

w_ Xp~XE.

c. Division factor of the feed flow®:

F=P+W=0[F+(1-6) [F,

Some numerical examptes
a. Production of weapon-grade uranium from natural uranium:

Xe=0,71%; % = 90%; Xy = 0,25%.

Then
E_XP—XW_89,75~
P Xg—-Xy 0,46

195.

This means that production of 25 kg (one Signific@uantity for
weapon-grade uranium) requires about 5000 kg afrabtiranium con-
tained, in average, in about 5000 t of natural iurarore.

b. Production of reactor-grade uranium from natural uranium:

Xe=0,71%; % = 4%; Xy = 0,25%.

Then
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This means that about 120 kg of enriched reactdeyuranium (4%
#J) and 880 kg of depleted uranium (0,23%) can be obtained
from 1000 kg of natural uranium.

The following parameters can be introduced as taybe helpful
for characterization of the uranium enrichment pesc
1. Relative concentrations 67U in the feed, product and waste:

2. The single-stage separation factor:

R Xpg/(@-Xp)

3. The single-stage depletion factor:

R" Xyw/@Xw)
4. The single-stage enrichment gagh= o -1.
5. The single-stage depletion ga#i=p-1.

1.2.1. Separation work

The methodology for quantitative evaluation of dfforts expended
to separaté®*U and®**U from each other has been developed by Eng-
lish physicists R. Peierls and P. Dirac. They psmabto use a certain
function U that can characterize a total value § aranium isotope
composition. For example, total value of the feeteamal is defined by
multiplying the feed mass F by a certain dimenseslifunctionv(Xp)

that depends only on a specific concentration ef diesired isotope

2, ie.

Up =FDV(X ).
38



The V(X) function is called the separation potential fumatiBe-
fore the uranium enrichment process started, t@tiale of the feed ma-
terial Up = FOWV(X). After the uranium enrichment process ended, total
value of the obtained materials is a sum of thedpcd value
Up =PIV(Xp) and the waste valug, =WV(X,,) , i.e. total value of
isotopic composition increased on:

AU =(Up +Uy,) - U =PDV(X p) + WIV(X ) —-F V(X ). (1)

The value gainAU is chosen as a main characteristic of the separa-
tive work scope needed to divide the initial binegtope composition
into two new materials, namely enriched uranium degleted ura-
nium.

The separation potential function(X) is dimensionless, and so the

separative works are measured on the feed, prahttwaste mass
units (kilograms, for instance). Also, as it follevirom the definition,
the separative work scope is independent on thieapigotope separa-
tion technology.

If the following mathematical operations are pemfed, then the ex-
act formula for the separation potential functié¢(X) can be derived:
1. Equation (1) must be re-written into the formmi@ining the feed
mass F only:

AU = FIOBV/(X p) +(1—-6) V(X ) —V(X Jl. )

2. The separation potential functiongX ) and V(X,,) must be ex-
panded in the Taylor series in the vicinity ¥f point including only

the first three terms of the expansion.
Then, by assuming that the single-stage sepanativk is independ-
ent on the feed concentratigp, the following second-order differen-

tial equation can be obtained for the separatidamg@l function:
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d’V(X) _ 1 _
dx?  X2m-Xx)?’

with the solution:

—(2X ~1)In >
V(X) =(2X ~D)n .

Derivation of mathematical formula
for the separation potential function

The feed mass F comes to the single-stage inldtjvam new mate-
rials leave the single-stage outlet, namely thelpco P=6CF and the
wasteW = (1-0)[F. As a result, equation (2) was obtained.

If the separation potential functiong(Xp) and V(X,,) are ex-
panded in the Taylor series in the vicinityXf point by such a way:

2
VX =VOX 9 + X o X} 0,5 LK X )

dv 2y
V(X ) =V(X +&D< w=X 2 40,5 BE:X—ZE@( wXp?2

and substituted into equation (2), then the follmyviequation is ob-
tained:

AU =V(X;) [BIE +(1-6) F - F] +

+ S TOF X=X ) +(1-6) (FIIX =X ] + 3)
+o,59$<—\§ (18 [F(Xp — Xp)? + (1~ 8) [FI(Xyy — X)].

By using the mass balance relationships, it is éashow that the
first two terms of equation (3) are equal to zémdeed:
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F®+(1-0)(F- F= 0,
FB{Xp-Xp) +FIL-0) (X~ X ) =POX p=X g +W X ,,—X ) =0.

Then
AU = 0,592% 08 [FL(Xp — X)? + 1-8) [FI Xy - Xp)%.  (4)

Let assume that very little enrichment and deptetjains occurred
at any one of multiple stages of the isotope sejpargrocess, i.e. the
single-stage enrichment and depletion gaitend €' are much lower
than unity. Then, by using definitions of thesengaithe following ap-
proximate expressions can be obtained:

8.:XP/(1_XP) -1= Xp=X ¢ .
Xel(1=Xg) Xelll-Xp

e = XF/(l_XF) 1= XF_XW

Xw 1 1=Xw) Xw lIH-_XF),

These expressions being substituted into equatipriof AU can
transform the equation into the following:

2
AU =o,5a(‘jlx—\g DX [1- X )2 CFOPE 2 + (1- 8) 2" 2].

One else assumption must be used, namely the sitagle separa-
tive work is independent on the feed concentratiorand defined only

by the stage design and by the applied technolbgn, the following
second-order differential equation is obtained:
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2
%D(Zm—Xf:l, or

d*v _ 1
dx? X2m-x)?%

General solution of this equation can be writtenthie following
form:
X

V(X) =(2X -1) Dh( j+A X +B.

It can be easily shown that any values of A anda&drs do not
change the separative works scope at all becaes@itand B)-related
terms can produce no effect & value:

AU, g =AQPIXp +W Xy, ~FIXp) +BQP+W-F)=0.

Therefore, the following last assumption can beeptad: A =B =0.
Finally, the separative works scope can be caledlal using the for-
mula:

AU =PIV(Xp) + WD/ (X ) ~FIV(X p;
where

—(ox -1 In| X
V(X) =(2X -1) |n(1_x}

If kilograms are chosen as the feed, product anstevenass units,
then the separative works scope can be also mehsuréhe SW-
kilograms, and, by definition, 1 SW-kilogram = 1 8W(separative
work unit).

Specific scope of the separative works,,, can be defined as the

works scope needed to produce 1 kg of enrichedwran
Nswu :%,SWU ! kg.

As it was shown above:

42



F=P . W= PR ZF
FAwW Xe=Xw
So:
AU =PIV(Xp )+P x D\/(XW) PBMD\/(XF)
and

oy =YX +VX ) B EE VX ) e
W

The concepts of the separative works and theiswfitneasure have
been developed at Oak Ridge National LaboratoryA{U8 provide a
scientific foundation for prices and commercial aoats to be paid for
the offered enriching services. All the expensdated with uranium
enrichment are referred to the really performedasspre works. De-
pendencies of the separative works needed to peotilky of enriched
uranium from natural uranium are available now italbular form as
functions of relativé®U content in the feed and waste uranium.

Some data on the single-stage separation factospecific energy
consumption are presented in Table 1.4 for differeanium enrich-
ment technologies.

Table 1.4
Comparison of uranium enrichment technologies on
the separation factor and specific energy consiompt

: Energy consumption,
Technology Separation factgr KWh/SWU
Electromagnetic 20-40 4000
Gas diffusion 1,0043 2300-2600
Gas centrifuges 1,25 100-300
Separation nozzle 1,025 3000-3500
Laser 3-15 10-50
Chemical 1,0025 400-700
Plasma 3,5-10 200-600
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1.2.2. Properties of uranium hexafluoride and technologies for its
production

The most of the uranium enrichment technologieslyappseous
uranium hexafluoride UFas an initial (feeding) material. This uranium
compound is characterized by a series of verydibea properties, es-
pecially important for the uranium enriching proges

1. Natural fluorine is a one-isotope element caonit@ only one sta-
ble isotope®F. If natural fluorine would contain one else staisiotope
(*®F, for instance), then the isotope separation meeuld deal with
four components?PU R, 28U F,, 2UFs and?*U™Fs) with molecu-
lar masses of 343, 346, 349 and 352 a.m.u., régplctThis means
that the lighter fraction (343 and 346 a.m.u.) wiogbntain some
amount of®% while the heavier fraction (349 and 352 a.m.wuld
contain some amount 6FU.

2. Fluorine is a comparatively light chemical eletmdrelative dif-
ference of moleculaf*®UFs and ®UF; masses is equal to 3/349
0,0086. This value is lower than relative differeraf atomic®*U and
238 masses (3/235 0,0128) but not very much.

3. Uranium hexafluoride can exist in the soliduldjand gaseous
states under moderate temperature and pressuriicosdFig. 5). Tri-
ple point at U state diagram corresponds to the temperature %f 64
and the pressure of 1138 mmHg (about 1,5 atmosphere

4. Uranium hexafluoride can be sublimated fromdbkd state into
the gaseous state omitting the liquid state byightsivarming-up. And
vice versa, gaseous uranium hexafluoride can beleswed into the
solid stat by a slight cooling-down.

Thus, physical properties of uranium hexafluoride zery suitable
to develop sufficiently simple in design, comfottealand compact fa-
cilities for the uranium isotope enrichment.

However, uranium hexafluoride is characterized lhg following
disadvantages:

1. Strong chemical activity. Uranium hexafluoricendntensely in-
teract with air and water vapor with the formatiohuranium tetra-
fluoride UF, as a powder that can deposit on inner surfacéscbiho-
logical circuitry.
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2. As a consequence, a necessity arises to usdigimlly hermetical
pipes and vessels, maintain their dehydration,edesiing and the surgi-
cal-like cleanness. The most stable structural rizdsefor operations
with gaseous uranium hexafluoride are nickel, ahumi, magnesium,
copper, and their alloys, teflon of organic materia
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Fig. 1.1. Diagram of uranium hexafluoride states

Conversion of uranium oxides into uranium hexafluoide
In the open NFC the uranium concentra®}) product of the ex-
traction affinage, is an initial material for iteroversion into uranium
hexafluoride.
Uranium concentrate 4@g is usually fluorinated by means of the
following two-step process:
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1. Reaction of LDg with gaseous fluorine at 350-30that leads to
the formation of uranyl-fluoride U.:

UsO0g + 3R —» UG, + O..

2. Reaction of uranyl-fluoride with gaseous flueriat slightly re-
duced temperaturé®70C):

UOF; + 2R, - UFs + O..

Another one-step process is feasible too. The tepe-grocess is
based on the direct high-temperature fluorinatemhhology. However,
the process is feasible only at excess amountaseays fluorine and at
substantially higher temperatures (900-1000

UsO05 + 9K — 3URK; + 40..

In the closed NFC with recycling of the regeneratednium, ura-
nium dioxide UQ extracted from spent fuel assemblies is an initia}
terial for its conversion into uranium hexafluoride this case the fol-
lowing two-step fluorination process is usually kg

1. Reaction of uranium dioxide with hydrofluoricid@t 500-608C
that leads to the formation of uranium tetra-flderUR:

UO;, + 4HF - UF, + 2H,0.
2. Reaction of uranium tetra-fluoride with gasefiuerine at 408C:
UF4 +F2 = UFG

Afterwards, uranium hexafluoride is condensed &iGland can be
transported in the containers made of nickel-badlegs.

1.2.3. Uranium enrichment by gas diffusion technology
Gas diffusion (GD) is a physical phenomenon of nteassport in a

mixture of different gases caused by their themma¥yements.
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The GD-technology of material separation is basaddidferent
thermal velocity of light and heavy molecules, amddifferent penetra-
bility of light and heavy molecules through poraualls (membranes).

In binary mixture of light and heavy gases both ponents have the
same temperature and, thus, the same kinetic energy

2 _ 2
Mycur MicHt = Mueavy DMigavy -

So, the light molecules can move with higher vejoand, as a con-
sequence, can penetrate through a porous walllavigler probability:

VigHT 12
IV (Mpgavy / MigHr )1 .
HEAVY

In principle, it can be shown that the maximal,attetically achiev-
able ideal separation factap for two gases diffusing through a porous
wall is equal to:

12 Am

V,
= _LCHT = (mHEAVY/mLIGHT ) =1+

Qg

Vieavy 2My it

Molecular masses 6f°UF (the light gas) antf®UF; (the heavy gas)
are equal to 349 a.m.u. and 352 a.m.u., respegtivals:

0, =1,0043; €, =a,~- & 0,004

Efficiency of the GD-technology can be upgradeth# mean free
path A of UF; molecules is much longer than typical size of poae
(A>>a) because main mechanism of thermal movemenss lneumole-
cule-pore interactions, not inter-molecular cotliss. The mean free
path of any gaseous molecules is inversely propaatito the pressure.
For example, the mean free path ofgWholecules is equal fdl micron
at atmospheric pressure and #)0 microns at 1 mm Hg.
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Manufacturing of the GD-membranes with the micrevel sizes of
pores is a very complicated and the most classjfietlem. The porous
walls must be:

1. thin (well below 1 mm);
2. strong (under the pressure drop up to 0,3 atmosjgher
3. corrosion-resistant in the JEnvironment.

Currently, the porous tubular elements for the @Ehhology are

being made of the following materials:

1. sintered powders of alumina and nickel oxide;

2. sintered nickel powder;

3. porous aluminum produced by the electrical etchéafpnology.

Typical parameters of the GD-technology: the terapge range —
65+110C, the pressure ED,35 atmosphere, the pressure drd;3
atmosphere.

Cascading of the GD-processSince the single-stage enrichment
gain that can be achieved by the GD-technologyiy gmall (0,0043),
many successive GD-stages have to be used to nemgssary values
of uranium enrichment (for example, up to 5%J for nuclear power
reactors or above 90%8U for nuclear weaponry). System of the suc-
cessively linked GD-stages constitutes the GD-aesedth two differ-
ent separation branches (Fig. 1.2): the depletiagdh where relative
23 content reduces from 0,71% in natural uraniure fged material)
down to 0,2-0,3% in the depleted uranium (the wasdterial or tails),
and the enriching branch where relati’dJ) content increases from
0,71% in natural uranium up to the necessary vab#s-90%V).

Experimental studies have shown that the best geraant for the
successive GD-stages is that in which half the figag pumped into
each stage diffuses through the porous wall tonthe higher (enrich-
ing) stage, the other half being returned to tleel imaterial of the lower
stage.

Evidently, the numbers of the GD-stages and flw rates are dif-
ferent in the enriching and the depleting branchigse values depend
on?*U content in the product and in the waste. It &aclthat relatively
small number of the depleting stages is requirecbtince®*U content
from 0,71% in natural uranium down to 0,2-0,3%he tvaste. On the
contrary, relatively large number of the enrichstgges is required to
upgrade?®U content from 0,71% in natural uranium up to 5% (re-
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actor-grade uranium) or 908%U (weapon-grade uranium) in the prod-
uct. The flow rates of uranium hexafluoride sucesdg reduce in both
branches but the reduction of Jifow rate is sharper in the enriching
branch. The sharper reduction can be explainedhéydllowing con-
sideration. In the extreme case of producing 16&% in the product
and 0%?*U in the waste from 1000 kg of natural uraniumafistages
of the enriching branch would handle with 8-10 Kdhe enriched ura-
nium while final stages of the depleting branch ledcdwandle withCP90
kg of the depleted uranium (Fig. 1.3).
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Fig. 1.2. Layout of the GD-cascade

The numbers of the enriching and the depletingestag the GD-
cascade can be evaluated following form the deéfimt of the single-

stage enrichmerd’ and depletiore” gains.
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The following expressions can be written for uramienrichment af-
ter the first enriching stage and, then, afteeNriching stages:

XP X

X Xe
P (NP) @+e)Ve Gl——X
F

1-

So,

Xpl(1=-Xp)
__ Xel@=Xp 1 Xpl@-Xy
P In(L+¢') g Xe/@-Xp)
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Fig. 1.3. Reduction of the stage quantity and wnarflow rate
in the GD-branches
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Similar expressions can be obtained for the demgdiranch:

Xw o 1 pXe .
X 1 X
W_(Ny) = —— .
So,
X! M=Xy) _ 1 Xe/@1-Xp)
W_ n z_"[nq—.
In(L+¢€") € Xw [ A= Xy)

Let assume that it is necessary to produce weapeguranium
(Xp =90% 2*°U) from natural uraniumX; =0,71% ?**U) by the GD-
technology (¢ =¢"=0,0043) with U content in the waste
Xy =0,2% ?*U. Then, the numbers of the enriching stages and the
depleting stages are equal, =1660 and N,, =290, respectively. If
reactor-grade uraniuniX, =4% #*°U) must be produced from natural

uranium with the sam@&U content in the waste (0,2%), then the num-
ber of the enriching stages decreaseN tc= 410 at the same number of

the depleting stages\(, =290).
1.2.4. Uranium enrichment in gas centrifuges
If a cylindrical vessel (centrifuge) containing adry mixture of

light and heavy gases rotates with angular velaojtthen the centrifu-
gal force acts on the elementary volume of the @asenixture:

Fo(N=Vi [60° [F;
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wherey, , —densities of the gaseous components; r — distanoe den-

ter of the vessel.
The pressures on the gaseous components can enidett with
application of the following differential equation:

dB, (r)
1dzr =R ,(r)= \/1,2@02 . (5)

By using the Mendeleev-Clapeyron equation:

P, (V=1 [(RT;
Ml,2

(M1, M, — molecular masses of the gaseous componentsyitiderof
the gaseous components can be determined:

m _ P2 (NMy,

rN=—
Y1.2(r) v RIT

Then, differential equation (5) can be re-written

dR, (r): Ro(NMy,

[do” [T;
dr ROT
and solved:
P, (r)= P(0)Je —M”mzmz P(OY e |¢>L12N2
= X 2 = i
1.2 2[R 20ROT

where V — linear velocity.

Evidently, content of the light and heavy composédntthe gaseous
mixture are proportional to the spatial pressustridiution:
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2
X 235(r) =X 2340) @Xp[%ﬁ'(r)J ;

M IV (r
X 238(r) =X 2340) @Xp(%ﬂyj :

These formulas demonstrate that content of the yheamponent
(depleted uranium) is larger in peripheral regiénhe centrifuge, and,
vice versa, content of the light component (enricbheanium) is larger

in central region of the centrifuge. In this catbe single-stage enrich-
ment factor can be determined from the followingressions:

_ X535(0) / X 5340) _ exp(— Myrr V2 (r)/ZIZRDT) B

o) Xa5(r) [ X 234T) exp(— Mygayy OV2 (r)/ZERDT) B
= exp( AMDV? (r)/2ROT)
2
#(n=am-1=" 20,

As is seen, the single-stage enrichment gaiaf the GC-technology
depends only on absolute, not relative like in &@-technology, dif-
ference of molecular masses of the light and hegas/ components.
Also, the single-stage enrichment gain is propoetiato the squared
linear velocity of the centrifuge rotation. The ttdnges of contempo-
rary designs can rotate with linear velocitiesap®0-700 m/s, i.e. near
to the velocity of a bullet outgoing from the riftabe. According to
many numerical evaluations, the GC-technology canige the follow-
ing velocity-dependent values of the single-stagécbkment gain at the
outer centrifuge radiug:r

€'(ry) =0,068 at V= 330m/s;

€'(r,) =0,098 at V= 400 m/s;

€'(ry) =0,152 at V= 500 m/s;

€'(r,) =0,300at V= 700 m/s.
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The gas centrifuges are currently being made ofdhewing struc-

tural materials:

1. Aluminum-based alloys for linear velocities\850 m/s.

2. Titanium-based alloys for linear velocities\V50 m/s.

3. Alloyed steels for linear velocities /500 m/s.

4. Graphite-reinforced glass-fiber plastics foeln velocities V = 500-
700 m/s.

If vertical gas circulation can be arranged in tlkeatrifuge (for ex-
ample, by thermal convection caused by temperajtadient between
top and bottom parts of the centrifuge), then thetrifuge can act as
the enriching cascade. The gaseous mixture goeardpvalong central
axis and then goes downwards along the centrifugle %o, the gase-
ous mixture of*UF; and ?%UF; is being continuously enriched with
the heavy component in the peripheral bottom regibite the gaseous
mixture is gradually enriched with the light compaonh in the central
top region of the centrifuge.

The gas flow going upwards in the center and dowdsvat the pe-
riphery can be formed by an insignificant warming-of the central
region. The warming-up effect can be produced lsynall electrically
heated rod placed in the centrifuge center.

1.2.5. Separation nozze technology

The separation-nozzle (SN) technology has beenlae@ at the
Karlsruhe Nuclear Research Center (Germany) adtamative to the
GD- and GC-technologies. The gaseous mixturg &ie hydrogen (or
helium) expands along a bent wall. The centrifudgflection force can
split the flow into the light and heavy fractiong means of a slimmer
(Fig. 1.4).
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Fig. 1.4. Layout of the separation-nozzle technglog

The hydrogen or helium auxiliary gas (gas-carriengyeases the
flow velocity and, hence, it increases the cengdduforces defining
efficiency of the SN-process.

The SN-technology is profitably distinguished frothe GC-
technology by the absence of the rotating detaitsitorequires a very
fine mechanical assemblage because of very lizkessf the splitting
slits (decimal fractions of one millimeter). Thegle-stage enrichment
gain in the SN-technology can reaeh=0,025 at the specific energy

consumption about 3000 kWh/SWU.

1.2.6. Laser technologies of isotope separation

The laser technologies of uranium enrichment radytiee slightly
different excitation energies of electronic shéfiat surround*U and
233 nuclei. Three extra neutrons4ffU nucleus caused the slight shift
in the electron excitation energy scheme as cordpaith “**U nucleus.
This energy shift can be used to excite selectivghnium atoms or
uranium-containing molecules by the monochromatiet light prop-
erly tuned to the required wavelength. The excitde of electronic
shell can selectively enhance some physical or s mrocesses with
uranium-containing materials and, thus, promote® separation.
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The following conditions should be satisfied forcsessful imple-
mentation of the laser-induced isotope separation:

1. The energy spectrum of the excited electronic kewalist contain a
line belonging to one isotope only, and this linestbe sufficiently far
from other spectral lines of the desirable isotapd from all spectral
lines of other isotopes.

2. Physical or chemical processes must be found whiehable to
separate the excited and non-excited uranium-guntacomponents.
3. Laser-induced impact on the isotopic compositiorb¢éoseparated
must be a main excitation mechanism, not inter-atoor inter-
molecular collisions.

4. High-efficiency lasers must be developed and fineiged to the
appropriate wavelength.

Presently, the following two laser isotope separatiechnologies
are under intense development and demonstratiomelgaatomic vapor
laser isotope separation (AVLIS) and moleculari@satope separation
(MLIS).

The AVLIS-technology has been developed at the Lawrence Liv-
ermore National Laboratory (USA). The AVLIS techogy includes
the following stages:

1. Vacuum evaporation of uranium atoms at very higmperature
(C2300C). Beam of accelerated electrons knocks uraniwmsout of
uranium-rhenium alloy.

2. Irradiation by xenon laseA[B780 A, ultraviolet rangef*U atoms
are selectively excited.

3. Irradiation by krypton laser\(B500 A, ultraviolet range). The ex-
cited?®*U atoms are selectively ionized.

4. Collection of?*U ions on an electrically charged plate.

The MLIS-technology has been developed at the Los Alamos Na-
tional Laboratory (USA). The MVLIS technology indes the follow-
ing stages:

1. Expansion of gaseous uranium hexafluoride —dgyein composi-
tion through a hypersonic nozzle. As a result, wranhexafluoride
cools down to about 30 K but it does not condense.

2. Irradiation by infrared laseA[11,610° A). Molecules of?UF
are selectively excited.

56



3. Irradiation by ultraviolet laseA[B,0810* A). The excited mole-
cules of®UF;s are selectively dissociated with the formationuoé-
nium pentafluoridé*UFs and free fluorine:

2[F°UR, » 20°°UR + .,

Uranium pentafluoridé*®UF; precipitates from the gas flow as a
fine powder (so called, “laser snow”) that can bsilg collected.

The single-stage enrichment factors are very highboth laser
technologies of uranium enrichment. They cover#mnge from 3 to 15,
according to different experimental studies. Suigihtefficiency tech-
nologies make it possible to use even the wasterialt from GD- and
GC-processes containing about 0,2%J for production of reactor-
grade uranium (about 38%U) by a single enrichment stage.

1.2.7. Chemical methods of isotope separation

The chemical methods of isotope separation aredbasehe prefer-
ential stability of certain isotopes in various imsnible chemical com-
pounds. The isotope exchange reactions can occuwoi different
chemical compounds of one multi-isotope chemioameint enter into a
contact. The isotope exchange reactions lead toconeentration of
isotopes in those compounds where they can be stainée.

The following conditions must be satisfied for fibdgy of the
chemical isotope separation technologies:

1. The contacting compounds must be chemically staigiether.

2. The contacting compounds must be separated byatwvedy simple
means (for example, organic and inorganic substnce

3. It is desirable for the chemical element to bei@iecent valences in
two contacting compounds.

The following examples of the chemical isotope safian are pre-
sented below:

1. Boron enrichment with isotope'°B:

BF; + BRO(CHy), — “'BF; +'BF;O(CHy),

i.e. isotope B passes into the organic compound.
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2. Production of heavy water:
H,O + HDS - HDO + H;S.

Natural hydrogen contains about 0,015% deuteriumthé isotope
exchange reaction between light water and hydragdphide, deute-
rium passes into the aqueous fraction.

The chemical isotope separation technologies foorb@nrichment
and heavy water production are characterized bysithgle-stage sepa-
ration factor about 1,0025 and specific energy aomgion within the
range of 400-700 kwh/SWU.

Presently, the advanced chemical uranium enrichteshinology is
under development and testing in the USA and Japae.technology
applies Uk and NOUFR as the contacting compounds. The process is
called as “reduction-oxidation (redox) chromatod¢mgp The redox
chromatography consists in alternating the redoct@action with hy-
drogen and the oxidation reaction with oxygen. phecess results in
separation of the chemical compound containing,'UQons (six-
valence uranium wher&U is more stable) and“Uions (four-valence
uranium wheré*U is more stable). Some experimental studies demon-
strated sufficiently good parameters of the redosomatography: the
single-stage separation factors are about 1,08padific energy con-
sumption is about 150 kWh/SWU.

1.2.8. Plasma method of isotope separation

The plasma technology of isotope separation isdasethe effect
of ion cyclotron resonance. The effect is describeldw.

If any charged particles (ions, for instance) pssugh a constant
magnetic field B, they begin rotating along spioabits around force

lines of the magnetic field under action of thetdéugal force F:
F=qOVxB];
where q —electrical charge of iong:- velocity of ion movement.
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Orbital radius R and angular frequency of spiraation can be de-
rived from the following relationships:

2
F=qOVB= mg’ :

R:mD/:(ZD‘nEE)”z_
qB qB

w=

x| <

_aB
=,

The angular frequencw is called as an ion cyclotron frequency
(ICF) of isotope with mass m.

Isotope Isotope separation Microwave ion
collectors area source

Fig. 1.5. Layout of the plasma isotope separation
1 — collectors of the waste; 2 — collectors of pheduct; 3 — force lines;
4 — metal plate (source of neutral particles); &eetrical heating area;
6 — antenna of the alternating electrical field; @harging of the collec-
tors to enhance isotope separation efficiency.
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A principal layout of the plasma isotope separatisrshown in
Fig. 1.5.

If the alternating electrical field with the frequy equaled to the
ICF value of?®%U ions, for instance, is applied to the flow ofrafly
rotating ions, then energy of the alternating eieat field can be ab-
sorbed by?*U ions only. Just this is the effect of ion cyctmtrreso-
nance. Selective increasing the energ§’df ions can extend their spi-
ral trajectories and, thus, create the opportuisityspatial separation of
2 and®™ ions. The ICF values of two main uranium isotogiter
from each other on about 1,2%. The difference dlwvat to arrange
selective acquisition o™ and?*®U ions on the properly placed and
charged collectors.

1.3. Technologies for fabrication of fuel rods anduel assemblies

Presently, uranium dioxide U@ the most widely used type of ce-
ramic nuclear fuel. Uranium dioxide fuel (UOX-fueiy currently
loaded into practically all types of nuclear powegactors including
thermal light-water and heavy-water reactors ad asfast breeder re-
actors).

Uranium dioxide is a dark-brown, highly hard andtle substance.
Uranium dioxide does not interact with alkaline aglieous solutions
up to 308C but it can be well dissolved by acidic solutiongr{c acid
and mixture of nitric acid with hydrochloric or hydluoric acid).

Main advantages of uranium dioxide:

1. High melting temperature (27%0).

2. High chemical stability in contacts with main cauta of nuclear
power reactors (light water, heavy water, sodiuch @arbon dioxide).
3. Satisfactory compatibility with main cladding magds of nuclear
power reactors (stainless steels, zirconium-bafleysa within the re-
actor temperature ranges.

4. Acceptable radiation resistance under high neufhaxes (110
n/cnfs) and fluences (up tAl072 n/cnf, i.e. for about three years).

5. Manufacturing feasibility of high-density UOX-fugkellets (up to
95% of its theoretical density that equals 10,26r5).
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6. Isotropy of crystalline lattice that can simplifiyet process of high-
temperature sintering.

Main shortcomings of uranium dioxide:
1. Low hat conductivity and its sharp reduction at dievated tem-
peratures (8,4 W/H at 45C and 2,4 W/riK at 1327C). Such low val-
ues and temperature dependency of UOX heat condyatesults in
very large temperature gradients inside of very it 0 3 mm) fuel
pellets AT 01500C at the distance of 3-4 mm).
2. Intense oxidation ability by wet air at ambient parature (hygro-
scopicity). This effect requires an inert dry eowiment Or vacuum for
UOX-fuel pellets manufacturing. Otherwise, supeafitayers of UOX-
fuel pellets can be saturated with water and oxybater on, during the
reactor operation, the moisture released from thketpsurface can
cause hydration of the cladding materials and dettm of fuel rods.
3. The presence of oxygen in UOX-fuel composition esadt neutron
spectrum and, thus, decreases the secondary hdgiion rate.

1.3.1. Pelletization of uranium dioxide

The following processes are used now to produce i@Kpellets:
1. Conversion of uranium hexafluoride into uraniumdé®. Two con-
version technologies have been developed and ¢lyrresed:

a. “Wet” technology of the AUC-process:
» Barbotage of gaseous uranium hexafluoride througleaus solu-
tion of ammonium carbonate (NHCO; followed by precipitation of
solid insoluble deposit of ammonium-uranyl-carbenatAUC) -
(NH4)4,UO,(CO;)s.
+ Heat treatment of AUC at 550-6%0 followed by thermal AUC
dissociation with the formation of finely disperdd@®X powder.

b. “Dry” technology:
+ Hydrolysis of uranium hexafluoride by water vapari&0-306C
with the formation of uranyl-fluoride UfB.:

UFs + 2H,0 —» UO,F; + 4HF.
«  Pyrohydrolysis of uranyl-fluoride by hydrogen @50C with the

formation of finely dispersed UOX powder and hydinofic acid.
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UOF; + H, - UG, + 2HF.

Thus, the finely dispersed Y@owder is produced. Unfortunately,
such small-sized powder is unsuitable for manufaaguof UOX-fuel
pellets by pressing because of too small dimensibrilse powder par-
ticles (below 0,5 micron). The following procedursisould be per-
formed to enlarge the powder particles:

2. Mixing of UQ, powder with an organic plasticizépolyvinyl, glyci-
dol and so on).

3. Hydro-compaction of the powder-plasticizer mixtutiee mixture is
placed into a plastic form; the plastic form isgad into a reservoir
filled up with water, uniform omni-directional psgeg, and production
of the powder-plasticizer briquettes.

4. Granulation of the briquettes by milling.

5. Annealingat 600-808C for removal of organic plasticizers.

6. Cold pressing of pelle{g = 1500-2000 atmospheres).

7. Sintering of UOX-fuel pelletst 1600-1708C.

8. Quality control of UOX-fuel pelletsiges, content of carbon as a re-
sidual of organic plasticizers, stoichiometry).

The manufacturing process of UOX-fuel pellets ulsuatsociated
with the manufacturing process of mixed oxide (MQXjainly ura-
nium-plutonium, fuel pellets. In principle, the lmhing three MOX-
fuel compositions are feasible:

1. PuQ + 2%0,, where plutonium is taken from the weapon-grade nu
clear materials (weapon-grade plutonium).

2. PuQ + ®0,, where plutonium is extracted from spent fuel of n
clear power reactors (reactor-grade plutonium).

3. 20, + %0, where®U is taken from the weapon-grade nuclear
materials (weapon-grade uranium).

Anyway, there is a distinction of principle in theanufacturing
process of UOX-fuel pellets from a single feed flamd the manufac-
turing process of MOX-fuel pellets from two differtefeed flows. In the
former case, natural uranium is a single feed ri@tehich, after a se-
ries of technological operations, converts into éneiched uranium di-
oxide and, then, into UOX-fuel pellets. At all teesperations’**U nu-
clei were uniformly mixed witt*®U nuclei. In the latter case, on the
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contrary, the manufacturing process of MOX-fuellgtsl is based on
technological operations with two different feeolk:

1. The fertile material fraction, i.6>U0O, powder made of depleted or
natural uranium.

2. The fissile material fraction, i.e. Pu@owder made of weapon-grade
or reactor-grade plutonium, 6°UO, powder made of weapon-grade
uranium.

Here, the homogeneity of the fertile-fissile fracthl mixture is not
guaranteed. So, a high degree of homogeneity naugnbured in the
blending process of the fertile and fissile compuge The blending
process of two different feed flows is the onlygstdhat distinguishes
the MOX-fuel manufacturing technology from the U@xel manufac-
turing technology.

The homogeneous mixture of the fissile and feddenponents can
ensure the safer operation of nuclear power reatt®cause fertile iso-
tope 2% and fissile isotope$™U, #%Pu can cause quite different reac-
tivity effects under accidental conditions. If tleactor power in-
creased, then both fuel components warmed up Bail€fi isotopes,
main contributors into the chain fission reactiaarmed up in the first
turn. Fertile isotopes can warm up with some tirakayg and the better
homogeneity of fuel composition results in the skotime delay of the
fertile component warming up. Temperature increpsih the fissile
component causes the Doppler effect that leadset@mergy extension
of the resonances in neutron capture and fissiossesections. As a
rule, the Doppler effect of fissile isotopes camgma relatively small
but positive reactivity change (increment). As & oo, the Doppler
effect of fertile isotopes can cause a large angatiee reactivity
change (decrement). If the Doppler effects of liisaind fertile isotopes
occur simultaneously (the best case) or with ohlyristime delay, then
the reactivity stabilization effect of fertile isqtes can be in a due time
for neutralization of the positive reactivity chagaused by fissile iso-
topes warming up. If the time delay between actmatif the reactivity
increment caused by fissile isotopes and the rdgctiecrement caused
by fertile isotopes would be remarkably long (therst case), then the
reactivity increment of fissile isotope can havsufficiently long time
interval to increase the reactor power up to arcceptably high level
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till the stabilizing reactivity decrement of fedilisotopes would begin
acting.

At initial stage of nuclear power development i tivorld some
two-purpose thermal reactors were fueled with metdlral uranium
(the UK “Magnox” reactors, for instance). Thesectees were charac-
terized by relatively low values of fuel burn-updathermal energy gen-
eration rate.

Metal uranium has the following advantages:

1. High density (18,7 g/cfia 10,96 g/cm® of uranium dioxide).

2. The better neutron balance in the reactor coresléadhe lower
values of uranium enrichment and annual uraniunswaption.

3. High heat conductivity (30 W/M via 3 W/nmK of uranium diox-
ide).

4. High heat generation rate and, thus, small sizéiseofeactor core.
5. The higher values of breeding ratio.

6. Simplicity and cheapness of metal uranium fuel nfiacturing.

However, the developers had to decline the furtlsarge of metal
uranium fuel in contemporary designs of nuclear groweactors and
decided to use Ugbased fuel preferentially. This decision was vali-
dated by the following shortcomings of metal uramifwel:

1. Incompatibility with light-water coolant. If someefikcts in the fuel
cladding appeared, then metal uranium is intendi&golved by hot
water, and radioactive fission products can reldesma fuel meat and
spread into NPP circuitry.

2. Instability of fuel sizes under high values of fielrn-up, neutron
flux and fluence. The radiation damages of metahium fuel pass the
following three consecutive phases as the fuel &zatpre increases:

a. Irradiation-induced anisotropic growth of thetahgyrain sizes and
irradiation creep at temperatures below %00

b. Cavitation swelling within the temperature rarfgem 376C to
500°C. The cavitation swelling is caused by the formatid irregular
pores within the temperature range where mechasiedses caused by
the irradiation-induced growth of the metal graires still take place
also. As a consequence, mechanical strength ofl metaium fuel is
substantially weakened, especially along the nggtih boundaries.
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c. Gas swelling at temperatures above’600he gas swelling effect of
metal uranium fuel is caused by gaseous fissiomywts which are
preferentially accumulated on the grain boundaries.

Specific volumetric swelling\V/V of metal uranium fuel covers the
range of 4-6% per one percent of fuel burn-up. Ggbpvalues of maxi-
mal fuel burn-up in thermal reactors are equal-&%#HM. Therefore,
initial porosity of metal uranium fuel must be ebt@[R5% for neu-
tralization of the swelling effect. In fast reactanaximal fuel burn-up
can reach 10% HM. So, initial porosity of metalniten fuel must be
increased up tdb0% for the same purpose. It seems unreasonable to
deal with so porous fuel. The high-density advamtafjmetal uranium
fuel practically disappears.

Uranium dioxide is superior to metal uranium in cfie swelling
values. Specific swelling of uranium dioxide is abd,4-1,5%AV/V
only per one percent of fuel burn-up. At 10% fuetrup in fast reac-
tors initial porosity of uranium dioxide fuel care bbelow 15%. For
comparison, specific swellings of uranium nitridedauranium carbide
are equal to 1,5-1,6%V/V and 1,7-1,8%\V/V per one percent of fuel
burn-up, respectively, i.e. only slightly largeaththat of uranium diox-
ide.

A lot of experimental studies have been carriedtowdliminate this
shortcoming of metal uranium by its alloying. Sopgremising results
were obtained with the alloying components sucimal/bdenum, zir-
conium, silicon, iron, aluminum and fissium (imdatof FP composi-
tion). Metal uranium alloying with molybdenum anidcanium (up to
10%) allowed it to upgrade corrosion resistanceater and stability of
the grain sizes for temperatures up t0°600

Metal uranium is produced in reaction of uraniutnadluoride UR
with high-purity metals (calcium or magnesium):

UF, + 2 Mg - 2 Mgk + U.
Magnesium fluoride as a light slag is easily rentbfrem surface of
a metal uranium ingot.
The next step is a vacuum melting of the uraniugoirfor removal
of volatile impurities and introduction of the allog components,
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which are able to enhance radiation-resistance etalmuranium fuel,
and, finally, casting of uranium rods.

Some data on physical properties of uranium-basets f(density,
melting temperature, heat conductivity and voluimeswelling) are
presented in Table 1.5.

Table 1.5
Physical properties of uranium-based fuels
Fuc ] S| o | P i | ST
Metal 18,67 1130 42 f ((72;?(2) 4-6
uo, | 10,96 2780 25,3214&;2(7;():) 1,4-15
uc | 13,63 2350 ?”23'7(5(328 1,7-1,8
UN | 14,32 2650 . gggg 1,5-1,6

1.3.2. Fabrication of fuel rods and fuel assemblies

The following requirements must be satisfied by renufacturing
technologies of fuel rods and fuel assemblies:
1. Designs of fuel rods and fuel assemblies, playsioperties of fuel
and structural materials must be able to ensurg-term mechanical
strength, stability of forms and sizes during actealifetime.
2. Materials of fuel rods (fuel meat, cladding, lfakadding gap) must
be chemically compatible and mutually stable, ary fuel-cladding
interactions that can cause radiation embrittlenaamd plasticity loss
must be excluded.
3. The cladding materials must be insoluble andoston-resistant in
cladding-coolant interactions.
4. Structural materials of fuel rods and fuel adsleza must be suffi-
ciently weak neutron absorbers (minimal cross-eastiof neutron ra-
diative capture).
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5. Designs and the manufacturing technologies ef fads and fuel
assemblies must exclude any possibilities of lamadrheating. This
exclusion can be achieved by undertaking the falhlgwcountermea-
sures:

a. Uniform distribution of fissile isotopes in fuelds.

b. Availability of the contact interlayer (fuel-clding gap) filled up
with helium or sodium for intensification of heamoval processes and
for prevention of fuel-cladding interactions.

c. Strict spatial separation of fuel rods from eatier by special spac-
ers with proper accounting for potential shortenfighe inter-rod gap
in the process of the reactor operation.

6. Designs and the manufacturing technologies ef fads and fuel
assemblies must be sufficiently simple for theisenproduction.

7. Designs, the manufacturing technologies andcgete of materials
for fuel rods and fuel assemblies must take intmant a feasibility of
sufficiently simple dismantling procedures for spirel reprocessing.

The manufacturing process of WBased fuel rods and fuel assem-
blies includes the following stages:

1. Preparation of nuclear fuel (conversion of unamhexafluoride into
uranium dioxide powder, granulation and sinterihfuel pellets).

2. Preparation of fuel cladding (flaw detection auhlity control).

3. Preparation of the completing details for moumif fuel assemblies
(wrappers, end caps, spacers).

4. Manufacturing of fuel rods: insertion of fuellpés into tubular clad-
dings, installation of end caps, filling up withlinen (as a fuel-cladding
gap and a flaw detector thanks to high permeabhilitigelium), sealing
of fuel rods by welding, quality control.

Recently, the Russian R&D Institute of Atomic Reastin Dimi-
trovgrad has developed the fuel rod manufactureriology that con-
stitutes an alternative to the technology basethbrication of fuel pel-
lets. UOX- or MOX-fuel granules are used as thal femterial. Some
amount (up to 5% HM) of metal natural uranium pow@® called get-
ter) is blended with other fuel granules. Main nuesof the getter con-
sists in absorption of oxygen atoms released froeh particles in fis-
sion reactions. As a result, oxygen atoms can rsento the fuel clad-
ding, their corrosion activity is neutralized. Thesl-getter blend is in-
troduced into tubular cladding and packed by vibrat Sufficiently

67



high fuel density (above 90% of its theoreticaluegl can be achieved.
The experiences gained during pilot usage of theation-compacted
fuel rods in the research fast reactor BOR-60 detnated a high effi-
ciency of such technology. The record values of fuern-up were
reached (about 32%HM) with specific volumetric dimgl at the level
of 0,6%AV/V per one percent of fuel burn-up. For comparjsoetal
uranium fuel and UOX-fuel can swell up with theeratf 4-6%AV/V
and 1,4-1,5%V/V, respectively, per one percent of fuel burn-up.

5. Assemblage of fuel rods into a single fuel assguality control
and testing.

The following concluding remarks can be made onnta@ufactur-
ing technologies of fuel rods and fuel assemblies:

a. The manufacturing technology is a mass prodouciud highly auto-
mated process.
b. The manufacturing technology is a high-precigiorcess.

The manufacturing process of RBMK-1000 core reguabout 200
thousand completing details, 14 million fuel paleind 240 thousand
welded joints.

All the manufacturing procedures must be put urstdct quality
control with application of the computer-aided NMntrol and ac-
countability network. The nuclear fuel fabricatiptant is a very sig-
nificant area for functioning of a reliable and Hilig effective NM
physical protection, control and accountability (@A) system.

In the future, when nuclear fuel cycle will be @&ds even fresh nu-
clear fuel is characterized by intense radioagtieihd residual heat
generation. This will require applying only the rest/remote technolo-
gies for manufacturing of fuel rods and fuel asdasb Accordingly,
all components of MPC&A system become more compditand must
be more sophisticated.

1.4. Use of nuclear fuel in nuclear power reactors
1.4.1. Purposes of nuclear reactor refueling

The major NFC stage is an energy utilization ofleacfuel in nu-
clear power reactors.
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In order to provide sufficiently long operationmiclear power reac-
tors (up to 18 months as in some advanced LWR)ogpiate amount
of nuclear fuel must be loaded and properly arrdnigethe reactor
core. Neutron-physical properties of the loaded fest ensure large
enough reactivity margin to compensate negativectingy effects
caused by depletion of fissile isotopes and bugdtifission products,
parasitic neutron absorbers. This means that, bdfw reactor opera-
tion starts up, the reactor is essentially supiécatibut the reactivity
margin Kgrr - 1) must be suppressed by the regulatory meamsnis
control rods made of natural (or enriched Wi isotope, very strong
neutron absorber) boron carbide, boric acid digblin light-water
coolant, burnable poisons (gadolinium, erbium) ddtrced into fuel
compositions.

As content of fissile isotopes in fuel decreaseas @mntent of fission
products (parasitic neutron absorbers) in fuel éases, the moment
comes when the reactor can not be longer critislhlcontrol rods are
already withdrawn from the reactor core, all b@oid is removed from
light-water coolant. Nevertheless, the reactor bexsub-criticalKgrr
<1).

For the reactor operation to continue, NPP opetasrto undertake
some corrective measures to return the reactdrestipercritical state
(Kere > 1). The following actions can be performed:

1. Full or partial substitution of fresh fuel asserablifor irradiated
ones.

2. Partial transpositions (shuffling) of irradiatedefuassemblies from
one region of the reactor core to another.

3. Any combinations of two aforementioned actions.

A set of these actions undertaken to restore thetwoe ability for
long-term operation is named the refueling strategy

Thus, the first and major mission of the refueliago replenish the
reactivity margin and enable the reactor to comtiauong enough op-
eration at nominal power level during a certainetiimterval.

The second, also important but supplementary, onssi the refuel-
ing is to ensure as flat as possible spatial slafeat generation rate.
If spatial distribution of heat generation ratetliie reactor core is uni-
form enough, then all fuel assemblies are usedrumg&imal accept-
able level of energy production. So, maximal vadfieotal energy out-
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put can be obtained from the reactor core. In addituniform spatial
distribution of heat generation rate ensures uniffarel burn-up, i.e. all
fuel assemblies discharged from the reactor cogecharacterized by
the same (or nearly the same) isotope compositions.

However, these benefits (maximal energy output idedtical iso-
tope compositions of spent fuel) can not be obthinea uniformly fu-
eled reactor. In such reactors heat generationigdtghest in the core
center and drops down nearly to zero at the caiphery. The average
value of heat generation rate is approximatelyethimes lower than its
maximal value in the core center. Non-uniform fleglding is required
to flatten spatial shape of heat generation ratefael burn-up. For ex-
ample, uranium fuel of the lower enrichment maypkeced in central
region of the reactor core while uranium fuel wighatively higher en-
richment may be placed at the core periphery. Asle main control
rods are also placed in central region of the mrambre. That is why
neutron flux and heat generation rate in the cergar are lower than
those at the core periphery.

Thus, formation of such a fuel loading that is elcéerized by as flat
as possible spatial shape of heat generationmdteireactor core con-
stitutes a supplementary but very important missbrthe refueling
strategies.

1.4.2. Strategies of nuclear reactor refueling

There are many various refueling strategies inearcpower reac-
tors.

1. The simplest refueling strategy presumes a umiffuel loading
with its complete removal and replacement withtrasel loading when
the reactor criticality can not be longer maintdinghis refueling
scheme is callethe “batch irradiation” and not used now because of
the following serious drawbacks:

a. Spatial shape of heat generation rate in thetoeaore is quite
non-uniform with the peaking factor (peak-to-averagatio) above
three.

b. Content of fissile isotopes decreases more selgrin the central
core region than at the core periphery. So, vemsven fuel burn-up
takes place in the uniformly fueled reactor coréeAeach irradiation
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cycle, central fuel assemblies have reached thakimmal burn-up while
peripheral fuel assemblies have no delivered camlyl¢heir reactivity
and energy potential.

c. Large reactivity margin must be formed in thatca core region.
Hence, control rods with appropriately large togctivity worth must
be placed in the core center. This can worsen oewconomy during
the reactor operation cycle.

2. The “partial batch” refueling strategy presumes that only those
fuel assemblies, which have reached their maxincakeptable fuel
burn-up, must be removed after the irradiation €yad replaced with
fresh fuel assemblies. At the next refueling, fastemblies with the
highest fuel burn-up are replaced again, and sdf dime reactor core is
divided into several concentric layers, then eagfed, starting from the
innermost layer and proceeding outward, is replatitll fresh fuel in
several successive refuelings.

Main advantage of the “partial batch” refuelingagdgy is a fairly
uniform fuel burn-up in each concentric layer. Hoee central layers
are refueled more frequently than peripheral laymsause maximal
fuel burn-up is reached by central fuel assemblasa relatively
shorter time interval. Hence, spatial shape of beatration rate can be
shifted towards the core center, and the peakictprfancreases.

3. The “scatter refueling” strategy was developed to solve the high
peaking factor problem of the “partial batch” rdfng scheme. The
“scatter refueling” technology presumes that thecter core is divided
into small local groups containing an equal numtfefuel assemblies
(four-assembly groups, for instance). At the fiefueling, all fuel as-
semblies labeled 1 are removed and replaced vathffuel assemblies.
At the second refueling, all fuel assemblies lathéleare removed and
replaced, and so on. Thus, each fuel assemblynipletely utilized for
four irradiation cycles. Fresh fuel assembliesrarteconcentrated in the
core center but they are scattered throughout ¢laetor core as a
whole. That is why the peaking factor can be sutistily reduced.

4. The “out-in" refueling strategy presumes that the reactor core i
again divided into several concentric layers canitag an equal number
of fuel assemblies. At the refueling, only cenfiadl assemblies have
reached their maximal fuel burn-up, and they mestdmoved from the
reactor core. Fuel assemblies from the next oatgrlare inserted into
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the central (inner) layer, and so on, i.e. fuekasdies from the outer
layer are moved to the neighboring inner layetim ¢common direction
from the core periphery to the core center. Fresh dssemblies are
loaded into the outermost layer. At the next raéfgs, the same opera-
tions of central layer removal, inward movemenpaftially spent fuel

assemblies and placement of fresh fuel assembitestlie outermost
layer are repeated.

According to the “out-in” refueling strategy, fre$bhel assemblies
with the highest reactivity potential are loadetbithe core periphery.
So, spatial shape of heat generation rate is deguiéa the core center,
and the peaking factor can increase.

5. The “modified scatter” refueling strategy is a combination of the
“scatter” and “out-in” refueling schemes. The reactore is divided
into an outermost layer containing one-fifth pafttotal fuel assem-
blies, and the inner zone containing four-fifthstatal fuel assemblies.
The inner zone is subdivided into small local gmujke in the “scatter
refueling” strategy (four-assembly groups). At first refueling, fuel
assemblies with the highest fuel burn-up are remhidvem each four-
assembly group and replaced with fuel assemblm® the outermost
layer. Thus, the outermost layer is emptied arediup with fresh fuel
assemblies. The “modified scatter” scheme is charaed by the flat-
tened spatial shape of heat generation rate imaiarttre region without
high peaking factors in the “scatter refueling’asdgy and without the
central depression of heat generation rate in dhig-ih” refueling strat-
egy.

6. The “uniformly partial” refueling strategy is based on the fol-
lowing assumptions. Let spatial shape of heat geiver rate be flat
enough in the reactor core. It means that maximbales of fuel burn-up
can be reached by all fuel assemblies simultangoii$ie following
case can be considered as an example. The tinmeahteeded to reach
maximal fuel burn-up equals 3 years, and the rafgek performed
once a year. Then, the “uniformly partial” refuglistrategy consists of
the following steps:

a. At the first refueling, one-third fraction ofdluassemblies is re-
placed with fresh fuel assemblies, i.e. the disgbarfuel has reached
33% of acceptable fuel burn-up.
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b. At the second refueling, one-third fraction akf assemblies is
again replaced with fresh fuel assemblies, i.e.diseharged fuel has
reached 67% of acceptable fuel burn-up.

c. At the third refueling, one-third fraction of uassemblies is
again replaced with fresh fuel assemblies, i.e.diseharged fuel has
reached 100% of acceptable fuel burn-up.

Beginning from the fourth refueling, an equilibriuefueling regime
has been established. The equilibrium regime isacherized by quite
similar compositions of the reactor core at theif@gg and at the end
of irradiation cycle:

a. At the beginning of each irradiation cycle, teactor core con-
tains one-third fraction of fresh fuel assembliese-third fraction of
fuel assemblies with 33% of acceptable fuel burrang one-third frac-
tion of fuel assemblies with 67% of acceptable tugin-up.

b. At the end of each irradiation cycle, the reactire contains one-
third fraction of fuel assemblies with 33% of acedye fuel burn-up
(the former fresh fuel assemblies), one-third fracof fuel assemblies
with 67% of acceptable fuel burn-up (the former 38 assemblies)
and one-third fraction of fuel assemblies with 100f@cceptable fuel
burn-up (the former 67%-fuel assemblies).

Main advantage of the “uniformly partial” refuelirggrategy is the
same number of the discharged fuel assemblies mé@kimal accept-
able fuel burn-up. Main drawback of the “unifornpartial” refueling
strategy is a removal of only partially burnt ugelfassemblies at the
first and second refuelings (at initial stage of teactor operation, in
general).

Unfortunately, real spatial shape of heat genematae is not so flat
that fuel assemblies in different core regions daelach maximal fuel
burn-up for the same time interval. Under theseditams, the reactor
core can be subdivided into several concentricrigywithin each of
them spatial shape of heat generation rate care@@ded as a flat
enough. Then, basic ideology of the “uniformlytft refueling strat-
egy can be applied to each concentric layer seglgrat

1.4.3. Technologies of nuclear reactor refueling
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All the refueling strategies listed above must bppdied with ap-
propriate technological tools for conduction of tkeéueling operations.
In principle, the reactor refueling can be perfadme

a. after the reactor shutdown, cooldown, deprezstion and re-
moval of the reactor head,

b. after the reactor shutdown but without cooldama removal of
the reactor head,;

c. at the reduced or full power level, i.e. withdhé reactor shut-
down, cooldown, depressurization and removal ofdfaetor head.

In practice, light-water reactors are usually ré&ddeonly with appli-
cation of the first scheme, i.e. after the reasfoutdown, cooldown,
depressurization and removal of the reactor heateG year (or 18
months) the reactor is shutdown for 4-6 weeks,ré@aetor head is re-
moved, some spent fuel assemblies are transfeordidet fuel storage
pool, the remaining fuel assemblies are reshuffied] fresh fuel as-
semblies are introduced into the reactor core.tiddl refueling opera-
tions are performed under sufficiently thick watsrer.

In contrast to LWR, refueling of liquid-metal falsteeder reactors
(LMFBR) is done without removing the head of theaater vessel.
There are three areas involved into the refueliracgss: the reactor
vessel, the fuel transfer chamber (FTC) and thgessel storage tank
(EVST). An in-vessel transfer machine (IVTM) caarsfer fuel as-
semblies inside the reactor vessel only. Fuel askesnare transferred
between the reactor vessel and the EVST in a gahsicket by means
of a special hoist. The transfer ports are locdtetiveen the reactor
vessel and the FTC and between the FTC and the EM&Al assem-
blies remain under sodium throughout the fuel tiemgrocess.

Consider the replacement of spent fuel assembly frétsh fuel as-
sembly starting with fresh fuel assembly. The fréskl assembly is
lifted out by the EVST handling arm and placed inbe transfer
bucket. The transfer bucket has a space for osb fieel assembly and
for one spent fuel assembly. At this step the feankucket contains
only one fresh fuel assembly, in a vertical positidhe transfer bucket
is hoisted at an angle through the first fuel tfangort and guided by
tracks up into the FTC. The FTC is then guided iht reactor vessel
and down through the second fuel transfer portdaded in a vertical
position in the region outside the reactor core.
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The IVTM is moved to the position directly above tkpent fuel as-
sembly to be replaced, and the assembly is grajiplate IVTM ma-
nipulator. The spent fuel assembly is raised altbgegemaining assem-
blies and transferred through the sodium pool ®&dpen space in the
transfer bucket, into which it is then lowered. Tresh fuel assembly is
next withdrawn from the transfer bucket by the IVThnipulator and
transferred to the position in the reactor corenfrghich the spent fuel
assembly was just removed. The spent fuel asseistign transferred
through the FTC to the EVST, and the refueling pssacis ready to be
repeated for the next fuel assemblies.

Contemporary LMFBR designs use a rotating plug ephdn which
several (three, as a rule) rotating plugs are &mtat the reactor head,
and the IVTM is mounted on the smallest plug. Tdrgést plug is con-
centric with the reactor vessel while the smallkrgp are eccentric
ones. Each plug can rotate independently so tieahiM manipulator
can be placed in any position above any fuel asigeimiide the reactor
vessel.

Heavy-water CANDU-type reactors have a distinctaadage over
LWR of the same power due to their on-line, contimmi refuelings.
Natural uranium is used here as a fuel materiad #lumination a need
for uranium enriching services but excluding the aglight water as a
coolant and neutron moderator material becausé@hbfrieutron absorp-
tion cross-sections. Heavy water is substitutedigtt water. Annually,
about one ton of expensive heavy water is heededme megawatt of
electrical output.

Fuel consists of 0,5-m-long fuel bundles insertetb ihorizontal
pressure tubes that run through a thin-walled (@akandria) filled up
with heavy-water moderator. Each fuel channel dostawelve fuel
bundles. The refueling process is done on a daigisb Two refueling
machines are connected to a fuel channel, one @nsde of the hori-
zontally placed reactor. Each refueling machinegsipped with a bar-
rel that attaches onto a fuel channel, unlocksetiteplug, removes and
replaces it by itself. Up to twelve fuel bundleséduel channel) can be
inserted or removed during one visit of the refaglinachines to a fuel
channel. One refueling machine inserts fresh fueldbes while another
refueling machine, at the opposite side, receiypentsfuel bundles as
they are ejected into its barrel. The fuel motiakes pun the direction
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of coolant flow which alternates between adjacast Ehannels. So, the
refueling process in two adjacent channels is dorievo mutually op-
posite directions. The insertion of fresh fuel blesdnto peripheral re-
gions of the reactor core from two opposite sidwes upgrade heat gen-
eration rate at the reactor periphery and, thattefh spatial distribution
of heat generation rate.

Russian RBMK-type reactors (light-water cooled, phite moder-
ated reactors, LWGR) can be also refueled in aimootis on-line
manner, like CANDU-type reactors because both ogattpes are
channel reactors that made it possible to arraafieling of any fuel
channel individually. A dedicated loading-unloadin@chine (LUM)
containing one fresh fuel assembly and space fgpadition of one
spent fuel assembly can do the following refuetipgrations:

1. The LUM filled up with the warm condensate {@p attaches onto
the fuel channel to be refueled.

2. Pressure in the fuel channel and pressure in thd thisk used for
disposition of spent fuel assembly are equalizé® @mospheres).

3. The fuel channel and the LUM form a single circtiihe warm con-
densate is pumped into the circuit.

4. Spent fuel assembly is grappled by the LUM manigouland with-

drawn from the fuel channel.

5. Passability of the fuel channel is checked up witfuel assembly
imitator.

6. Fresh fuel assembly is inserted into the fuel ckann

7. The fuel channel is locked, pressure in the LUMréases to the
ambient level, the LUM and the fuel channel arealsected.

It is evident that those nuclear power reactorsivician be refueled
continuously, without the reactor shutdown for saleweeks, i.e.
CANDU and RBMK reactors represent a particular dhr® nuclear
non-proliferation regime because of the followiegsons:

1. Operators of CANDU and RBMK reactors are able, rimgple, to
conduct relatively short-term (two-three monthsadiation of uranium
fuel assemblies for unauthorized build-up of weagrade plutonium.
2. To prevent the unauthorized short-term irradiatiohsiranium fuel
assemblies, a continuous (not periodical) presehdtiee IAEA inspec-
tors is required at the operating CANDU and RBMHKaters.
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3. All the MPC&A-related measures are more difficudt findertaking
at the reactors with continuous refueling operatimde.

Spent fuel assemblies are intense radiation andydeeat sources.
That is why all NPP reactors are provided with $gaal water pools
where spent fuel assemblies are stored until tlagiioactivity and re-
sidual heat generation rate drop below the acckptakels for trans-
portation, reprocessing or ultimate disposal.

The spent fuel storage pools must be equipped thighfollowing
auxiliary systems:

1. Residual heat removal system.

2. lon-exchange installation for water purificatiomdaremoval of solid
radioactive particles.

3. Ventilation installation for air purification angtention of gaseous
radioactive materials by special super-filters.

Interim storage of LWR spent fuel assemblies in NiRer pools
can last up to 10 years. The same storage timbhdsen for LMFBR
spent fuel assemblies. Previously, it was thoulgat the backend part
of the closed NFC including LMFBR spent fuel regssing and pluto-
nium recycle must be as short as possible (6-12thsoas a target
value) to supply the developing nuclear power igusith plutonium-
based fuel. Nowadays, there are no imperative nsafmr the world-
wide deployment of LMFBR-based NPP. So, the samm&ageé time was
adopted for spent fuel assemblies discharged frévlRLand LMFBR-
type reactors.

Upon the expiry of the interim storage time, spierl assemblies
can be transported to the deep underground repesitéor ultimate
disposal (the open NFC option) or to the spent faptocessing plants
for plutonium recovery and energy utilization (tlesed NFC option).
Relatively long interim storage time and weak depeient of nuclear
technologies intended for ultimate disposal or @aldemical reprocess-
ing of spent fuel assemblies resulted in gradubhasgtion of the water
pools capacity. To neutralize these negative effabe following coun-
termeasures are undertaken:

1. The tighter positioning of spent fuel assembliesida the water
pools under the stricter nuclear safety control.

2. Partitioning of the water pools by metal structucentaining strong
neutron absorbers (boron, for instance).
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3. Build-up of the centralized large spent fuel stes
1.4.4. Transportation of spent nuclear fuel

Transportation is a necessary link between all dt&@es, and is es-
pecially significant for transportation of speniefiassemblies. Spent
fuel assemblies may be shipped by all transpornsiéaucks, railroad,
river boats or sea-going ships) except of aircraftcording to the RF
regulations, all shipments of nuclear materialdvepecific radioactiv-
ity above 2uCi/kg are regarded as radiation shipments. Spefiio-
activity of spent fuel equals about 1 MCi/kg.

The spent fuel transport casks can weigh about th08. Total
weight of spent fuel assemblies in the transposkg&ds about 2-5%
from total weight of the transport cask. The renmgr05-98% of total
weight belongs to the transportation safety systems

A typical spent fuel transport cask looks as fobow
1. Large hollow thick-walled cylinder in a vertical borizontal (pref-
erentially) position (1,5-2 m in diameter, 4-6 mlémgth, wall is about
40 cm thick) made of steel, cast iron or concrete.

2. Outer surface of the transport cask is coveredpegial fins for ex-
tension of the heat removal aré®Q nf). The finned outer surface ex-
tends the heat removal area approximately twice.

3. Inner surface of the transport cask is lined widirdess steel to en-
hance corrosion-resistance. The inner liners celude some layers of
neutron moderators and neutron absorbers (boraibettpylene, for
instance).

4. Metal shelves for disposition of spent fuel asséesbhre placed in
the inner cavity of the transport cask. During siept, the inner cavity
is filled up with coolant. Decay heat is removeohfrspent fuel assem-
blies either by natural convection or forced ciatidn depending on the
value of heat generation rate.

5. The transport casks are hermetized with applicatfdhe reinforced
densifiers.

6. The transport casks are equipped with control systier permanent
monitoring of the inner cavity parameters (radioatyt, decay heat
generation rate, temperature and pressure of ayaad with acciden-
tal decontamination system.
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The following requirements must be satisfied byiglesrs of the
spent fuel transport casks:
1. Reliable radiation protection of the staff involygabpulation and
the environment against neutron and gamma-emisgioes$al vessel
containing high-efficiency neutron moderators aadtron absorbers).
2. Reliable nuclear safety ensuring (metal shelvegaioing strong
neutron absorbers, limitations on the number ofshel assemblies to
be loaded into the transport casks).
3. Reliable removal of decay heat (the finned outefase, forced cir-
culation of coolant in the inner cavity of the tsport cask).
4. Reliable hermetization of the transport casks ewaler severe acci-
dental conditions.

To check up hermeticity of the transport casksy timeist undergo
the following severe tests:
a. Drop test from 9-m height onto a steel plate.
b. Puncture test from 1-m height onto a verticatained (15 cm in di-
ameter).
c. Immersion test in light water (depth - 15 m,ation — 8 hours).
d. Fire test — staying in flame at 800for 30 minutes plus 2-hour stay-
ing without a forced cooldown.

The IAEA has elaborated the following requiremeotshermal pa-
rameters of the transport casks in operation:
a. Temperature of the cask surface must be bel8@ 82the ambient
air temperature of 38.
b. Internal coolant pressure in the cask cavitytrbesbelow 7 atmos-
pheres.
c. The outer surface of the cask must be extengdihdr Additional 30
m? of the heat removal area would be large enougkdte shipment of
spent fuel assemblies with total power from 25 @ok8V ((BO spent
fuel assemblies from VVER-440 after 3-year coolpggiod) without a
forced cooldown.

1.5. Radiochemical reprocessing of spent nucleardu

The following aims are pursued by technologiesridesl for spent
nuclear fuel (SNF) reprocessing:
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1. Recovery of accumulated plutonium and residual iuranfor the
repeated use (recycle) as fissile and fertile nadser

2. Separation of fission products and transuraniumrmetgs for further
treatment as radioactive wastes.

The IAEA has worked out the following recommendasicon the
reprocessing quality of spent fuel assemblies disgggdd from power
LWR after the standard operation cycle (fuel bupn-83 GWd/t, the
cooling time — 10 years):

1. Extent of plutonium and uranium recovery — abov@%@
2. Decontamination factors, i.e. ratios of an impuriigntent before
treatment to an impurity content after treatment:

a. Uranium from plutonium — at the level of 10

b. Uranium from fission products — at the level 6f.

c. Plutonium from uranium — at the level of10

d. Plutonium from fission products — at the keviel @.

Such a fine purification gave a foundation to ¢hls approach as
the “clean fuel — dirty waste” concept. The condsptery attractive for
NFC closure but it can produce some difficulties fauclear non-
proliferation regime. Therefore, when some advargié reprocessing
technologies have been developed, which delibgrdedt some re-
markable quantity of radioactive fission productgtie recycled fuel to
enhance nuclear non-proliferation regime, a newraggh arose,
namely the “dirty fuel — clean waste” concept.

Nearly 7000 t SNF are discharged annually fromwloeld NPP.
Capabilities of the existing and under constructiadgilities for SNF
reprocessing are shown in Table 1.6. As is seengxisting SNF re-
processing plants are not able to deal with fulusad SNF amount dis-
charged from all NPP in operation throughout thelévo

SNF reprocessing plant is a rather expensive etderpApproxi-
mate specific cost of SNF reprocessing is evaluagd00 US dol-
lars/kg SNF.

80



Table 1.6

Capabilities of SNF reprocessing plants

Country Annual throughput, t SNF
. 1500
Great Britain 1200
France 900
800
Russia 400
India 2 x 100
Japan 90
China 50
Under construction
Russia 1500
Japan 800

Total: 05100 t/year in operation, 2300 t/year under cowsiton.

1.5.1. Classification of SNF reprocessing technologies

1. Aqueous (wet) reprocessing technologies:

a. Solvent-extraction processes which are basesklmttive recov-
ery of uranium and plutonium compounds from fuakeming solu-
tions by organic extractants.

b. Precipitation processes which are based ondireation of in-
soluble uranium and plutonium compounds with tfgither deposition
on a vessel bottom by introducing appropriate pitamts.

2. Non-aqueous (dry) technologies:

a. Pyrochemical processes: for example, the fleovimlatility proc-
ess that is based on different volatility and sorpof uranium, pluto-
nium and FP fluorides.

b. Pyrometallurgical processes: for example, tleetedchemical re-
finement process that is based on different tratgpoperties of ura-
nium, plutonium and fission products in molten salt

The most widely used and industrially matured tetbgies are the
aqueous solvent-extraction processes. The PUREMtofum and
Uranium Recovery by Extraction) technology is thestrrepresentative
example of these processes.
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1.5.2. Main stages of aqueous solvent-extraction technology PUREX

Main stages of the PUREX-process
1.Dismantling of spent fuel assemblies and choppirgpent fuel rods.
2.Preliminary oxidation (voloxidation) of spent fuel.
3.Dissolution of spent fuel and preparation of thel feplution for ura-
nium and plutonium extraction.
4.The extraction — re-extraction cycles.

These stages of the PUREX-process are describetbia details
below.

Dismantling of fuel assemblies and chopping of fuebds. Thus,
spent UOX-fuel assemblies, after lengthy cooldoweriqu, were
shipped to radiochemical plant for reprocessingfiit, the following
initial procedures must be carried out with spelel issemblies:

1. Removal of end caps, wrappers and spacers, dikngaof fuel lat-
tices.

2. Shearing operation that chops long fuel rods sttort (2,5-5 cm)
pieces.

Dismantling of fuel assemblies and chopping of fr@s must be
done in the closed hot cells with inert atmosplgeiteogen or argon).

Preliminary SNF oxidation (voloxidation). The next stage of the
PUREX-process consists in preliminary oxidationspént fuel pieces
by oxygen as elevated temperature80(°C). Uranium dioxide U@
converts into uranium octa-oxideQk:

UG+ 0O, » UgQg.

The UQ~to-U;Og conversion leads to the following positive effects
a. Fuel density decreases[@0% due to so different densities of initial
and final reagents(UO,) = 11 g/cni, y(U3Os) = 8,3 g/cm. As conse-
quences, fuel volume increases according to tiferdnce, fuel meat
becomes more porous and friable than can facilitedurther dissolu-
tion of fuel pieces.
b. Fuel crystalline lattice undergoes substantiahges.
c. Both these effects create the favorite condstifmn intense release of
tritium, gaseous and volatile fission productsthié voloxidation tem-
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perature is kept at 680 for 12 hours, then up to 99,96% tritium, 70%
8Kr, 40%'* and 90%'"Ru can escape the fuel pieces.

Dissolution of fuel piecesSpent UOX-fuel pieces are dissolved by
boiling (t 1100C) nitric acid HNQ concentrated up to 6-1M for 4-6
hours:

UO, + HNG; - UO, (NOs), + NOy + H,0.

Simultaneously, nitric acid can be recombined mdissolver where
air or oxygen flow is pumped to intensify the regextion process:

NOy + H,O+ O, - HNOs.

The use of nitrogen oxides for nitric acid regetiera promotes
forming a smoke-free process, i.e. without anyasdeof gaseous nitro-
gen oxides into the environment.

In the process of SNF dissolving, metal claddirgcénium-based
alloys or stainless steels) of fuel rods remain-dissolved and can be
easily removed for further treatment as solid radiive wastes.

Preparation of SNF solution to the extraction — reextraction
processconsists of the following steps:

1. Clarification of SNF solution:

a. Filtration for removal of small(3 microns) solid particles
through metal-ceramic filters or porous polypropgeawith application
of some coagulants for enlarging the particles.

b. Centrifugation with application of some coagtdaior removal of
the smaller [IL micron) solid particles.

2. Removal of some gaseous and volatile fissiordyerts from SNF
solution:

a. Barbotage of SNF solution by air flow for rembogfiradioactive
iodine ions 1 and IQ. Then, the Barbotage off-gases are pumped
through the filters impregnated with silver nitr&tgNOs:

31,+ 6 AgNO; + 3 HO — 5 Agl + AglO; + 6 HNO,.

b. Barbotage of SNF solution by ozone flow for remdoof radioac-
tive ruthenium ions R
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RUWY+20,+ 2 H0 — RuQ,+2 O + 2 H.

Ruthenium oxide Ru@is then removed from the barbotage off-
gases by reaction with sodium hydroxide NaOH.

c. Removal of inert gases (Kr, Xe) by the barbotageess with fur-
ther their sorption in zeolite or activated chatcaiareduced tempera-
tures. Then, the barbotage off-gases are diluted aif flow down to
the acceptable concentrations and released intervieonment.

3. Correction of SNF solution acidity by water difun or evaporation
to reach the level of 21 HNO..

Extraction. The solvent-extraction technology of SNF reproaessi
is very similar to the extraction affinage techriglavhich was applied
at the NFC front-end for removal of neutron-absoghimpurities from
natural uranium concentrate. The extraction affinpgpcess presumes
dissolving uranium concentrate@, by nitric acid, recovery of uranyl-
nitrate UQ(NQOs), by organic extractant tri-butyl-phosphate (TBR), r
extraction of uranyl-nitrate from organic fractibg hydrogen peroxide
H,0, or ammonium bicarbonate NHCO; and precipitation of insolu-
ble uranium compounds.

The following significant distinctions can be sdsgtween the ex-

traction affinage of natural uranium concentrated ghe solvent-
extraction reprocessing of spent UOX-fuel:
1. Acidic SNF solution contains residual amount ofigmed uranium,
reactor-grade plutonium, fission products and maimides where FP
and MA play a very similar role that was playedrsutron-absorbing
impurities in the extraction affinage process, they must be removed.
2. The extraction affinage process dealt with weaklyioactive mate-
rials (natural uranium and impurities) while thdvent-extraction SNF
reprocessing technology deals with FP and MA, isgeradiation and
heat sources.

The solvent extraction process, like the extractffinage, applies
the same organic extractant TBP in mixture withraat organic dilut-
ant for reduction of TBP viscosity. Density of tHEBP-dilutant” mix-
ture covers the range of 0,8-0,9 gfamhile density of acidic SNF solu-
tion covers the slightly heavier range of 1,1-1/¢hg.

Thus, the solvent-extraction process is a separatiaranyl-nitrate
between two immiscible fractions, namely the ligiliganic fraction
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(TBP plus dilutant) and the heavy aqueous fracfamidic SNF solu-
tion).

Layout of the extraction — re-extraction processThe extraction
process takes place in two connected vessels, ranesettler. Acidic
SNF solution and extractant TBP are pumped intonther. Their in-
tense mixing leads to tight SNF-TBP contacts, uramg plutonyl ni-
trates receive an opportunity to form stable selvavith TBP mole-
cules. Then, plutonium and uranium accumulate & ltght organic
fraction while fission products and minor actinidescumulate in the
heavy aqueous fraction. Afterwards, the mixturpumped into the set-
tler where the light organic fraction (extract) atid heavy aqueous
fraction (raffinate) can be easily separated. Tkieaetion process is
over.

The-re-extraction process takes place also in wmected vessels,
mixer and settler. The extract and the aqueous imgstolution are
pumped into the mixer. Their intense mixing leaggshe uranium and
plutonium compounds are washed off the extractnTkige mixture is
pumped into the settler where the light organictfom (extractant) and
the heavy aqueous fraction (re-extract) can bdyeseparated. The ex-
tractant can be used again in the extraction pspadser purification
and regeneration procedures. The re-extractioneggois over.

Thus, uranium and plutonium compounds are partiaiparated
from fission products and minor actinides. Multiglpplication of the
extraction — re-extraction process can separata templetely. Gen-
eral layout of the extraction — re-extraction psxes shown in Fig. 1.6.

The coefficient D (Distribution Ratio) characteszdistribution of
elemental concentrations C between the light omgémaiction and the
heavy aqueous fraction:

_ Cqlemeni(Organic fraction)
Celemen@queous fraction’

Evidently, if the distribution ratio of a certaiteenent D > 1, then
this element concentrates in the light organictifosg and, vice versa, if
D < 1, then the element concentrates in the hegqugaus fraction.
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Fig. 1.6. The extraction — re-extraction process

The well-known quadratic dependencies of the distidn ratios on
the SNF solution acidity are shown in Fig. 1.7 twanium (a typical
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representative of fuel materials) and for zirconi@@ntypical representa-
tive of fission products).

100 D /
Uranium
o 10
©
& // /'/ il
= 1 / ,"
5 / ,//
@
0 01 o
T CHNng,» MO
0.018==—
0 1 2 3 4 5 6

SNF solution acidity

Fig. 1.7. Dependencies of the distribution ratios
on the SNF solution acidity

As it is seen, if nitric acid concentrati€@@HNO;) belongs to the
acidity range from 2 M to 4 M, then the uraniumtidimition ratio is
larger than unity, and fuel materials seek to cotreg¢e in the light or-
ganic fraction. Within this acidity range the zintem distribution ratio
is lower than unity, and fission products seek ¢moentrate in the
heavy agueous fraction. This consideration explaing the SNF solu-
tion acidity was corrected to be within the 2-4 dhge at the prepara-
tory stage, before the extraction — re-extractimtess started. In addi-
tion, these dependencies of the distribution ratioghe SNF solution
acidity can explain the preferential accumulatidriigsion products in
the aqueous washing solution during the re-exwtacfirocess. In the
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latter case, the uranium distribution ratio D&®@)1 atC(HNQOs) near to
zero, and uranium seeks to concentrate in the agugashing solution.

Let assume that D(U) = 9 and 100 g U in the acBNF solution
come to the extraction — re-extraction processnThéer the first cy-
cle, 90 g U were recovered while 10 g U remaineth@éaqueous frac-
tion. After the second cycle, additional 9 g U wezeovered while 1 g
U remained in the agueous fraction. So, two-thseses of the extrac-
tion — re-extraction process are able to recovetoup9-99,9% U from
the initial SNF solution.

TBP radiolysis. The most substantial disadvantage of the solvent-
extraction technology consists in intense radislysi organic extrac-
tants under ionizing irradiation. The higher radibaty of the acidic
SNF solution, the more intense chemical dissogiatioorganic extrac-
tants occurs. Specific radioactivity of the SNFusioins can reach the
level of 500 Ci/l for spent fuel discharged froneitimal reactors and the
level of 1000 Ci/l for spent fuel discharged froastf reactors. That is
why reprocessing of spent fuel with high valuesfusdl burn-up is a
very complicated technology.

Radiolysis of tri-butyl-phosphate can cause théofahg negative
effects:

1. Chemical dissociation of TBP molecules occursoeting to the
scheme with breaking84-O links:

CHy— O~ fEly— O~ o - O\
CHyg—O-P=0 - CHyg—O-P=0- H-0-P=0 - HPOQ,
CHe— 0~ H-O H-0"

i.e. TBP as an organic salt of phosphoric acidsfiams, at first, into
di-butyl-phosphoric (DBP) acid, then — into mondyyphosphoric
(MBP) acid, and, finally, into phosphoric acidR0,: TBP - H(DBP)
- Hy(MBP) - H3PO,.

2. Appearance of chemically active acids result§omming salts of
DBP-, MBP and phosphoric acids containing fissioodpcts as metal
components. These FP-containing organic salts oanentrate in the
light organic fraction and, thus, worsen the SNroeessing quality.

3. TBP radiolysis creates the conditions needeirm the third frac-
tion on the interface between the light organic hadvy agueous frac-
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tions. The third fraction includes some jelly-likesoluble (or ill-
soluble) materials which can block technologicglegtines at SNF re-
processing plant. The following materials can bengonents of the
third fraction:

a. Compounds of fissile isotopes with TBP radidysmioducts.

b. Compounds of fission products with TBP radidysioducts.

c. Products of radiation-induced polymerizationT&P dilutant in
the form of stable jelly-like emulsions.

TBP regeneration.When TBP contacts with the SNF solution, salts
of DBP-, MBP- and phosphoric acids can appear amtain metal fis-
sile materials and fission products. The contamsithalBP can be
cleaned with application of the carbonate-alkalirashing-out process.
Usually, mixture of soda N&O; with caustic soda NaOH is applied as
a washing-out solution. Sodium, as the more chdlyiaative element,
substitutes itself for all other metal componentsalts of DBP-, MBP-
and phosphoric acids. The sodium-based salts dlsabable by water,
and they can be easily removed by aqueous washingptutions.

The carbonate-alkaline washing-out regenerationge® has the fol-
lowing drawbacks:

1. Large volume of middle-level radioactive wastes.

2. Residual plutonium in TBP can concentrate in thehirag-out solu-
tion, undergo radiation-induced polymerization &tout as sediment.
3. The process is not able to reach complete TBPipatibn.

Separation of plutonium from uranium. The uranium-plutonium
mixture produced by the solvent-extraction techggloontains the fol-
lowing uranium-TBP and plutonium-TBP solvates:

one six-valent uranium-TBP solvate L{fOs),-2TBP;

three plutonium-TBP solvates with different plutami valencies:

trivalent Pu(NQ)s'3 TBP, four-valent Pu(Ngy2 TBP and six-
valent PUQ(NOs), 2 TBP.

Separation of uranium-plutonium mixture is basedegperimental
fact that trivalent plutonium-TBP solvate Pu(N$8 TBP is character-
ized by its minimal solubility in the light organftaction as compared
with solubilities of other uranium and plutoniunhsdes. Therefore, if
all plutonium-TBP solvates are converted into tiéva state by the
aqueous reducing solution, then trivalent plutoniliBP solvate can
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concentrate in this solution while uranium-TBP sié/remains in the
organic fraction.

When separating plutonium from uranium, six-val@hitonium-
TBP solvate is reduced, at first, up to four-valstatte, then — up to tri-
valent state and washed out of the organic fraction

Six-valent plutonium solvate can be reduced upotg-f/alent state
by reaction with potassium nitrite KNO

PUQ(N03)2+ KNOZ — PU(NQ)4+ KN03

Afterwards, four-valent plutonium solvate is reddicep to trivalent
state by means of the following methods:
1. Reactions with bivalent iron compounds:

PU + F€' o PU' + Fe™.

Iron gives one valent electron to plutonium.
2. Reactions with four-valent uranium compounds:

PU + UY+ 2 HO - PU* + U2 + 2 H,.

3. Electrochemical plutonium reduction.

If the light organic fraction is washed out by thgueous reducing
solution, then trivalent plutonium concentrateghie aqueous fraction
while uranium remains in the organic fraction. Aftards, the re-
extraction process is used to recover uranium fiteenorganic fraction
by low-concentrated nitric acid HNOUranium transfers into the aque-
ous fraction (re-extract). This is a final stagetloé extraction — re-
extraction process. Thus, one cycle of this processists of the fol-
lowing stages:

1. SNF dissolution by nitric acid.

2. Extraction of uranium and plutonium from the aci@blF solution
by organic extractant TBP. Uranium and plutoniura gointly sepa-
rated from fission products.

3. Re-extraction of plutonium from the organic fraatioy the aqueous
reducing solution. Six- and four-valent plutoniuoivates are reduced
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up to trivalent state and transferred into the agadraction. Plutonium
is separated from uranium.

4. Re-extraction of uranium from the organic fractimndiluted nitric
acid. Uranium transfers into the aqueous fraction.

No more than three cycles of the extraction — iteagxion process
are traditionally used. The number of the cycles sabstantially
change the content of radioactive fission prodictshe reprocessed
fuel materials, i.e. proliferation-resistance o€ tbxtracted plutonium
can be changed. If the extracted plutonium is r&aidy contaminated
with radioactive and heat-generating fission presiuthen plutonium
becomes unsuitable material for manufacturing efeapon-grade nu-
clear explosive device. The low number of the etiom — re-extraction
cycles well corresponds with the “dirty fuel — ale@aste” concept.

Specific features in reprocessing of spent fuel amsblies discharged
from fast reactors. Spent nuclear fuel discharged from fast reactors
(SNF-FR) is characterized by the higher valuesuef burn-up in com-
parison with spent nuclear fuel discharged fromrtia reactors (SNF-
TR). In fast reactors fuel burn-up can reach 100dBWM via 40-50
GWwd/t HM in thermal reactors. As a consequence,-ERFontains the
larger quantities of plutonium (up to 20% \iB,7% in SNF-TR) and
fission products (up to 10% via 4-5% in SNF-TR)afts why SNF-FR
reprocessing encounters the following technologstallenges:

1. The more intense radiolysis of the SNF solutions$ emganic extrac-
tants.

2. The larger content of volatile fission productsKt, Xe, T) requires
applying the advanced gas-absorption systems at &Mpping and
dissolving.

3. The larger plutonium content can degrade TBP efficy due to the
lower solubility of plutonium dioxide.

4. The more intense radioactivity requires applying #uvanced sys-
tems for remote control of the extraction — re-&ation process.

5. Volumes of liquid high-level wastes (HLW) are abdive times
larger than those released in the SNF-TR repraogssiearly 10 m
HLW per one SNF ton are produced in the SNF-FRoegssing via 1-
3 n? HLW per one SNF ton in the SNF-TR reprocessing.
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1.6. Treatment and ultimate disposal of radioactivavastes

All nuclear technologies are related with use arggation of radio-
active substances. For example, fresh fuel assesbfi nuclear reac-
tors contain radioactive isotopes of uranium; speet assemblies con-
tain radioactive isotopes of uranium, plutoniuransuranium elements
and fission products. Some radioactive isotopesbearecovered from
spent fuel and profitably used. Fissile isotopes loa repeatedly used
(recycled) in fresh fuel compositions. Some fissppnducts and tran-
suranium elements are widely applied as heat ssusoeirces of ioniz-
ing radiation in medicine and various industrighiches. The remain-
ing radioactive substances, whose profitable agjitios are unfeasible
yet, are usually regarded as radioactive wastes\(RAhus, RAW are
those radioactive substances whose profitable @fmins are unfeasi-
ble now.

Therefore, the following materials and products barincluded into
RAW composition:

1. Those products of nuclear technologies whichuaiitable now
for any profitable applications.

2. All the materials and products which are conteatgd with radio-
active substances before their decontamination.

Specific peculiarity of RAW is a principal imposgity of their ex-
termination by means of any traditional technoldugineration, con-
version into any other chemical form). RAW remairbe radioactive in
any chemical forms. Traditional technologies caly ?ransform RAW
into the forms suitable for ultimate disposal iredaunderground geo-
logical repositories. Non-traditional methods of \RAextermination
presume construction of the dedicated nuclearifi@silwhere RAW are
bombarded by ionizing radiation (neutrons or gamayes) with the
only aim to transmute (convert) long-lived radidggmes into short-lived
or stable isotopes.

The most dangerous RAW are by-products of spentreprocess-
ing. These RAW are dangerous materials both ineatspf their quan-
tity and intensity of radiation emitted mainly bigdion products. FP
quantity in SNF discharged from thermal and fascters are equal to
about 40-50 kg/t and up to 100 kg/t, respectivAlypropriate specific
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radioactivities of SNF discharged from thermal dadt reactors are
equal to[b MCi/t and 20 MCil/t, respectively.

For comparison:

1. Total release of radioactive materials after r@blyl accident is
evaluated as 90 MCi.

2. Total release of radioactive materials aftert€ys accident (ex-
plosion of liquid RAW storage) is evaluated as 2GiM

1.6.1. Classification of RAW
Classification of radioactive wastes

RAW are classified depending on their state of eggtion (liquid,
gaseous and solid RAW) and on their specific radtividy (low-level,
middle-level and high-level RAW). The norms usedRssian regula-
tory bodies for classification of RAW are presenitedables 1.7, 1.8.

Table 1.7
Classification of liquid and gaseous RAW
Specific activity, Ci/l
Category Liquid Gaseous
Low-level <10° <10"
Middle-level 100-1 10 -10°
High-level > 1 > 10
Table 1.8
Classification of solid RAW
Dose Type of radiation
Cat . :
ategory rate, R/h| q, Cilkg B, Ci/kg y, Gr/h
Low-level <02 | 210-10° | 210%10* | 3107
3m0*
Middle-level 0,2-2 10-10° | 10%10" | 310*10°
High-level > 2 > 10 > 10" > 107
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Main mission of RAW treatment is to protect humansl the envi-
ronment against negative effects of radioactiveeniass. The most sig-
nificant negative effects include ionizing radiatidieat generation and
chemical toxicity.

1.6.2. Treatment of high-level RAW

There are the following two main forms of HLW:

1. HLW from radiochemical SNF reprocessing facilities.

These wastes are mainly liquid RAW because thesimniddtscale
SNF reprocessing is primarily based on the aqusolent-extraction
PUREX-like technologies. As is known, the solvextir&ction reproc-
essing of SNF discharged from nuclear power reactan produce
about 45 m of liquid HLW, 150 ni of liquid middle-level wastes
(MLW) and up to 2000 thof liquid low-level wastes (LLW) per one
ton of spent fuel.

2. Spent fuel assemblies discharged from nuclear poseéstors.

In the USA, where the moratorium has been decreedadiochemi-
cal reprocessing of spent fuel from commercial NfPBse assemblies
are considered as a form of the transport RAW doeta completely
ready for interim storage and, further, for ultimalisposal in deep un-
derground geological repositories.

Main stages of the HLW treatment

1. Interim storage:

a. Spent fuel assemblies are placed into the vsabeage pools at NPP
or at SNF reprocessing plants.

b. Liquid HLW are poured into the steel storageksarThe storage
tanks are put under strict control of heat genemnatate (if necessary,
forced heat removal must be provided) and elemearaaiposition of
the gas cushion over the HLW level (if necessairyblawing-through
is carried out to remove explosive hydrogen produmewater radioly-
sis).

2. Evaporation of liquid HLW.

The HLW evaporation process providga00-fold reduction of the
HLW volume. However, the following negative effeatsse:

a. Specific radioactivity of the evaporated HLWripases.
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b. Specific heat generation rate of the evapordtied/ increases too.
The larger heat generation rate warms up the eatgobHLW.

c. Corrosion activity of the evaporated HLW intdies due to the
higher corrodent concentrations and to the eleviaieqherature.

d. Gas release intensifies too due to the radmlgiwater and some
liquid HLW components.

The following countermeasures are usually undertake
a. Control of explosive hydrogen content in the gashion above the
HLW level in the storage tanks.

b. Periodical air blowing-through for dilution aneimoval of explosive
hydrogen.

c. Control of the gas cushion temperature (2C$0

d. Forced heat removal.

e. Application of corrosion-resistant alloys andirdess steels as struc-
tural materials of the HLW evaporation facilitiesdathe HLW storage
tanks.

f. Introduction of the corrosion inhibitors intoetevaporated HLW.

g. Disposition of the HLW storage tanks below tlagtle level on the
concrete saucers.

3. Solidification of the evaporated HLW.

Main mission of the HLW solidification is to implathe HLW into
a stable inert material (matrix) that can reliaphgvent the HLW re-
lease into the environment and, finally, into tbed chains. Migration
ability of the HLW must be substantially weakeneda reliable HLW
immobilization must be guaranteed.

At present, the HLW implantation into some glasmpositions, or
the HLW vitrification, is considered as the mositable form for the
HLW immobilization. The following two technologies the HLW vit-
rification are the most well-known:

1. One-step technology.

The liquid concentrated HLW are poured into a refrey crucible
together with the glass-producing additives. Urgtadual warming up,
the mixture undergoes the following changes:

a. Ultimate HLW evaporation.
b. Calcination of dried HLW at 300-4%0.
c. Glass-mass melting at 1100-1450
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After relatively short cooldown, the crucible witl its content is
transported to the ultimate disposal site.

2.Two-step technology.

The French AVM-process can be considered as adlypi@ample of
the two-step HLW vitrification technologies.

Main stages of the AVM-process:

a. Calcination of the evaporated HLW at 300400

b. Mixing the calcination product with the glas®gucing additives.

¢. The mixture is poured into a melting furnace.

d. Gradual warming up and formation of the glasssnat 1100-
1150C.

e. Periodical drainage of the glass-mass into sta#hiners.

f. Interim storage and ultimate disposal of the HE@wtainers.

Some alternative versions of the HLW vitrificatidachnologies
have been developed till now. The alternative tetidgies presume the
HLW implantation into other stable materials, sashceramics, glass-
ceramics or mineral-like SYNROC materials. The t&¥NROC is an
abbreviated form from the words “Synthetic Rockisd, artificial but
natural rock-like materials. Development of the SROIC materials and
the technology for the HLW implantation into thetingd SYNROC
technology) is based on the hope that the SYNRO@nmaés could be
characterized by the same physical and chemicaepties (primarily,
high long-term stability) as their natural analogue

The SYNROC technology includes the following maiages:

1. Mixing the evaporated HLW with predecessorshef 8YNROC ma-
terials. These predecessors are, as a rule, vagfnagtory oxides. One
typical example of the SYNROC predecessor compusit as follows:

TiOy(71%), CaO(11%), Zrgh7%), BaO(6%), AIO3(5%).

2. Calcination of the mixture at 650-760

3. Hot pressing of the mixed powder into the SYNRfdllets (tem-

perature - 1100-1280, pressure - 150-200 atmospheres).

4. Filling up the steel containers with the SYNR@€llets, interim

storage and ultimate disposal of the HLW containers

Multiple tests were carried out with the HLW-comiiaig SYNROC
materials, and the following main results were wiad:

1. Physical, chemical and corrosion-resistance gitms of the
SYNROC materials appeared to be very similar witbse of natural
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rock minerals, i.e. the SYNROC materials are ablemnaintain their

stability under any environmental impacts for stiéfintly long time pe-

riods.

2. The SYNROC materials can retain up to 20% HLW.

3. The water-leaching rate of the SYNROC mateGalgered the range
of 10°+10° gram from 1 crhof the sample surface a day (gfeday).

The achievable HLW contents and the HLW leachingséom the
SYNROC materials are inferior to analogous propertf the borosili-
cate glass. The borosilicate glasses can retain 80% HLW. In gen-
eral, the glasses are characterized by intringichiordered molecular
lattice and, therefore, the glasses are able tp kdde spectrum of
various radioisotopes. The SYNROC materials witirtfinely ordered
crystalline lattice are able to keep only the raitope compounds
with certain atomic dimensions and with certainemaies. The water-
leaching rate of the vitrified HLW is evaluated1€¥+10" g/cnf-day.

So, the SYNROC materials are inferior only to thesges in respect
to the achievable HLW content and the water-leaghéte but, never-
theless, they remain to be the second candidatédorLW immobili-
zation.

After the HLW are immobilized in the glass-mass iar the
SYNROC pellets, these solidified HLW forms are plddnto the steel
containers. The further HLW management foresedgmiitly long (up
to 50 years) interim storage in the near-to-surfdoeage points with air
or water cooling. The containers can be periodicatrieved to inves-
tigate the current state of the solidified HLW aifdhecessary, to per-
form their additional treatment.

1.6.3. Ultimate disposal of high-level RAW in geological formations

The next stage is an ultimate disposal of the Hldmainers in deep
underground geological repositories. Geologicalmi@tion can be re-
garded as a suitable place for ultimate disposah®fHLW containers
only if the formation satisfies the following regeiments:

1. Geographical properties of the formation:

a. Far distance from the densely populated areas.
b. Low seismicity and low probability of earthquake
c. Far distance from the level of ground waters.
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d. The geological stratum must not enter the eartface.

2. Physical properties of the formation:

a. Good heat conductivity and heat capacity.
b. Good mechanical strength and plasticity.
¢. Good chemical stability and retentivity of radmopes.

The following three geological formations are estied now as the
most promising candidates for ultimate disposahefHLW containers
in deep underground repositories:

1. Salt mines.
2. Sedimentary clayey formations.
3. Rocky formations.

Unfortunately, it appeared impossible to distingugne the most
suitable geological formation from these candidedugven basing only
on their physical properties. All the candidatee aharacterized by
their own advantages and drawbacks.

Salt mines

Advantages:
1. Far distance from ground waters, i.e. hydrologaaiditions of the
salt mines were so stable that the salts remaméakir initial state for
a geological-scale time period (some millions oerewvmilliards of
years) despite of their good solubility by lightter
2. Good plasticity.
3. High heat conductivity.
Drawbacks:
1. Good solubility by light water.
2. Potential usefulness for many industrial branches.
3. Radiolysis by ionizing radiations with intense e@te of harmful
gaseous substance (chlorine, for instance).

Sedimentary clayey formations

Advantages:

1. Full water impermeability.

2. High retentivity of radioactive fission productsith the exception of
129 and**Tc).

3. Good plasticity.

Drawbacks:

1.Low retentivity of % and **Tc, radioisotopes with high migration
ability.
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2. Low heat conductivity.
3. Proximity to the earth surface.
Rocky formations

Advantages:

1. High water impermeability.

2. Good mechanical strength and chemical stability.

Drawbacks:

1. Low plasticity, i.e. high probability for the clexto appear as poten-
tial pathways for the HLW migration into the biogpé.

2. Low heat conductivity.

The most advanced all over the world project of deep under-
ground HLW repository is the Yucca Mountain proj@devada, USA).
Schematic layout of the Yucca Mountain reposit@yshown in Fig.
1.8.

Level of ground water

Fig. 1.8. Layout of the Yucca Mountain repository

Construction of the Yucca Mountain repository wagim in 1994.
By April 1997 the main drifting works were finishedth the following
dimensions of the major tunnel: length — 7900 mgle— 7,6 m; dis-
tance from the level of ground water — 200 m dowmsadistance from
the mountain top — 300 m upwards. About $20 milsawere already
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spent for these drifting works. In 2002 all theds&s on geological, hy-
drological, geochemical and geothermal propertfdberepository site
were completed, and the US Nuclear Regulatory Casion received
the application on start-up of the repository oflera As was previ-
ously planned, the loading process of the repaositdth the HLW con-
tainers must be begun in 2010 (total capacity ef Ylucca Mountain
repository was evaluated as 77,000 t HLW). Howetleg, license on
the repository operation was not issued by the KiR6ow. Moreover,
federal funding of the Yucca Mountain project wased just in 2010.

The geological formation of the Yucca Mountain reipary is a
rocky tuff with large quantity of cracks. Verticatfiltration of light
water from upwards into the major tunnel was messand appeared
equal to approximately one liter per one squareenatthe tunnel bot-
tom annually, i.e. 1 mm-thick water layer a year.

Some numerical evaluations demonstrated that n&ffect on po-
tential contacts of ground water with radioisotop@sl probability of
their release into the biosphere from the fullyded HLW repository
Yucca Mountain is mainly defined by residual heaneration. The
mountain part adjacent to the major tunnel can lzeme&d up to
m3dC, i.e. above boiling temperature of ground wates. iftense
warming up can create the closed circuit of natwater convection
from hot HLW repository to relatively cold rockshére, water vapor
condenses and flows down. That is why hydrologicaiditions of fully
loaded repository cardinally differ from those my repository.

The following changes can occur in hydrological ditions of the
fully loaded HLW repository:

1. Formation of the condensed water layer aboveHit\/ repository
by natural convection of hot vapor and cold water.

2. The rocky area adjacent to the HLW repositoryripregnated with
water.

3. Intense cracking of the tuff layers adjacenh®HLW repository by
hot vapor and temperature gradient.

4. Chemical activity of hot water enhances. Coneatly, corrosion
rate of the HLW containers and solubility of radistopes can increase.

Central zone of the HLW repository can remain reédy dry be-
cause of maximal heat generation rate and rapigogadion of the
flowing down water. Atmosphere in peripheral zoriethe HLW re-
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pository can be more humid and, thus, it can intgm®rrosion of the
HLW containers. So, internal heat generation caa Berous capacity-
limiting factor for the very expensive HLW reposits. The heat gen-
eration is mainly caused by radioactive decaysoafeslong-lived fis-
sion products*t’Cs, °°Sr) and minor actinides (radioisotopes of neptu-
nium, americium and curium). In a relatively shiatm perspective
(100-200 years), fission products are main contoifsuinto the internal
heat generation. In a longer perspective (t > 1y4rs) the dominant
role in the decay heat generation passes fronofigsioducts to minor
actinides.

Therefore, some advanced alternative approachégetblLW man-
agement are under thorough studies now througheutvorld. These
approaches presume various options for extractimh partitioning of
long-lived fission products (LLFP) and minor acties. The separated
radioisotopes can be further used as heat sountksaurces of ioniz-
ing radiation in many industrial branches.

Minor actinides are able to enhance nuclear nolifpration regime
because neutron irradiation GfNp and®*Am in nuclear reactors can
transform them into plutonium isotog&Pu, intense source of decay
heat and spontaneous fission neutrons. Plutoniuth high enough
content of?%u becomes completely unsuitable for manufactuohg
any nuclear explosive devices.

Some other approaches presume neutron transmutdtld~P and
minor actinides in the dedicated irradiation faigh (nuclear reactors,
accelerator-driven systems, thermonuclear instalia} where the most
harmful radioisotopes can be converted into sheedl or stable nu-
clides.

1.6.4. Treatment of liquid middle- and low-level RAW

The following procedures are used to treat liquidvWland LLW:
1. Precipitation and removal of solid particlesnfirthe MLW and LLW
solutions.
2. lon-exchange purification of the clarified sabuis.
3. Evaporation up to the dry sediment.
4. Immobilization by bituminization or cementation.
5. Placement of the solidified radiowastes intoste| containers.
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6. Interim storage and ultimate disposal of thelstentainers.
Bitumen as a material for RAW immobilization carieofthe follow-
ing advantages:
1. Low leaching rate by light water.
2. Suitability for immobilization of any chemicalA®V forms (salts,
hydroxides, organics).
3. Good radiation resistance.
However, bitumen is an inflammable material as gpimduct of
natural oil reprocessing, and bitumen softens un@deming up.
The alternative option to the RAW bituminizationascementation
process, i.e. RAW implantation into the concretecks.
Concrete a material for RAW immobilization can offiee following
advantages:
1. Low cost and simplicity of the cementation pisxce
2. Good radiation resistance.
3. High heat conductivity.
4. Concrete is not an inflammable material and duEssoften when
warmed up.
Unfortunately, concrete is very sensitive to thetewaleaching.
Comparative data on the water leaching rates ofribst widely known
materials for RAW immobilization are presented belo

1. Glass: 18+ 10" g/cnfday:;
2. SYNROC: 10+ 10° g/cnfday;
3. Bitumen: 16+ 10* g/cnfday;
4. Concrete: 16+ 10? g/cnfiday.

That is why glasses and the SYNROC materials agéepntially
used to immobilize HLW while bitumen and concret®r~immobiliza-
tion of MLW and LLW.

Chemical stability of the concrete blocks can bbased by im-
pregnating the cement mixture with some organicanmers. At solidi-
fication, the monomers are polymerized, and chenstability of the
concrete blocks improves substantially.

1.6.5. Treatment of gaseous RAW
Gaseous RAW can produce the following negativecedfen human

organism:
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1. Direct external irradiation and irradiation Hetfallen out radioac-
tive particles.

2. Internal irradiation at inhalation of air confaated with gaseous
RAW.

3. Chemical toxicity of gaseous RAW at inhalation.

The following radioisotopes are main componentgasfeous RAW:
1. Radioactive noble gases (radioisotopes of kryptud xenon).

2. lodine radioisotopes.
3. Carbon radioisotopécC.
4. Tritium.

After lengthy (5-10 years) staying in the SNF sgergpool at NPP
only the following relatively long-lived gaseoudia@isotopes remained
in RAW composition:

1. Of noble gases — onf§Kr (half-live Ty, = 10,7 years).
2. Of iodine radioisotopes — on§Al (T1, = 1,610’ years).
3. Radiocarbon’C (T, = 5730 years).

4. Tritium®H (Ty, = 12,3 years).

Removal of ®Kr. The following methods are used to remd&uér
from gaseous RAW composition:

1. Cryogenic adsorption by activated charcoal otemuar sieves as
ultra-filters.

2. Cryogenic adsorption by liquid carbon dioxideliguid fluorocar-
bons.

Removal of 4. In gaseous RAW composition the radioiodine can
be in the forms of molecular ioding, fodides (I) and iodates (1©).
The following methods are used to remo¥& from gaseous RAW
composition:

1. Absorption of the radioiodine by alkaline or dici solutions in
scrubbers where the radioiodine is oxidized upadiasnsoluble com-
pound H}Os.

2. Chemisorption of the radioiodine onto the zeolihpregnated with
silver nitrate AgNQ. Molecular radioiodine is bound into insoluble- sil
ver iodide and silver iodate through the followtigemical reaction:

2 AgNOs+ I, + H,0 + O, - Agl +AglO; + 2 HNO; .
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Removal of C. Gaseous RAW contains radiocarb$é in its ox-
ide forms *CO and *CO,. Radiocarbon is a product of neutron
“N(n,p)C reaction with nitrogen that is contained in éir,coolant
and structural materials as an impurity.

Unfortunately, till now no any industrial-scale b@ologies have
been developed to cat¢fCO or**CO, efficiently. In laboratorial stud-
ies some fluorocarbons demonstrated highly efficasorption of‘C
(up to 99,994“C) within low temperature range from %0to +4£°C.

Removal of tritium. In nuclear reactors tritium can be produced by
neutron reactions with coolant and some impuritiggirogen, lithium)
in structural materials, In addition, tritium igpeoduct of very rare ter-
nary fission reactions with emission of three (nstial two) fission
products. Since the ternary fissions can occur wétly low probability,
spent fuel contains only aboufl®® % °H.

The following properties of tritium should be takieto account:

1. Tritium is a source of low-ener@yradiation.

2. Tritium can actively enter into the isotope exatpe reaction with
light water thus forming tritium water HTO or@ at the SNF reproc-
essing. Therefore, tritium is present in all ligUkRW produced by
aqueous technologies of the SNF reprocessing.

The following methods are used to remove tritiumnfrgaseous
RAW composition:

1. Voloxidation of spent fuel before its dissolutiaxidation by air at
the elevated temperatures, 450-€50The air humidity can bind tritium
into tritium water for further treatment as liqURAW.

2. Chemisorption of tritium water by zeolite.

3. Light-water washing-out of organic TBP-contagniinaction after the
solvent-extraction process.

Treatment of volatile aerosols and dustVolatile aerosols and dust
are gas-like materials with specific content oficaind liquid particles
within the range from I®g/nt to 10 g/m. The following methods are
used to treat volatile aerosols and dust:

1. Gravitational deposition in the dust-collectaigambers.

2. Centrifugal removal of solid and liquid partigla cyclones. The gas
flow enters into a cylindrical vessel at an anglés vertical axis. Solid
and liquid particles can strike against the walll anop out of the gas
flow.
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3. Electrostatic deposition (imparting an electricharge to solid and
liquid particles and their deposition by electritiald).

4. Gas washing-out in scrubbers.

5. Ultra-filtration with application of the dedieat filters made of fiber-
glasses, polymers, metal-tissue and metal-ceramierials.

1.6.6. Treatment of solid RAW

The following materials and products are the maimpgonents of
solid RAW:
1. Details of nuclear equipment, construction nmater rubbish and
working clothes before their decontamination.
2. lon-exchange resins and filters.
3. Metal claddings of fuel rods.
4. Deposits on internal wall surfaces of technalabequipment.

The following methods are used to treat solid RAW:
1. Reduction of RAW volume:

a. Incineration with up to 100-fold reduction of RAvolume.

b. Pressing with up to 10-fold reduction of RAW wwle.

In total, RAW volume can be decreased by a fadtabout 1000.
2. Placement of the remaining RAW into the steeltaimers, interim
storage and ultimate disposal.

A special technology is used to treat radioactiladings of fuel
rods. The following processes caused their radigfct
1. Neutron irradiation in nuclear power reactors t@nsform some
stable isotopes of iron, chromium, nickel, molybd@nand other con-
stituents of stainless steels into appropriateciadiopes.
2. Fission products and minor actinides can mighaten fuel meat to
fuel cladding. That is why fuel claddings can cimtaactive radioiso-
topes.
3. Residuals of undissolved spent fuel.

Treatment of fuel claddings includes the followmgin stages:
1. Interim storage in concrete shelters under water (zirconium par-
ticles are pyrophoric in air).
2. Chemical treatment by hydrofluoric acid HF a gievated tempera-
tures (550-60%C). This treatment can form superficial friable fion
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the cladding surface. Then, these MA-containingdilcan be dissolved
and removed by alkaline or acidic solutions.

3. Re-melting of fuel claddings into metal ingaiselectrical furnaces.
4. Placement of metal ingots into the steel comtaininterim storage
and ultimate disposal.

One else form of solid RAW is constituted by radibse deposits
on internal walls of technological equipment un(tsixers, settlers,
connecting pipelines, etc.) at the SNF reprocessiagts. The radioac-
tive deposits can be formed by the following preess
1. Sorption of radioisotopes from the SNF solutioRadioactivity of
the walls gradually increases and can reach theegsatomparable with
radioactivity of the SNF solutions.

2. The walls are gradually saturated with radiaipes. After each de-
contamination the process of radioisotope sorpéind gradual satura-
tion reiterates.

3. Time-dependent evolution of basic thermal, ptglsand chemical
conditions causes hardening the radioactive depdditly RAW com-

ponents with the highest mechanical strength, cteimiadiation and
thermodynamic resistance can remain on interndbwedlitechnological

equipment units. The most significant radioactiepabits contain zir-
conium- and silicon-based compounds (zirconatessdithtes of fis-

sion products and fuel components) which are ableotymerize with

formation of jelly-like materials (salts of siliciacid HSiOs, oxides of

silicon, magnesium, calcium and some alkaline ragtal

Technological equipment of the SNF reprocessingtplés mainly
decontaminated by the chemical desorption of galiioactive deposits
with liquid desorbing reagents. Radioactivity oétlvalls must be re-
duced to the levels acceptable for the repair smdntling works. The
desorbing process can transform solid depositsligtdd solutions for
their further treatment as liquid RAW. The desogoprocess is usually
performed by the multiple washing-outs of technadabunits. At first,
low concentrated solution of nitric acid HN@ used to dissolve and
remove spent fuel residuals. Afterwards, the midtgdternation of the
walls treatment by liquid desorbing solutions isleraken to weaken
the deposits and, then, to dissolve and remove.them

The most widely applied decontamination technolisgyased on the
multiple alternation of the washing-out processgsalialine solutions
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(chemical dissociation of ill-soluble deposits, atibn of high-density
oxides and salts) and by acidic solutions (dissmhubf the most friable
deposits and removal them from technological ufotsfurther treat-
ment as liquid RAW).

Control questions to Chapter 1
Call main categories of natural uranium resources.
Call main stages of hydro-metallurgical treatmefniranium ore.
What is the sorption process of uranium recovesetdan?
What is the extraction process of uranium recobased on?
5. What is the chemical precipitation process of wramirecovery
based on?
6. What is the in-situ leaching process of uranium lmeed on? Call
main conditions for the ISL applicability.
7. What is the aqueous extraction affinage procesdP itSamain
stages.
8. Write the material balance relationships for isetapanium en-
richment.
9. What are the basic ideological propositions foed®ination of the
separative work scope and for determination ofstigaration potential
function?
10. Call properties of uranium hexafluoride which dne tmost impor-
tant for isotope uranium enrichment.
11. What technologies are used to convert uranium gxid® uranium
hexafluoride?
12. What is the gas diffusion technology of isotopeniuen enrichment
based on?
13. What is the gas centrifuge technology of isotopanium enrich-
ment based on?
14. What is the separation-nozzle technology of isotapeium en-
richment based on?
15. Call main stages of the atomic vapor laser isosggaration proc-
ess.
16. Call main stages of the molecular laser isotoparsgjon process.
17. How can the chemical methods of isotope separatonsed?
18. What is the plasma technology of isotope separdtased on?
19. Call main advantages and shortcomings of uraniuxidé fuel.

PwbpE
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20. Call main stages of the process applied for manuifsag of UOX-
fuel pellets.

21. What specific features can you call in the manuiidict process of
MOX-fuel pellets?

22. Call main advantages and shortcomings of metaliwmafuel.

23. Call main missions of refueling in nuclear poweaaters.

24. Call main stages of the batch irradiation, parbatch and uni-
formly partial refueling strategies.

25. Call main stages of the scatter and modified scetfeeling strate-
gies.

26. Call main stages of the out-in refueling strategy.

27. How are the refueling works performed in thermal RWype reac-
tors?

28. How are the refueling works performed in fast LMFBRe reac-
tors?

29. How are the refueling works performed in thermal ND\UJ-type
reactors?

30. How are the refueling works performed in thermalNRBtype re-
actors?

31. Describe briefly a typical transport cask for spieiel assemblies.
32. What requirements must the transport cask destigfysa

33. What tests must a typical transport cask undergo?

34. Call main missions of spent fuel reprocessing.

35. Call main categories of the spent fuel reprocestgngnologies.
36. Call main stages of the aqueous solvent-extra¢tiohnology.

37. How does TBP radiolysis occur? What negative conseces does
TBP radiolysis lead to?

38. What technology is applied to separate plutoniuwmfuranium?
39. Call main RAW components.

40. Call main RAW categories.

41. Call main stages of high-level RAW treatment.

42. What requirements must geological formations satistbe suitable
for ultimate disposal of RAW?

43. What geological formations are under estimation ra®sapotential
candidates for ultimate disposal of RAW? Call the@in advantages
and drawbacks.
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44. What are the main difficulties for ultimate dispbed RAW in the
Yucca Mountain geological repository?

45, Call main stages of middle-level and low-level RA&atment.

46. What materials are currently used for RAW immolaitian? Range
them according to their relative immobilization tityeand explain it.
47. Call main stages of solid RAW treatment.

48. What technology is used to decontaminate technodbgiquipment
of the SNF reprocessing plants?
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CHAPTER 2. NEGATIVE ECOLOGICAL EFFECTS AT
VARIOUS STAGES OF THE CLOSED NUCLEAR FUEL CYCLE

All enterprises of nuclear fuel cycle deal with ez materials
which are potentially able to impact negativelytba environment and
human organisms. Even the least harmful nucleaenmaat— uranium
ore — is a radioactive substance, weak emitterdrticles and sponta-
neous fission neutrons from decays of uranium sest™U and?*®U.

Acceptable specific activity ofi-emitters equals 0.2Ci/kg. As it
was noted above, the mined uranium ore containgverage, about
0.1% U, i.e. 1 kg of uranium ore contains 1 g Uakhiin its turn, con-
tains 993 mgd>®U, 7 mg®*U and 0.05 mg**U. Radioactivity A of ra-
dionuclide with mass m (grams), atomic weight Mr(a.) and half-life
Ty, (S) can be calculated by using the formula:

—4
A(uciy=" N 2230
M T,, 37
where N — the Avogadro number, 6.028% nuclei per a mol.

It is easy to determine the following contributioofsuranium iso-

topes into total specific radioactivity of uraniwre:
A(®P%) = 0.332uCilkg;
A(®U) = 0.015uCilkg;
A(P) = 0.332uCilkg.

As is seen, contribution of only uranium isotope8.7 uCi/kg) into
specific radioactivity of uranium ore exceeds tloeeptable level by a
factor of 3.5. However, uranium ore contains racliva daughter prod-
ucts of U and U decay families. The chains of radioactive decays
start from**U and®**U, many new radionuclides are produced which, in
their turn, undergo decays via their own channelandp-decays, iso-
meric transitions) and so on. Final product§®d# and®*®U decay chains
are stable lead isotop&EPb and®®Pb, respectively. The decay rate (ra-
dioactivity) of each intermediate radionuclide dguhe decay rate (ra-
dioactivity) of its predecessor since for the edabmany billion years the
so-called eternal equilibrium established betwdemambers of decay
families. So, radioactivity of any intermediate icdiclide equals radio-
activity of start radionuclide. Thus, total uranivadioactivity can be cal-
culated as radioactivity 6f®U muiltiplied by the number of its daughter
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products plus radioactivity 6f°U also muiltiplied by the number of its
daughter product$*U can be omitted becau$¥U is a member of*®U
decay family. In reality, different migration alyliof decay products (es-
pecially, gaseous radionuclides) in geological emrnent can tear the
decay chains and decrease significantly specifimeaativity of uranium
ore. With proper accounting for migration abilitiy some radionuclides,
specific radioactivity of uranium ore containind% U is equal to about
4 uCilkg, i.e. twenty times higher than acceptablesleWatural ura-
nium, recovered from uranium ore and chemicallyasaied from its
decay products, contains three uranium isotop@J; U and ®%U.
Specific radioactivity of natural uranium is evakto be 70Q.Ci/kg,
i.e. 3500 times higher than acceptable level. Tiéans that already at
initial stages of nuclear fuel cycle its enteribave to deal with materi-
als whose specific radioactivity exceeds signifigatie sanitary norms.
Nuclear enterprises are able to produce the foligwiegative ef-
fects on the environment and human organisms:
1. Radiation injuries since nuclear technologieal dgith materials —
emitters of ionizing radiation.
2. Thermal impact caused by hot-water effluentsnffdPP steam tur-
bines into the air atmosphere and other objechydfosphere.
3. Chemical impact of toxic materials containedtails from hydro-
metallurgical processing of uranium ore at init\FC stage, in wastes
from radiochemical SNF reprocessing at final NF&gstand in com-
mon domestic wastes from routine activity of nuclkesterprises.
4. Alienation of large territories that takes planainly at initial NFC
stage related with mining and primary processingrahium ores.
Although each of these negative effects deservedndividual
analysis, radiation impact calls the most publioa@ns. That is why
main attention will be given below to radiationesffs produced by rou-
tine operation of nuclear enterprises on the enwirent and human or-
ganisms.

2.1. Natural radiation background

In order to evaluate the radiation threats fromleaicenterprises,
the following question should be answered: in wiadiation field cre-
ated by natural sources of ionizing emissions d@oeahvironment and
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the Earth population reside in the present time€ Earth’'s biosphere
had existed for many billions of years. During sactengthy time pe-
riod all representatives of the Earth’'s biosphead leultivated some
adaptive mechanisms which allowed them to accomteaaiad survive
under all natural negative conditions includingumat radiation back-
ground. The negative effects produced by natuiihtisn background
can be used to estimate ecological threats fronowsmuclear tech-
nologies. The problem of the humankind is to foha situation when
nuclear technologies do not produce so severetiadianpact on the
environment that exceeds substantially the radiatiopact produced
by natural background.
The following main contributors into natural radiet background
can be noted:
- cosmic rays;
- radioactivity of rocky minerals (uranium, thoriuimeir decay prod-
ucts, isotopes from middle part of Mendeleev'seabi’K, “*Ca,®'Rb);
- radioactivity of soil, atmosphere, hydrospherd hiosphere.
Statistical information about natural radiation kground in various
world regions, including Russia, can be presenwdigerage annual
individual effective doses from natural sourcesoofzing radiation.
1. Cosmic rays.
Range over the world regions — from 300 to 1080/year.
Average over the world — 39(Bv/year.
Average over Russia — 46@v/year.
2. External irradiation by terrestrial radionuckde
Range over the world regions — from 300 to 689/year.
Average over the world — 48(Bv/year.
Average over Russia — 44@v/year.
3. Internal irradiation by terrestrial radionuclde
Range over the world regions — from 400 to 10080/year.
Average over the world — 157(Bv/year.
Average over Russia — 14Y8v/year.

Total radiation impact from natural background:
Average over the world — 244(Bv/year.
Average over Russia — 23%8@v/year.

112



Thus, it may be concluded that radiation impaamfreatural sources
of ionizing radiation on human organism can be @aa@d at an ap-
proximate level of 2,4 mSv/year. This value cormrg}s to the collec-
tive effective dose received by full the Earth’pplation at the level of
1,510" persorSviyear.

Theses two values, namely 2,4 mSv/year per a pardnl,510’
personSv/year, will be used further .to compare radiattbreats at
various NFC stages with natural background of imigizadiation.

According to the RF regulations, additional radiatiburden from
nuclear enterprises must be well below 1 mSv/yeapbpulation and
20 mSv/year for staff.

2.2. Ecological effects of various NFC stages
2.2.1. Mining and hydrometallurgical treatment of uranium ore

At this NFC stages the staff members of uraniumesitiM-plants
and population of adjacent regions can suffer flmsth external and
internal irradiation since large amounts of radin@c materials are
brought onto the Earth surface and can migrate timoenvironment.
The main striking effects are caused by radioaativst, aerosols and
some gaseous radionuclides from U and Th decayliémninamely
2Rn (radon) fronf*®U decay family and®®Rn (thoron) fronf**Th de-
cay family.

The following values can be taken from statistioébrmation about
radiation doses at the stages of uranium ore mirng its HM-
treatment:

1. Average annual effective dose from externaldiation is evaluated
as 10 mSv/year for the staff members involved uramium ore mining.

2. Roughly the same radiation dose (about 10 m&x)ye received in

the form of internal irradiation. Thus, collectie&ective dose received
by the staff members involved into uranium ore minis evaluated as
1,7 persorv/GWe-year.

3. Average-world individual effective dose receivedthe staff mem-
bers involved into operation of HM-plants is evagehas 12 mSv/year
for external irradiation and 5 mSv/year for intdriveadiation. Thus,
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collective effective dose received by the staff hers of HM-plants is
evaluated as 0,4 pers&vw/GWe-year.

4. Collective effective dose received by populatidradjacent regions
is evaluated as 0,2 persSn/GWe-year, i.e. by one order of magnitude
lower that that for the staff members involved intanium ore mining.

It is noteworthy that these NFC stages are maxymallated with
alienation of large territories for disposition biM-plants and their
wastes (tails). According to the RF regulationsp talienation forms
may be applied< namely temporary alienation (witisgibility for fu-
ture re-cultivation) and permanent alienation (fmposition of radioac-
tive tails): 60 ha/GWe-year for temporary alienatmd 2 ha/GWe-year
for permanent alienation.

2.2.2. Affinage of uranium concentrate, isotopic uranium enrichment
and fabrication of fuel rods

At these NFC stages collective effective dosesivedeby the staff
members are evaluated as 0,1 peSoiGWe-year at the stages of ura-
nium concentrate affinage and uranium isotope brmént, and as 0,6
personSv/GWe-year at the fabrication stage of fresh &issemblies.

Collective effective doses received by populatibadjacent regions
are evaluated as1D* persorSv/GWe-year from liquid effluents, and
as 1910* persorSv/GWe-year from gaseous effluents.

Thus, initial (front-end) part of nuclear fuel cgglmining and HM-
treatment of uranium ores, affinage of uranium eomiate, uranium
isotope enrichment and fabrication of fresh fueteasblies) can be
characterized by the following radiation impacts:

1. Collective effective dose received by the staféfimbers is evaluated
as 4 persobv/iGWe-year.

2. Collective effective dose received by populatidradjacent regions
is evaluated as 0,25 persBwGWe-year.

Total capacity of the world nuclear power systerabisut 375 GWe
in 2014. So, collective effective dose can be dated as 1,80° per-
sonSv/year, i.e. about 0.01% from radiation impactnatural back-
ground (1.510" persorSv/year).
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2.2.3. Use of nuclear fuel at NPP

Even normal NPP operation mode is accompanied bynaglation
of radiowastes in nuclear fuel and in some otheP Nd®@mponents.
Main radiation sources in the wastes are fissiadpcts and minor ac-
tinides in nuclear fuel, corrosion and activatiaducts in structural
materials of fuel and in other metal in-pile stures of nuclear reac-
tors. Penetration of radiowastes into the enviramra&d biosphere en-
counters a series of protective barriers includumg pellets and their
metal claddings, the reactor vessel, circuits faslant circulation and
NPP containment. Nevertheless, some small fracforadiowastes is
able to come into the environment with coolant éggds, at the repair
and maintenance works, at replacement of defeaj@ioment units.
Besides, some radionuclides can escape the spainstbrage pool as
liquid effluents from the washing-out process ohtemninated filters
and ion-exchange purification systems.

NPP with RBMK-type reactors is usually charactetibg relatively
higher radiation impact than NPP with VVER-typeateas. The closed
primary circuit of VVER-type reactors promotes thager retention of
radionuclides in comparison with the open primargut of RBMK-
type reactors where boiling light-water coolant caculate. Gaseous
and volatile radiowastes can rapidly escape théngocoolant with
vapor and release into the environment througltémelenser’s ejector.

Collective effective doses received by NPP sta#f@araluated as 3,9
personSv/(GWe-year for VVER-type reactors and 20,3 per-
sonSv/GWe-year for RBMK-type reactors.

Under nominal operation conditions of Russian N&dHective ef-
fective doses received by population of adjacegiores are evaluated
as 0,13 perso8v/iGWe-year for VVER-type reactors and 0,6 per-
sonSv/GWe-year for RBMK-type reactors. As total capaof Russian
nuclear power system is equal to about 23 GWe I 20ith approxi-
mately the same contributions from VVER and RBMIggayreactors,
collective effective doses 8 persBw/year for population of adjacent
regions and 450 pers@v/year for NPP staff members. These values
are negligibly small as compared with natural radra background
(1.510" persorSv/year).
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Thermal pollution of the environment

As is known, cooling of the condensers at NPP wiéttrical output
of 1 GWe requires water flow rate at the level 8frB/s and warms up
water on 18C. Following from these NPP operation data, miniaraa
of water-table in NPP heat-sink pool is evaluated &nf/GWe. If the
heat-sink pool is also used for some other purp@sgdsbreeding, tour-
ism, rest of people), then the minimal area mustbghly doubled, up
to 13 knf/GWe.

The water warming-up effect can change water dgnsiscosity
and gas solubility. The warmed water evaporateskeuiand, thus,
promotes forming the damper climate.

Thermal pollution of hydrosphere caused by hot-watBiuents into
NPP heat-sink pool can lead to appearance of aémtiater stratifica-
tion with relatively hotter superficial layers. Gaguently, oxygen con-
centrations in cold, near to the bottom, layers regmarkably decrease.
General water warming-up effect intensifies decosition of organic
residuals and water-plants, upgrades demandst@sfifor oxygen. All
these effects can provoke creating the areas of fissstarvation.

Mechanical traumatism of fishes by the water-irigkiools in com-
bination with toxicity of chlorine that is applied prevent overgrowing
of these tools with water-plants can result in enere negative effect
as compared with that of hot-water effluents only.

2.2.4. Radiochemical SNF reprocessing

Radiochemical reprocessing of spent fuel assemilifers two
possible organizational options of nuclear fuelleynamely the closed
NFC and open (once-through) NFC. SNF reprocessitrigas valuable
and relatively low-active nuclear materials (uraniand plutonium)
and returns (recycles) them to the fabrication estafyfresh fuel rods
and fuel assemblies for their further usage in earchbower reactors.
Unfortunately, radiochemical SNF reprocessing avitably accompa-
nied by accumulation of liquid, solid and gasecadiowastes in very
large quantities. These radiowastes have to béetteand ultimately
disposed of in stable geological formations.

According to the IAEA information, collective effiaee doses re-
ceived by the staff members of the SNF reprocegsiaugts differ each
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other depending on the country where these plaetpat into opera-
tion:

France — 0,6 persé®v/GWe-year,

Great Britain — 11,0 persgdv/GWe-year;

Russia — 1,8 persdbv/GWe-year.

Analogous values for population of adjacent regipmishin radius
of 50 km) cover the range from 20 to 30 perSofGWe-year. If a mean
value of collective effective dose received by sheff members, 10 per-
sonSv/GWe-year , for instance, as in Great Britairgdepted as a ref-
erence point, then total collective effective d¢glebal nuclear power
capacity is ~375 GWe in 2014) can be determine®.2510° per-
sonSvlyear, i.e. two orders of magnitude higher theat for population
of adjacent regions. However, even this high valgeals about 0.025%
from collective effective dose produced by natalirces of ionizing
radiation (1.510" persorSv/year).

2.2.5. Treatment and disposal of radiowastes

The currently world-wide adopted strategy of radistes manage-

ment includes the following main stages:

1. Long-term controlled storage of radiowastesuaiear enterprises.

2. Conditioning of radiowastes, i.e. the radiowasteatment in order to
reduce their volume and transform them into angn®suitable for con-
tainerization, transportation and ultimate dispdsastable geological
formations which are able to decrease drastically probability for
radionuclides to penetrate into the environment.

3. Ultimate disposal of steel containers filled wiph solidified radio-
wastes in stable geological formations (salt misesliimentary clayey
and rocky formations).

Full absence of real geological repositories arsda aonsequence,
full absence of experiences on their long-term agp@n and mainte-
nance leads to a necessity to use only theoretialations of the ra-
diation effects produced by radiowastes on therenment and human
organism. These evaluations presume that steehicens filled up with
radiowastes could fail after 1000 years of thespdsal, and the solidi-
fied radiowastes could escape their inert matréses penetrate into the
environment after 10000 years of their disposal.
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The following conclusions can be derived from théseoretical evalua-
tions:

1. Ultimate disposal of spent fuel assemblies disgéd from power
light-water reactors (no reprocessing option) letdsollective effec-
tive dose at the level of 270 persswGWe for 10000 years.

2. Ultimate disposal of radiowastes produced byoetkemical reproc-
essing of spent fuel assemblies from power LWRr{egssing option)
can reduce collective effective dose down to theelleof 50 per-
sonSv/GWe for 10000 years.

It seems very improbable that direct disposal @nspguel assem-
blies without their reprocessing will be practided a sufficiently long
time period. General trend in nuclear power develmt consists in
implementing the closed NFC option, i.e. radiochethieprocessing of
spent fuel assemblies, recycle of fertile and léssiaterials, ultimate
disposal of radiowastes from SNF reprocessing. €qnently, average
annual collective effective dose from geologicglagtories of radio-
wastes can be evaluated@s2 persorsv/year.

2.2.6. Total ecological effectsof NFC

By summing up the results obtained in analysis afious NFC
stages from standpoint of their radiation impactt@menvironment and
human organism, the following collective effectileses can be pre-
sented:

1. At initial (front-end) part of NFC (mining andimary treatment of
uranium ore, affinage of uranium concentrate, wienisotope enrich-
ment, fabrication of fresh fuel assemblies) collecteffective dose is
evaluated as 1,60° persorSv/year, i.e[D,01% from radiation impact
of natural background (1.8’ persorSv/year).

2. At main NFC stage (use of nuclear fuel at Rus$i&@P) collective
effective dose received by NPP staff is evaluatsed[450 per-
sonSv/year while collective effective dose received gmpulation of
adjacent regions is evaluatedi@spersorSv/year. Both values are neg-
ligibly small as compared with natural radiatiorckground.

3. Radiochemical SNF reprocessing (back-end paNFE€) can pro-
duce collective effective dose received by thef stembers at the level
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of 3,7-10° persorSviyear, i.e[D,025% from radiation impact of natural
background.

4. Ultimate disposal of radiowastes (back-end p&rNFC) in stable
geological formations can produce, according to esctieoretical
evaluations, collective effective dose at the lewdl [D,2 per-
sonSv/year.

So, by summing up the collective effective dosewired by staff
members and population of adjacent regions, itlmrconcluded that
total radiation impact of nuclear enterprises oa #émvironment and
human organism does not exceed 0,04% from radiatipact of natu-
ral radiation background. Of course, all these watabns are correct
only under normal operation conditions of nucleategorises. Under
some accidental conditions, radiation impact ofl@acenterprises can
be substantially higher as we have seen on the @rarof well-known
catastrophic events at Chernobyl and Fukushima MPRyshtym re-
pository of radiowastes.

2.3. Some ecological problems in the USA

According to publications of American environmeigts, natural
radiation background on the USA territory slighdiffers from that on
the RF territory and from the world-averaged valld®e following sta-
tistical data can characterize contributions fromirmcomponents into
average natural radiation background in the USA:

1. Radon in structural materials — 2 mSv/year.
2. Radioactivity of the Earth’s crust (soils andks) — 0,28 mSv/year.
3. Cosmic rays — 0,27 mSv/year.
4. Radioactivity of human body (human blood corgaimionuclidé®<
with half-life of 1,2510° years) — 0,40 mSvl/year.

Subtotal — 2,95 mSv/year.

As for artificial (anthropogenic, or man-made) diation, Ameri-

can environmentalists presented the following stigal information:
Artificial irradiation

1. Medical procedures — 0,53 mSv/year.

2. Consumer products — 0,10 mSv/year.

3. Weapon-test fallout — 0,01 mSv/year.

4. Nuclear power industry — 0,01 mSv/year.
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Subtotal — 0,65 mSv/year.

Elective irradiation
1. Use of natural gas — 0,06 mSv/year.
2. Airline flights — 0,02 mSv/year.
3. Watching color TV — 0,01 mSvl/year.
4. Sleeping with another person — 0,01 mSv/year.
Subtotal — 0,10 mSv/year.

By summing up all the subtotals, total average ahnadiation ef-
fect produced by natural, artificial and electivgpasures of American
citizens can be evaluated as:

2,95 mSv/year + 0,65 mSv/year + 0,1 mSv/year =ngv/year.

This dose is remarkably higher than the world-ayedavalue (2,4
mSv/year).

One else very interesting approach has been deactlbp the US
scientists to evaluation of the average time peligdvhich a human
life could be shortened through encountering ai@der risk. This av-
erage time period is defined as the “Loss-of-Lifg&ctancy” and ob-
tained from analysis of broad statistical informaati Under the ap-
proach, many harmful factors which are able to t&ma human life
have been investigated, including radiation imgaoduced by natural
background and routine operations of nuclear eritrp. The Ameri-
can specialists wished to answer the following tjaeshow long could
the Loss-of-Life-Expectancy be depending on perslifieachoices, oc-
cupations, type of diseases, circumstances anthsgton electricity
generation technologies?

The following unexpected results have been obtained
Loss-of-Life-Expectancy for life choices
. Unmarried males — 3000 days.
. Smoking males — 2590 days.
. Unmarried females — 1600 days.
. Smoking females — 1530 days.
. Alcohol abuse — 365 days.
. Vehicular accidents — 207 days.
Loss-of-Life-Expectancy for various occupations
. Living in poverty — 3500 days.
. Low social-economic status — 1670 days.
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. Coal miners — 1100 days.
. Grade school drop-out — 800 days.
. Unemployment — 500 days per one year of unempoy.

Loss-of-Life-Expectancy for health ailments

. Heart diseases — 1607 days.

. Cancer — 1247 days.

. Overweight — 1020 days.

. Stroke — 510 days.

. Pneumonia, influenza — 105 days.

Loss-of-Life-Expectancy for circumstantial situaitso

. Being male versus female — 2800 days.
. Being black versus white — 2000 days.

. All accidents — 360 days.

. Married to smoker — 50 days.

. lonizing irradiation:

a. Radon in house - 29 days.
b. Living near NPP — 10 hours.

. Nuclear power industry:

a. Evaluated by the Union of Concerned Scientigslays.
b. Evaluated by the Nuclear Regulatory Commissidrheur.
Loss-of-Life-Expectancy for electricity generatithnologies

. Coal-fired plants — 23 days.

. Oil-fired plants — 4 days.

. Natural gas-fired plants — 2,5 days.
. Nuclear power plants:

a. Evaluated by the Union of Concerned Scientigslays.
b. Evaluated by the Nuclear Regulatory Commissidrheur.

So, it becomes evident that natural radiation bamkyd and nuclear

power plants are very far from being the main fexfor a human life
shortening of American people.

2.4. Principle of radiation equivalency

Russian nuclear specialists put forward the priecipf radiation

equivalency between natural uranium, on the onealhennsumed by
nuclear power plants for energy generation andddewastes, on the
another hand, as harmful by-products of this preces
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The essence of the radiation equivalency prinagple be defined by
the following considerations. Natural uranium i®dido fabricate nu-
clear fuel. Nuclear fuel burning-up at NPP is ataleyield the whole-
some products (electrical and thermal energy, stangrfuel) as well as
the undesirable by-products (radiowastes with disgiroducts and mi-
nor actinides as main components). So, initial netés a natural ura-
nium which can be converted into nuclear fuel anthbup in nuclear
power reactors. The burning-up process is accorafdny generation
of the wholesome and harmful products. The proliteto organize the
nuclear fuel burn-up and the radiowastes managemmeisuch a way
that ecological danger from the radiowastes becappeoximately the
same as ecological danger from natural uraniumafoelatively short
time period. In other words, My mass of natural uranium is burnt-up
at NPP with undesirable accumulation of the radsie®Mgaw — Mass
of the radiowastes), then potential biological dangf both masses
must be made equivalent to each other by usingtaisescheme of NM
flows within a nuclear energy system. Since radivdg is the most
dangerous property of the radiowastes, the radiaguivalency prin-
ciple is proposed, i.e. radioactivities (or radidtities in a more gen-
eral sense) of natural uranium and the radiowastesmulated in the
uranium energy utilization should be balanced. Tniaciple can keep
total radioactivity of the Earth at a constant, hemgeable level.

Large-scale system of lead-cooled fast reactorkedueith mixed
uranium-plutonium nitride (BREST-type reactors)uisder intense de-
velopment now in Russia as one of the most promisjtions for real
implementation of the radiation equivalency priteipNumerical and
theoretical studies have demonstrated that fast BRigpe reactors
possess the property of inherent safety, i.e. angtivity-induced acci-
dents (like Chernobyl catastrophe) can be exclutktdrministically.
No physical phenomena and erroneous actions of d{ftfPators are
able to initiate these severe accidents.

Unigue neutron abundance and high neutron fluxast BREST-
type reactors make it possible to organize fullycdx of main fissile
materials (uranium and plutonium isotopes), effectransmutation of
minor actinides (neptunium, americium and curiuptapes) and some
long-lived fission products (99Tc and 129I). Optinanfiguration of
material flows in the emerging nuclear energy systé fast BREST-
type reactors and the SNF reprocessing facilittgsreach the balanced
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situation between potential biological danger & #tcumulated radio-
wastes and potential biological danger of the cowlinatural uranium
after 200-300 years of the system operation.

2.5. Two approaches to evaluating the radiation eftts on human
organism

There are two contrary approaches to determiniaglépendency of
harmful irradiation consequences for a human heattlthe absorbed
radiation dose.

The first approach presumes that any level of duation dose, no
matter how small, absorbed by a human body carribatg to the risk
of health ailments, and the amount of radiation alges is directly pro-
portional to the radiation dose. Presently, thenafielming majority of
environmentalists has adopted the linear hypotHesisependency of
radiation damage on the radiation dose. This agprinamed as the
“non-threshold” theory. Though the scope of experital data on ra-
diation damages from small radiation doses is exigensufficient for
unconditional corroboration of the non-thresholédty, nevertheless,
the non-threshold approach is regarded now asia bas and widely
used in the regulatory radiation safety guideliftgsall operations with
radioactive materials. Foundation for such a corste (i.e. with a
certain reserve) approach is quite clear andastdeptable now: even if
we are mistaken, we are mistaken in the bettectlime, namely in the
direction towards the stronger (maybe, excessistlynger) protection
of the humankind against any negative consequeoesy ionizing
irradiation.

The weakest point of the non-threshold theory shartage or even
full absence of reliable experimental data abodtatéon effects from
small radiation doses. Available now experimentfbrimation allows
us to say with a great confidence about linear dépecy of radiation
damages on the radiation doses only for the ddsa#eal Sv. The dose
range from zero to one sievert remains an unexglarea, field for a
lot of various guess-works and speculations.

Opponents of the non-threshold theory put forwdre tollowing
counter-arguments:

1. Some experimental studies with animals havealedethat complete
isolation from natural radiation background incexhgheir mortality.
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Moreover, the low-dose irradiation can be actubbyeficial for some
animals and plants.
2. Many low-level impacts can produce a favoralffect on a human
health while the same but high-level impacts carvdrgy harmful. For
example, one pellet of a soporific drug saves finsomnia while tak-
ing of many the same pellets is the most widelydusem of suicide.
The morning cold-water douche can trigger the rasitee mechanisms
in a human body, and they overcome the initial tiegacold effect
with a great reserve. At the same time, even kabtishort staying in
cold winter water can lead to the lethal outcome.

The following conclusions can be derived from thesminter-
arguments.
1. Full exclusion of natural radiation backgrourash @roduce a negative
biological effect on a human organism. Probablw-ttse irradiation is
able to suppress some pathological phenomena agkify some re-
storative forces.
2. If the radiation dose increases from zero tdetel of natural radiation
background, then a certain strengthening effeke (tiold-water douche)
arises, the harm caused by complete exclusion wfraiabackground
drops down and, maybe, changes its sign. In otbetsylow-level radia-
tion doses can produce a positive healthy efféds interesting to note
here that mountain-dwellers who live under subgtythigher natural
radiation background (radioactive rocky formatiguigs cosmic rays)
distinguish, as a rule, with their robust healtd anviable longevity.
3. If the radiation dose continues increasing altbiéelevel of natural
background, then its sanitary effect is accompahiethe gradually en-
hancing negative consequences. At a certain dbeepdsitive impact
reaches its maximal value, the negative factorsnbpgevailing. The
“dose-damage” curve (Fig. 2.1) crosses the zeroeyand the corre-
sponding dose is a true radiation threshold beyuanidh ionizing radia-
tion can produce negative effects only.
4. When the radiation dose increases up to onersjglie “dose-damage”
curve will coincide with linear dependency of trenrthreshold theory.

So, the “dose-damage” curve can be presented ifothe shown in
Fig. 2.1.
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Fig. 2.1. Two approaches to evaluating the radiatiamage

Control questions to Chapter 2

1. What ecological effects can nuclear enterprisedyme?

2. Call main components of natural radiation backgdbun

3. Call main ecological effects produced by mining &id-treatment
of uranium ore.

4. Call main ecological effects produced by nucleavgroplants dur-
ing their normal operation.

5. What is the main ides of the radiation equivalepigciple?

6. What are the differences between the threshold remmdthreshold
approaches to evaluating the radiation damages fiorman organism?
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CHAPTER 3. PROBLEMS OF FISSILE MATERIALS NON-
PROLIFERATION AT VARIOUS STAGES OF THE CLOSED
NFC

Nuclear technologies deal with fissile nuclear mate which could
be used as a charge of a nuclear explosive deMrefore, one of the
main tasks in development and routine applicationuelear technolo-
gies is a strict NM control at all NFC stages idarto prevent NM us-
age in any illegal actions.

The following three ways towards NM diversion frenpeaceful ci-
vilian (mainly, energy) use to any illegal (maintpjlitary of terrorist)
applications are estimated as possible ones:

1. Forcible theft of nuclear materials resulted fran a terrorist attack on
a nuclear object or a transportation tool.

Prevention of the forcible NM theft is a major niissof NM physi-
cal protection system (PPS).

Main PPS components:

a. System of physical barriers (fences) to prewmyt intrusion of po-
tential proliferators (or terrorists) onto the temry of a nuclear object
or into the premises where NM can be placed.

b. Systems of exterior and interior sensors to aledey intrusion of
potential proliferators through the outer perimatéra nuclear object
and through the inner barriers towards NM storagd atilization
points.

c. System of TV-surveillance for the area adjaderthe outer perime-
ter and for the inner premises where NM can beedtor utilized.

d. System of special means to delay movement @il proliferators
through the territory of a nuclear object.

e. System of the armed guard forces for detectidarception and de-
tention of potential proliferators.

2. Covert theft of nuclear materials by staff membes (internal
adversaries) of a nuclear object (maybe, by graduaheft of very
small, undetectable NM quantities for a long time).

Prevention of the covert NM theft is a major missad NM control
and accountability (MC&A) system.

Main components of MC&A system:
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a. Video-surveillance of NM stored in a form of agntable items (con-
tainers).

b. Administrative measures on access control todtithage and utiliza-
tion points.

c. Division of a nuclear object into a series of Milance areas (MBA)
equipped with sensors capable to detect NM movesrigsiween dif-
ferent MBA.

d. Computerized NM accounting system equipped wétinote termi-

nals in key MBA points which can transmit NM-reldtimformation to

a central computer with application of the inforioatsecurity software
tools.

e. Periodical NM physical inventory taking for NM & form of ac-
countable items and for NM in a bulk-form with ajpption of temper-
indicating devices (TID).

f. Selective examination of NM containers and NMaibulk-form with

application of destructive and non-destructive expental methodolo-
gies.

3. Covert NM switching over to an illegal military purpose sanc-
tioned by national government.

Prevention of the covert NM switching over to anilitary aims
sanctioned by national government is a major missibthe interna-
tional treaties intended to control peaceful useumlear energy.

The following main international treaties on peatefse of nuclear
energy were concluded and signed:

a. The Non-Proliferation Treaty (NPT), or the Tyean the Non-

Proliferation of Nuclear Weapons, was signed oy 1ul1968, and en-
tered into force on March 5, 1970. On May 11, 199®, Treaty was
extended indefinitely.

b. The EURATOM Treaty, i.e. the Treaty establishihg European
Atomic Energy Community, was signed in Rome, on a5, 1957.

c¢. Nuclear Suppliers Group (NSG) was founded iné¥olver 1975 as a
response to the Indian nuclear test. The NSG isléi-national body

concerned with reducing nuclear proliferation bytcolling the export

and re-transfer of materials that may be applicableuclear weapons
development.

d. The Treaty of Tlatelolco, i.e. the Treaty foe grohibition of nuclear
weapons in Latin America and Caribbean, was sigmeéebruary 14,
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1967, in Mexico City. Under the Treaty, the stgtesties agreed to
prohibit and prevent the “testing, use, manufagtpreduction or ac-
quisition by any means whatsoever of any nucleaspoas” and the
“receipt, storage, installation, deployment and &yn of possession
of any nuclear weapons”.

e. The Treaty of Rarotonga, i.e. the South Padificlear-Free Zone
Treaty, was signed on August 6, 1985, on the Ragatdsland (Cook
Islands). The Treaty bans the use, testing andeps&s of nuclear
weapons within the borders of the zone.

f. The Comprehensive Nuclear Test Ban Treaty (CTBTa multi-
lateral treaty by which the states-parties agreduhn all nuclear explo-
sions in all environments for military or civiligourposes. The Treaty
was adopted by the UN General Assembly on Septefihei996.

The main State-level mechanism of nuclear non{am@tion control
is based on regular inspections performed by theAlfexperts who
examine independently the really available NM qilist at nuclear
objects under the IAEA jurisdiction.

3.1. Factors of NM attractiveness at various NFC ages

Applicability of nuclear materials to their use riniclear explosive
devices can be characterized by the following factd NM attractive-
ness:

1. Quantity and quality of nuclear materials neettedroduce a nu-
clear explosive device.

Minimal mass of fissile NM in which the chain fissi reaction can
take place is a critical mass. For example, ctiticasses of**U, #*%u
and?*U are equal approximately to 50 kg, 15 kg and 17rkgpec-
tively. These values were obtained for metallicespb without neutron
reflector. Effective neutron reflector can reduie tritical mass nearly
twice.

The IAEA introduced a special unit for measuring KMss, namely
“Significant Quantity” (SQ). Detection of NM diskaaice exceeding 1
SQ is a reason for the IAEA inspectors to initiatepecial investigation
and, if necessary, appeal to the UN Security Cddaciapplication of
appropriate sanctions. The Significant Quantitpearly half the criti-
cal mass of fissile materials in the form of nofleged metallic

sphere.
128



1 SQ ¢%Pu,?*U) = 8 kg; 1 SQPU) = 25 kg.

The critical masses of uranium and plutonium diesidare larger
than those for metal uranium and plutonium by aofaabout 1,5.

2. NM accessibility, simplicity of NM theft, detediility of NM
theft.

3. Simplicity of NM conversion into charge of a hear explosive
device. Is it sufficient to use mechanical or cheahireatment only? Is
it necessary to apply some sophisticated techredogjfi isotope separa-
tion?

These factors define the following values:

1. Duration of the time interval needed to manufexia nuclear ex-
plosive device by the adversaries or to undertak@gy countermea-
sures by the security forces.

2. Scale of material, industrial and financial @ses needed to
manufacture a nuclear explosive device.

All the factors should be taken into account toneste various NFC
stages from the standpoint of nuclear non-prolifera i.e. NM attrac-
tiveness for theft and further manufacturing of Ieac explosive de-
vices. It is a difficult task to give an exact gtigative estimation of the
NFC stages on their attractiveness for potentialear proliferators but
some qualitative estimates were made by the USresx(iég. 3.1).
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Fig. 3.1. Attractiveness of the NFC stages on ¢asanability of NM theft
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The number of black points at each NFC stage ctexiaes its at-
tractiveness for nuclear proliferators. Really, MEEC stages are esti-
mated in a four-point scale. As is seen, the mtisddive NFC stages
are related with isotope uranium enrichment, SN¥faeessing, pluto-
nium extraction and fabrication of mixed uraniunxtphium oxide fuel.

The following features of all NFC stages must basidered from
nuclear non-proliferation point of view:

1. Mining and primary treatment of uranium ore.

NM vulnerability to theft (VT).

In order to produce 25 kg of weapon-grade uranisr@q%23U), it
is necessary to use nearly 5000 kg of natural uranor about 5000 t,
in average, of uranium ore. Imperceptible thefisoflarge amount of
uranium ore is a quite impossible event. ThusMhevalue is low.

NM vulnerability to diversion (VD)

Uranium mines and plants for primary treatment @nium ore are
outside of the IAEA safeguards. Thus, the VD vasueigh.

Risk of nuclear weapon proliferation (RP)

The RP value is low because natural uranium carbeaised as a
charge of a nuclear explosive device.

2. Production of uranium hexafluoride for isotope @richment

NM vulnerability to theft (VT)

The VT value is low like at the mining of uraniumeo

NM vulnerability to diversion (VD)

The VD value can cover the range from low to higipehding on
applications of the IAEA safeguards, i.e. L/IH(IAEA)

Risk of nuclear weapon proliferation (RP)

The RP value is low because natural uranium carbeaised as a
charge of a nuclear explosive device.

3. Uranium enrichment with isotope?*U

NM vulnerability to theft (VT)

The VT value is high. Relatively small amoubR$ kg) of weapon-
grade uranium is required to manufacture a nudsalosive device.
Even one man is able to handle with so small mass.

NM vulnerability to diversion (VD)

The VD value can cover the range from low to higipehding on
applications of the IAEA safeguards, i.e. L/IH(IAEA)
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Risk of nuclear weapon proliferation (RP)

The RP value is high. The Nuclear Suppliers Grouipam informal
embargo on export of the isotope separation teciyned.

4. Fabrication of nuclear fuel (fuel rods and fuebhssemblies)

NM vulnerability to theft (VT)

The VT value is low. One fuel assembly weighs 300-kg depend-
ing on the reactor type. So, a special transporiatol has to be used
for theft of even one fuel assembly.

NM vulnerability to diversion (VD)

The VD value can cover the range from low to higipehding on
applications of the IAEA safeguards, i.e. L/H(IAEA)

Risk of nuclear weapon proliferation (RP)

The RP value can cover the range from low to higirethding on the
value of uranium enrichment, i.e. L/H(Enrichment).

5. Use of nuclear fuel at NPP

NM vulnerability to theft (VT)

The VT value is low because of large weight, radiivity and dis-
position of fuel assemblies in a nuclear reactoe co

NM vulnerability to diversion (VD)

The VD value can cover the range from low to higipehding on
applications of the IAEA safeguards, i.e. L/IH(IAEA)

Risk of nuclear weapon proliferation (RP)

The RP value can cover the range from low to higirethding on the
value of uranium enrichment, i.e. L/H(Enrichment).

6. Interim storage of SNF

NM vulnerability to theft (VT)

The VT value is low because of large weight, radiivity and re-
sidual heat generation of spent fuel assemblies.

NM vulnerability to diversion (VD)

The VD value can cover the range from low to higipehding on
applications of the IAEA safeguards, i.e. L/H(IAEA)

Risk of nuclear weapon proliferation (RP)

The RP value can cover the range from low to higirethding on the
value of uranium enrichment, i.e. L/H(Enrichment).

7. SNF reprocessing

NM vulnerability to theft (VT)
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The VT value is high. SNF reprocessing technologleal with
highly radioactive and heat-generating materialsatTis why only re-
mote equipment is used to separate spatially stafiibers and danger-
ous nuclear materials. However, at some stepseoBiiF reprocessing,
plutonium-containing materials may be more accés$dr theft.

NM vulnerability to diversion (VD)

The VD value can cover the range from low to higipehding on
applications of the IAEA safeguards, i.e. L/H(IAEA)

Risk of nuclear weapon proliferation (RP)

The RP value is high. SNF reprocessing plants caduge either
weapon-grade plutonium or, at least, reactor-gmdsnium with rela-
tively worse isotope composition but also suitdblemanufacturing of
a nuclear explosive device with significantly lowemergy yield. The
Nuclear Suppliers Group put an informal embargexort of the SNF
reprocessing technologies.

8. Ultimate disposal of radioactive wastes

NM vulnerability to theft (VT)

The VT value is low because of intense radioagtjviesidual heat
generation and small content of fissionable nuslide

NM vulnerability to diversion (VD)

The VD value is low because of small content o$ifisable nu-
clides.

Risk of nuclear weapon proliferation (RP)

The RP value is low because of intense radioagtivésidual heat
generation and small content of fissionable nuslide

The factors defining threats from all the NFC stagenuclear non-
proliferation regime are gathered in Table 3.1.

3.2. Comparison of reactor types from viewpoint ofnuclear non-
proliferation

In addition to the NFC stages, different types wélaar reactors can
be characterized by different values of NM attrztiess from non-
proliferation point of view. The following fuel pameters can be help-
ful for estimating attractiveness of nuclear reesfoom this viewpoint:
1. Quantity and quality of fresh fuel loaded into tieactor cores.

2. Quantity and quality of spent fuel unloaded froma thactor cores.
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For the beginning, the reactors fueled with hightyiched, weapon-
grade uranium (above 90%5U) are considered below.

Danger from the NFC stages

Table 3.1

NFC stage Vulnerability Vuln_erab?lity 0 Proliferation risk|
to theft diversion
Mining of uranium ore Low High Low
UFs production Low L/H(IAEA) Low
Isotope enrichment High L/H(IAEA) High
Fabrication of nuclear fuel Low L/H(IAEA) |L/H(Enrichment)
NPP Low L/H(IAEA) | L/H(Enrichment
Interim SNF storage Low L/H(IAEA) | L/H(Enrichment)
SNF reprocessing High L/H(IAEA) High
Ultimate disposal of RAW  Low Low Low

1. Research reactors

Some research reactors are still using highly-eed¢weapon-grade
uranium fuel in a very attractive form of pure nigtar metal alloys.
However, thermal power of the research reactorgpi@ration now is
relatively low (at the level of several megawatisd, therefore, total
mass of*U in their cores is well below 10 kg.

According to the IAEA recommendations, the natigmagrams on
conversion of the research reactors from highlyicked to middle-
enriched (below 20%*U) uranium fuel are currently underway in
some countries. By the way, critical mass of 20%nium is evaluated
as large as 830 kg. The reduced uranium enricho@ntead to larger
sizes of the reactor core, larger amounts of loddegh fuel, but total
mass of*U can remain at the same or even lower level thamkbe
better neutron economy in the larger reactor c@oeger neutron leak-
age).

Secondary nuclear fuel is not produced practichiiythe research
reactors in operation now because of low neutrax dind small amount
of fertile nuclides.

2. High-Temperature Gas-Cooled Reactors (HTGR)

These reactors are fueled with highly enriched iuran(93% %*°U)
as a fissile material and natural thorium as aléerhaterial. HTGR-
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type reactors use the dispersed fuel in form o&gpll micro-particles
(500-800 microns in diameter) inside of multi-lay#gadding made of
pyrolytic carbon and silicon carbide. The fuel roigrarticles are uni-
formly dispersed in graphite matrix that is usedtHer to fabricate
spherical (~6 cm in diameter) or prismatic fuehedats.

TRISO-type micro-particles consist of fuel kernel coated with
three-layer cladding (low-density pyrolytic carbgilicon carbon and
high-density pyrolytic carbon).

BISO-type micro-particles consist of fuel kernel coated with two-
layer cladding (low-density pyrolytic carbon andjtiridensity pyrolytic
carbon).

The HTGR-770 project presumes that initial fueldiog consists of
8100 kg®?Th as thorium dioxide in BISO-type micro-partictasd 700
kg ***U as uranium carbide in TRISO-type micro-particlBg.the end
of irradiation cycle the reactor core contains abta00 kg?**Th, 40 kg
23 and 180 kg*U (secondary fuel), 230 kg?*U/GWeyear.

3. Light-water reactors (LWR)

3a. VVER-type reactors

Power VVER-type reactors are fueled with low-eneidh(4-5%
23) uranium dioxide. As a rule, initial fuel loadimg VVER-1000 is
equal to about 100 t UOSecondary fuel is produced with a specific
rate ~200 kg Pu/GWe-year.

However, isotope composition of the produced pliwionextracted
from spent fuel is far from optimal suitability fenanufacturing of a
nuclear explosive device. Typical weapon-grade gplutm contains
mainly %u and below 7%*Pu. Typical plutonium extracted from
spent fuel of VVER-type reactors (reactor-gradetgiium) contains
about 2%%*Pu, 58%%*%Pu, 25%**Pu, 11%*'Pu and 4%*%Pu, i.e.
~71% of fissile plutonium isotopes. Critical magsretal reactor-grade
plutonium is larger on 50% than critical mass oftah@veapon-grade
plutonium (23 kg via 15 kg). But this is not the shanajor aspect. Re-
actor-grade plutonium contains lardé®Pu quantity (by a factor of 4)
than weapon-grade plutonium. The larger quantitf"®fu can sharply
reduce (roughly by a factor of 30) energy yieldnoiclear explosive
devices becausé@’Pu is an intense emitter of spontaneous fission neu
trons. These neutrons can cause untimely prematitiation of the
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chain fission reaction in a nuclear charge (thedatenation effect)
and, thus, energy vyield of nuclear explosion wilit exceed 3% of
nominal energy yield. According to some numericalleations, if Hi-

roshima-type atomic bomb (nominal energy vield -kRO'NT) would

be made of the reactor-grade plutonium, then thst mebable energy
yield would be about 600 t TNT. Nevertheless, thédue is a high
enough energy equivalent. As is known, masses udlexplosives ex-

ploded in Moscow andaused many human victims were well below 100 kg
TNT.

3b. RBMK-type reactors

In some publications the RBMK reactors are hamelaarnobyl-
type reactors because the world-wide known Chellratnident (1986)
occurred in the RBMK reactor. The RBMK reactors vsactor-grade
graphite as a neutron moderator, and boiling ligater as a coolant.
The light-water coolant circulates in vertical taological channels that
transpierce through the graphite stack of the ozamre (diameter of
the graphite stack - ~12 m, height - ~8 m). Thd-geaerating cassettes
consisting of two consecutively coupled fuel asd@sl{length — 3,5 m
each) are inserted into the technological channels.

RBMK-type reactors are fueled with low-enriched8(2% %*U)
uranium dioxide. As a rule, initial fuel loading BBMK-1000 is equal
to about 150-180 t U Secondary fuel is produced with a specific rate
~250 kg Pu/GWe-year. Isotope composition of reagtade plutonium
extracted from SNF of the RBMK-type reactors isehidr to reactor-
grade plutonium extracted from SNF of the VVER-typactors in re-
spect of fissile isotopes content and in respeét®fi content. Typical
plutonium extracted from spent fuel of RBMK-typeactors contains
about 45%%Pu, 36%**°Pu, 11%**'Pu and 8%*Pu, i.e. ~56% of fis-
sile plutonium isotopes.

A particular threat of the RBMK-type reactors toclaar non-
proliferation is caused by their principal capdbilio work in the con-
tinuous refueling operation mode without reactoragas for refueling.
Under this operation mode, fuel exposure time maychosen short
enough to produce plutonium with isotope compositiery suitable for
manufacturing of a nuclear explosive device.
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Heavy-water CANDU-type reactors

The CANDU-type reactors are able to use even nlatwaaium con-
taining only 0,72%%°U as fuel material. Initial fuel loading of
CANDU-600 is equal to about 100 t YCsecondary fuel is produced
with a specific rate ~350 kg Pu/GWe-year. Isotapapmosition of reac-
tor-grade plutonium extracted from SNF of the CANBJAge reactors is
very close to reactor-grade plutonium extractednfr&@NF of the
VVER-type reactors in respect of fissile isotopestent and in respect
of ?%Pu content. Typical plutonium extracted from spémél of
CANDU-type reactors contains about 668%u, 27%*%Pu, 5%**'Pu
and 2%%*?Pu, i.e. the same 71% of fissile plutonium isotoped al-
most the same content¥fPu (25% in VVER via 27% in CANDU).

The CANDU-type reactors, quite like the RBMK-typsactors, can
represent a potential threat to nuclear non-pmalifen regime because
their operation modes with continuous refuelings lba easily re-tuned
(by proper selection of fuel irradiation time, fimistance) to form the
best conditions for wide-scale production of weapoade plutonium.
Besides, the operation mode with continuous refigeian require a
permanent presence of the IAEA inspectors to copbaper utilization
of primary fuel and accumulation of secondary fpetentially danger-
ous material for non-proliferation of nuclear weapo

By the way, plutonium for the first atomic bombgkaded in July
1945 in the USA and in August 1945 over Japan waslyted by
heavy-water reactors for about half a year.

5. Liguid-metal fast breeder reactors (LMFBR)

Currently, the LMFBR-type reactors are still loadedh uranium
oxide (UOX) fuel, not mixed uranium-plutonium oxid&lOX) fuel as
it was anticipated earlier. The UOX fuel is basednaiddle-enriched
uranium (15-25%%V). Initial fuel loading of LMFBR-1000 is equal to
about 10-15 t U@ Secondary fuel is produced with a specific rate
~1500 kg Pu/GWe-year in the once-through NFC optibthe NFC
becomes closed, then large fraction (up to 80%hefproduced pluto-
nium is recycled to provide fuel self-sustainabiliaf the LMFBR-
producer, and net rate of plutonium production dtiner purposes is
equal to ~250 kg Pu/GWe-year.

There are no intense neutron absorbers among Higsioducts
within high-energy range of the LMFBR-type reactofhat is why
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typical values of fuel burn-up in the LMFBR-typeaotors can reach
~100 GWd/t, or 10% HM, i.e. roughly twice higherthacceptable
values of fuel burn-up in LWR. Thanks to the higivatues of fuel
burn-up and, as a consequence, longer fuel lifstirpéutonium pro-
duced by the LMFBR-type reactors is characterizedsich isotopic
composition which is low suitable for manufacturioignuclear explo-
sive devices.
Some data on consumption of fresh primary fuel pirmdiuction of

secondary fuel are gathered in Table 3.2 for vari@actor types.

Table 3.2
Loaded and unloaded fuel of nuclear reactors

Research reactors 5'1%'%)(90% — Small power
HTGR770 | o7 t8 icht(gg%%U) 230 —
VVER-1000 (?1)?5%/222%) (2502/0240%) _
comion | GRS | i, | S
Tl I W N e
aromion | (TR BRI

3.3. Advanced proliferation-resistant SNF reprocessg

technologies

3.3.1. Aqueous SAF AR reprocessing technology

Main idea of nuclear non-proliferation ensuringhaitthe frames of

the SAFAR (Safeguarded Fabrication and Reprocesdemhnology
consists in incomplete separation of uranium, mliwbm and fission

products. Consequently, at any stage of the SAFRRrology, pluto-
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nium can not be extracted in the form suitable ifsrdiversion and
manufacturing of nuclear explosive devices.

The following specific features can distinguish tI®AFAR-
technology from traditional PUREX-technology:

1. Incomplete separation of plutonium from uraniand fission prod-
ucts. Plutonium and uranium are recovered jointig-€xtraction) by
using only two cycles of the extraction - re-exti@t process. As a re-
sult, plutonium is deliberately contaminated witlanium and radioac-
tive fission products{l% of their initial content). The decontamination
factors are about 100 instead of°®10’ in traditional PUREX-
technology.

2. Pure uranium and plutonium dioxides are not pced. Final prod-
ucts of the SAFAR-technology are spherical micrargdes of mixed
oxide uranium-plutonium (MOX) fuel. These micro-gudes are
formed by using the sol-gel process that is deedrlelow.

3. The re-fabricated MOX-fuel is characterized by elevated radioac-
tivity due to the relatively large content of figsi products. The ele-
vated radioactivity of the MOX-fuel can be estinthtes a certain posi-
tive factor from nuclear non-proliferation point eiew: the radiation
barrier against the MOX-fuel diversion for manufagtg of nuclear
explosive devices; unattractiveness for theftsy eastrol (high detect-
ability) of any MOX-fuel movements. However, sonagiional coun-
termeasures must be undertaken to enhance radg@atioection of the
staff involved.

The sol-gel process, as a key stage of the SAFARatdogy, should
be described in more details. Sol is a suspengiersubstance, gel is a
colloid, or a jelly-like substance. So, the “sol‘germ means a gradual
densification of the SNF solution through consaeutransformations
from the liquid SNF solution into the SNF suspensithen into the
SNF colloid and, ultimately, into the solid MOX-fugranules followed
by the fuel pelletization. Main mission of the g@l process is to avoid
technological operations with finely dispersed pevedof uranium and
plutonium dioxides and to work with sufficientlyrége MOX-fuel gran-
ules.

The sol-gel process uses the acidic SNF solutitar &fo cycles of
the extraction — re-extraction process for part@hoval of fission
products as an initial feed material. So, the SAR&&hnology can be
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regarded as an advanced version of the solverdatixdn PUREX-
technology. Then, the following operations are gemied:

1. Addition of the chemical reagents which are dablapgrade alkaline
properties of the SNF solution (urea (WO, for example).

2. Infusion of the SNF solution into a water-absogborganic material
(ethyl-benzoate, for example). This infusion cotse¢he SNF solution
into the colloid-like substance (U,PuOH)o 4NO3)1 6.

3. Injection of the colloid-like substance into@nmonia-based organic
material for further gradual dehydration. This atjen converts the
colloid-like substance into the jelly-like spheficagranules
(U,Pu)Q(OH), 0,5 NH; 0,5 HO with typical sizes within the range of
40-100 microns, i.e. they are large enough fohtrpelletization (cold
pressing and sintering).

4. Thermal treatment of the jelly-like granuleswiradual elevation of
temperature. Residual ammonia-based organics isverat 98C. UI-
timate dehydration occurs at 125-200with the formation of
(U,Pu)Q(OH),. All residual organic substances are completebpev
rated at 300-40C. Ultimately, solid MOX-fuel granules are calcinad
400-500C.

5. Fabrication of fresh MOX-fuel rods and fuel anbées.

The SAFAR-technology can be estimated as a welliferation-
protected spent fuel reprocessing technology becatishe following
main reasons:

1. Uranium and plutonium dioxides are extracteanfithe acidic SNF
solution jointly. Plutonium dioxide is never separdh from uranium
dioxide.

2. The MOX-fuel granules are characterized by thieaeced radioac-
tivity due to residual content of radioactive fasiproducts after only
two cycles of the solvent-extraction process.

Evolutionary progress of aqueous solvent-extractamhnologies is
being achieved now in following main directions:

1. Application of new, more effective and radiatiosistant organic
extractants for selective removal of minor actisideom the raffinate
produced at the extraction stage.

2. Implementation of some new stages intended to extiee most
harmful fission products (extraction of radioiodibg volatilization,
and technetium by the raffinate radiolysis).
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3. Co-extraction of uranium, plutonium, neptunium auaine fission
products in order to enhance the barriers agaimatithorized NM di-
version to any undeclared applications.

According to these directions, some new advancedesses have
been developed in France (COEX), Japan (NEXT), U&dnily of
UREX+ technologies) and so on. These technologis apply new,
more effective extractants, use new organizatisnhémes for material
flows and the reprocessing operations. For exanail §NF reprocess-
ing technologies from UREX+ family apply the followy sequence of
actions: at first, uranium is extracted from aci@blF solution and,
then, the residuals are treated to co-extract plut and minor acti-
nides for further recycling in nuclear reactors.

For the last time the US specialists have devel@petiole series of
SNF reprocessing technologies under the common hiREeX+ (Ura-
nium Recovery by Extraction) family. This name urides uranium
extraction at the very initial stage of all UREXechnologies. One else
common property of the UREX+ technologies is theealoe of pure
plutonium among all the SNF reprocessing products.

Tabmuma 3.3
Products at various stages of the UREX+ technodogie

Stages
Technolog 172 3 7 5 6 7
UREX+1 U| Tc| Cs, St MA,RE | FP
UREX+la | U| Tc| Cs, S MA FP
UREX+2 U| Tc| Cs, St Pu, Np AmCm, RE | FP
UREX+3 U| Tc| Cs, St Pu, Np Am, Cm FP
UREX+4 U| Tc| Cs, St Pu, Np Am Cm| FP

Non-aqueous pyrochemical and pyrometallurgical netdgies are
currently considered as advanced and very promigptgpns of SNF
reprocessing but they are not ready yet for widestrial usage.
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3.3.2. Non-aqueous (dry) technologies for SNF reprocessing

The pyrochemical gas-fluoride technology

Main mission of the gas-fluoride technology is toyde SNF re-
processing without application of any liquid reatge(dissolvents, ex-
tractants and so on) and, as a consequence, willuga volumes of
liquid HLW. The gas-fluoride technology is based different boiling
temperatures, different volatilities and differetilities to be adsorbed
by some adsorbents of uranium, plutonium and Férifles. At normal
atmospheric pressure, uranium hexafluoride begiilsg at 56C, plu-
tonium hexafluoride — at 82, i.e. the boiling temperatures differ insig-
nificantly. At these temperatures, main mass ofidis products can
form only non-volatile or weak-volatile fluorides.

The gas-fluoride technology includes the followmgin stages:

1. Thermal melting of fuel claddings at 1600

2. The SNF fluorination by gaseous fluorine-nitnogeixture (20% k
and 80% N for corrosion protection of technological vessatsl pipe-
lines) at 408C:

(UPUQ+4KR+3H - (UPuR+ 2 HF + 2 HO.
]

Main mass of FP fluorides (up to 85%) remains i@ tion-volatile
sediment while well-volatile fluorides of uraniupiutonium and some
fission products together with gaseous fission petsl (Xe, Kr, 1) go
out from spent fuel.

3. Freezing of FP fluorides in the fore-condens#r@?C. The fore-
condenser is a cylindrical vessel into which the fiaw is introduced at
an angle to vertical axis of the cylinder. Solidrtjwées can strike
against the cylinder wall and drop out of the dasvf Weak-volatile
fluorides of some fission products (Cs, Ru, Zr, &l can be removed.
4. The gas flow passes through the column filledvith solid granules
of sodium fluoride NaF at elevated temperaturethig stage, different
sorption ability of NaF granules in respect of uwam plutonium and
FP fluorides is used to separate them. Uraniumiunggm and techne-
tium fluorides are preferentially sorbed by NaFrgias at 10C. Plu-
tonium, ruthenium, zirconium and niobium fluoridae preferentially
sorbed by NaF granules at 400
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5. Desorption of uranium and plutonium hexafluosidleom the surface
of NaF granules by gaseous mixture (109&ifd 90% M) at 406C.

The following main drawbacks of the gas-fluoridehieology can be
mentioned:
1. Incomplete purification of uranium hexafluoridés from some FP
fluorides. About 99,5% of uranium is extracted frepent fuel but ura-
nium content in the recovered uranium hexafluofidev equals 96%
only. Thus, technological vessels and pipelinescargaminated with
the remaining 3,5% of uranium.
2. Plutonium volatilization takes place with thevkr efficiency than
uranium volatilization. So, plutonium can contantaechnological
equipment units too.
3. The gas-fluoride technology is not able to repss spent MOX-fuel
because of large plutonium content.

FLUOREX technology

Japanese specialists have developed a new orlgit8DREX tech-
nology that combined some stages of aqueous sedwdrsction
PUREX technology with some stages of non-aqueosslgaride tech-
nology.

The FLUOREX technology includes the following maiages:

1. Dismantling of fuel assemblies and chopping of fuels.
2. Decladding of fuel rods by alternating the oxidati@action with
oxygen and the reduction reaction with hydrogenanim dioxide
transforms into uranium octa-oxide via the oxidati@action and re-
turns into its initial state via the reduction reac. The alternation con-
tinues until the extended fuel meat throws the waall cladding off
and becomes powder-like material,
3. Fluorination of spent fuel powder. Main uranium sasnverts into
gaseous uranium hexafluoride and escapes spenttdgether with
some volatile and gaseous FP fluorides. Uraniuntigblg), practically
full plutonium amount, main mass of fission produand minor acti-
nides remain in the non-volatile sediment.
4. Uranium hexafluoride is separated from the accotyipgnsub-
stances by adsorption on NaF granules with highesabf the decon-
tamination factor (10+ 10)). Final product of this stage is a pure ura-
nium hexafluoride separated from any impurities.ctSuwranium
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hexafluoride can be then used to produce low eadalranium fuel for

light-water and heavy-water power reactors. Alsanium hexafluoride

can be re-enriched up to any desirable level.

5. Residuals of the fluorination process (small uramiguantity, al-

most full plutonium amount, fission products anchari actinides) are
dissolved in nitric acid followed by the extractiome-extraction treat-
ment, quite like in traditional PUREX technologyn& product of this

stage is the co-extracted uranium and plutoniunthvician be used to
produce MOX-fuel pellets.

The pyrometallurgical technology for SNF reprocegsi

The pyrometallurgical technology was initially intéed for reproc-
essing of spent mixed metal uranium-plutonium fdischarged from
advanced fast breeder reactors with high breediing g

Till recently, the research fast reactor EBR-Il waserated in Ar-
gonne National Laboratory (USA). The reactor wasdkd with metal
U-Zr fuel enriched up to 50%°U. The pyrometallurgical electro-
chemical refining technology was worked out justréprocess SNF
discharged from the EBR-Il reactor. General scharé¢he electro-
chemical refining facility is presented in Fig. 3.2

The electrochemical refining facility representsydindrical vessel
filled up with liquid cadmium in the bottom partcamolten salts (mix-
ture of potassium, sodium, calcium and barium ¢tiés) above the
liquid cadmium layer (anode). From the top paxnirod (cathode) is
introduced into the molten chloride layer.

The electrochemical refining process includes thiéofing main
steps:

1. Spent fuel rods are chopped into short piecddaaded into a perfo-
rated graphite basket.

2. The graphite basket with spent fuel piecesaséal into the liquid
cadmium layer.

3. Spent fuel is dissolved by liquid cadmium. Fokdddings and
some insoluble fission products can be removeduidher treatment as
solid radioactive wastes.

4. The dissolved SNF and fission products areidigid in layers of
liquid cadmium and molten salts by such a way:
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Fe (cathode)

Graphite basket
with fuel rod pieces

%

Fig. 3.2. General scheme of the electrochemicaiirgf facility

a. Gaseous and volatile fission products escapmditen materials and
enter into a gas cushion above the molten salt.laye

b. Alkaline-earth, rare-earth and alkaline fissimmducts escape the
liquid cadmium layer and enter into the molten ksjler.

c¢. Uranium and plutonium are contained in both laye

5. When electrical current is switched on betwdenliquid cadmium
anode and the iron cathode, some fission producasium, and pluto-
nium escape the molten layers and precipitate enr¢im cathode.
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The cathode deposition is periodically taken oftl anelted down
into a fresh nuclear fuel. The vacuum melting aastiog of fuel rods
are used at this step. The molten U-Pu-Zr allogasred into a cylin-
drical central hole of a quartz glass block. Upompletion of the cool-
down phase, the quartz glass and the metal rodbeaasily separated,
and the metal rod is ready for manufacturing afel €lement.

The finer purification of mixed uranium-plutoniunudl can be
achieved by using the halide-slagging process.folh@wing chemical
reaction of the cathode deposition with magnesibloride

2(U,Pu) + 3MgC] — 3Mg + 2(U,Pu)C};

can transform metal uranium and plutonium intortlegiorides. Then,
the uranium and plutonium chlorides can be returinéal the molten
salt layer, and the electrochemical refining iseegpd. Even if the hal-
ide-slagging process is applied, the decontamindaators in respect
of some undesirable FP can be increased up%da@®nly via 16-10°
in the solvent-extraction PUREX-technology.

The Integrated Fast Reactor concept

Nuclear specialists from Argonne National LaboratSA) have
developed the project of a modular fast reactoh whe integrated nu-
clear fuel cycle, where the pyrometallurgical elechemical refining
technology could be used for SNF reprocessing.progct was named
Integrated Fast Reactor (IFR).

The IFR project can be characterized by the follmaépecific fea-
tures:

1. Modular small-power (170 MWe) fast reactor witletal U-Pu-Zr
fuel and liquid-metal (sodium) coolant.

2. Small sizes of the reactor core and small fodlime with increased
uranium enrichment.

3. Co-allocation of NPP and pyrometallurgical fagifor SNF reproc-
essing in a single site.

Advantages of the IFR project:
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1. Passive nuclear safety thanks to excellent thghysical properties
of sodium coolant and large neutron leakage froestinall-sized reac-
tor core.

2. Factory-based manufacturing of the small-sizsgttor with the sub-
sequently high fabrication quality, reliability t¢ifie reactor operation,
the subsequently low financial expenses, possitifitstandardization.
3. Relatively short construction time with subsetlyelow risk of fi-
nancial investments.

4. Possibility for a step-wise upgrading the NPR/@oon 170 MWe at
each next step.

5. Enhanced proliferation resistance because dbtlmving reasons:

a. Uranium and plutonium co-extraction without ahgir separa-
tion.

b. Weak purification of uranium and plutonium frdiesion prod-
ucts and minor actinides. Subsequently, the reidated fuel is charac-
terized by intense radioactivity, residual heategation and intense
emission of spontaneous fission neutrons.

c. No long-distant SNF transportation from the teato the SNF
reprocessing facility is required here since theyallocated in a single
site.

The only drawback of the IFR concept is relatedhwis small
power. Evidently, one large-scale power reactomie economical
than a system of small-scale reactors with the sataépower.

DUPIC-technology

Name of the DUPIC-technology is an abbreviatiomfrine “Direct
Use of spent PWR fuel in CANDU reactors”. The DUR&Chnology is
a product of the collaborative efforts undertakgmbclear specialists
from the USA, Canada and South Korea. The DUPIGrelogy is a
non-agqueous process with enhanced proliferatidsteese.

As it follows from its name, main mission of the BIC-technology
consists in the repeated use of spent fuel disedafgpm light-water
power reactors of PWR-type in heavy-water powercte@a of
CANDU-type. Reasonability of this approach is basedthe fact that
spent PWR fuel can contain the amount of fissik@oges large enough
for further use as a fresh fuel composition of CAMype reactors. As
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is known, the standard spent PWR fuel containdgdgrburnt-up ura-
nium with residual enrichment at the levell® 9% ***U and[D,6% of
reactor-grade plutonium with about 70%-content iskife isotopes
2%y and®Pu. Thus, in total, the standard spent PWR fuetains
[11,3% of fissile isotope$, »*Pu and*'Pu. Fortunately, heavy-water
CANDU-type power reactors are able of functioningre if they are
fueled with natural uranium (0,7%°U). So, spent PWR fuel can pro-
vide the twofold amount of fissile isotopes to m&ak&NDU-type reac-
tor operation feasible.

The DUPIC-technology provides spent PWR fuel repssing with
application of thermal and mechanical procedurdg. &0 components
of aqueous, solvent-extraction, Pyrochemical andomegtallurgical
technologies are applied here.

Main stages of the DUPIC-technology:

1. Dismantling of spent fuel assemblies, withdraafadpent fuel rods.
2. Transversal chopping of fuel rods into smaltpi(~20 cm).

3. Longitudinal slitting of fuel claddings to weaktem.

4. Voloxidation, i.e. thermal treatment of fuel g@s in oxygen at
400°C. Uranium dioxide U@ converts into uranium octa-oxide;@k.
This conversion causes increasing volume of fuehtnom [(830%, and
fuel pieces throw their previously weakened clagdin addition, fuel
meat becomes more porous, partially transformsarmowder-like sub-
stance, some gaseous and volatile fission prodoetsly all tritium, up
to 40%*2%, 70%%°Kr and 90%'°°Ru) escape the porous fuel meat.

5. Treatment by the OREOX-process (Oxidation-Rddancof Oxide
fuel). The OREOX is an oxidizing-reducing processhvwnultiple in-
terchange of the following reactions:

a. Oxidation by air at 480. Uranium dioxide U@ converts into
uranium octa-oxide kDs, like the voloxidation reaction.

b. Reduction by (Ar - 4% § gaseous mixture at 780 Uranium
octa-oxide WOz returns into uranium dioxide UO

The multiple alternations of the oxidizing and reishg reactions can
produce the dispersed Y@owder, and result in complete release of all
gaseous and volatile fission products. Only solggién products re-
main in the powder particles.

6. Manufacturing of U@ pellets from the dispersed Y@owder with
sintering up to the pellet density about 96% ofhitsoretical value.
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7. Manufacturing of fresh fuel rods and fuel busdier CANDU-type
reactors by using the traditional technology buttla manufacturing
operations must be performed in hot cells, behimicktenough radia-
tion shielding.

Specific features of the DUPIC-technology:
1. Full absence of any liquid solvents and extrastaConsequently:

a. Small volumes of radioactive wastes (gaseousvaatile FP,
metal claddings of spent fuel rods).

b. Compact reprocessing facility and, thereforeea possibility for
co-allocation of NPP and the reprocessing facititg single site.
2. No uranium — plutonium separation. No completeasation of ura-
nium and plutonium from radioactive fission producOnly gaseous
and volatile fission products can be released.dSasion products re-
main in the reprocessed fuel.
3. Enhanced proliferation resistance of the DURI€hhology because
of the following reasons:

a. Intense radioactivity of fuel materials contagisolid fission
products.

b. No technological operations with separation lftgnium from
uranium.

c. No long-distant transportations of fissile metisras NPP and the
reprocessing facility can be co-allocated in alsirsge.

3.4. Control of NM non-proliferation at SNF reprocessing plants

The spent fuel reprocessing plant (SFRP) is ortkeofost sensitive
NFC part from the viewpoint of nuclear non-prolddon ensuring.
Main difficulty here is a plutonium non-proliferati control. In general,
plutonium control and accountability at the SFREcemters the fol-
lowing main challenges:

1. Large plutonium amount$hroughputs of French SFRP are at the
level of 800-900 SNF tons a year, at English SFRR00-1500 SNF
tons a year. In average, one SNF-TR ton containgk@-of plutonium,
i.e. 5-10 tons of plutonium can go through the SERRually.

2. High required accuracy of the plutonium contfidie significant
plutonium quantity SQ(Pu) was adopted by the IAEBA8akg. The US
Nuclear Regulatory Commission (NRC) has adopted dkie stricter
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constraint for the plutonium non-proliferation cait SQ(Pu) = 2 kg.
Consequently, the available plutonium quantity ntustcontrolled by
the SFRP staff with accuracy about 1 kg of plutonior below. At av-
erage annual SFRP throughputs of 10 plutonium tthvesaccuracy of
the control plutonium measurements must be at dkel lof [0,01%.

Really achievable accuracies of plutonium measuntsnare at the
level of [0,1%.

According to the requirements developed by Rusarah American
nuclear regulatory bodies, the maximal allowablggiium disbalance
at the SFRP must be equal to 0,1%, i.e. at thesitawhievable level of
the measuring capabilities. The problem of so higduired accuracy
can be solved by using the following two ways:

1. The plutonium balance can be summed up at detier@ points a
year, not once a year, when 5-10 plutonium tons hiavbe measured.
The reasonable chosen number of physical inverttkings can de-
crease appropriately quantity of the Pu-bearingenias to be assayed.
This way can be named as a time sharing.

2. The plutonium balance can be summed up at dawetarial balance
areas (MBA) of the SFRP. The reasonable chosen auaitMBA can
decrease appropriately quantity of the Pu-beariatgrials available at
each MBA to be measured. This way can be namedpace sharing.

Application of both ways (several physical inveigsra year at sev-
eral MBA separately) opens an opportunity to sumthg plutonium
balance at the SFRP as a whole with the accurapyiresl by the nu-
clear regulatory guidelines.

3. Different states of the Pu-bearing materidlsthe SFRP pluto-
nium can be in various aggregate states (soliddodlliquid SNF solu-
tion), in the aqueous and organic fractions, irvaes with different
plutonium valencies. Different Pu-bearing materieds be character-
ized by different attractiveness for potential maelproliferators.

The following factors can be used to evaluate inadadttractiveness
of the Pu-bearing materials:
1. The density factor, fdepends on the specific volume V of the Pu-
bearing material per one gram of contained plutoniMetal plutonium
is chosen as a reference material with the higiedative attractiveness
for potential proliferators of nuclear weapons, f€Veymet) = 1. AS
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density of metal plutonium equals 19,8 gicthe specific volume V.
metal= 5-10° I/g. Thus, initial point of f dependency on V equals unity at
V = 510° l/g. The specific volumes of all other Pu-bearingterials
are substantially larger, and their relative attveness appropriately
diminishes (Fig. 3.3).

10 4+ Pu-metal |
08 PUQ
4 [ ] ‘
S 06 —
= ] Pu(NQ),
0,4 .
1 Solidified RAW
0,2 \l
0,0 —
0 2 4 6 8 10

Specific volume V, l/g Pu

Fig. 3.3. Dependency of the density factor
on the specific volume of the Pu-bearing materials

2. The time factor,fdepends on duration of the time interval needed to
convert the Pu-bearing material into a charge mficear explosive de-
vice by well-skilled specialists equipped with ttm@st updated techni-
cal tools. Metal plutonium is chosen again as aregfce material with
the top relative attractiveness. It is assumeddhatweek time interval
would be required by the specialists to make aegarabxplosive device
with metal plutonium as a charge material, i.g.7fdays) = 1. The time
intervals needed for the specialists to converpthler Pu-bearing mate-
rials into a charge of a nuclear explosive devieesaibstantially longer,
and their relative attractiveness appropriatelyidishes (Fig. 3.4).
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3. The radiation factorsf(A) depends on radioactivity of the Pu-bearing
materials per one gram of contained plutonium. fidukation factor of
metal plutonium is assumed as unity.

The generalized attractiveness factor of varioub@aring materials
is defined as a product of three aforementionedofac(the density,
time and radiation factors). The generalized afitraness factors of
various Pu-bearing materials are presented in Talle

10 | Pu-metal
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|
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> =
T 04
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0,2
0,0 . . . . . . — -
0 50 100 150 200 250 03®50 400
Time, days

Fig. 3.4. Dependency of the time factor on duratbthe time interval

Table 3.4
Attractiveness factors of the Pu-bearing materials

Material fi(V) fa(t) f3(A) f, [k

Pu-metal 1 1 1 1
PuG 0,70 0,90 1 0,63
(U,Pu)GQ 0,40 0,65 1 0,26
Pu(NQy), 0,25 0,80 1 0,20
SNF solution 0,06 0,35 0,004| 8[m0°
Spent fuel assembly 0,08 0,10 0,004 3[0°
Solidified HLW 0,05 0,02 0,001 | 1[no°®
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It is noteworthy that the density and radiationtéas characterize
the difficulty of obtaining the Pu-bearing matesiathile the time factor
characterizes the difficulty of converting the Raeling materials into a
charge of a nuclear explosive device.

Control questions to Chapter 3

1. What stages of nuclear fuel cycles are the mosgjetans for non-
proliferation of nuclear weapons?

2. What types of nuclear reactors are the most dangefar non-
proliferation of nuclear weapons?

3. Call main stages of the SAFAR reprocessing tectgyolo

4. Call main stages of the gas-fluoride reprocessujrology.

5. Call main stages of the electrochemical refinirght®logy.

6. Call main stages of the DUPIC-technology.

7. Call and describe the attractiveness factors ofoplum-bearing
materials.
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CHAPTER 4. EXPLOSIVE PROPERTIES OF REACTOR-
GRADE PLUTONIUM

Plutonium is an artificial chemical element thas h# one stable
isotopes. Fortunately, some radioactive plutonisotdpes can decay
with half-lives of several thousand and tens ofugand years, i.e. they
are sufficiently long-lived radionuclides for theiivilian and military
applications.

Plutonium was first synthesized in 1940 by the aede team from
the California University (USA) headed by G.T. Sexpin experimen-
tal studies on bombarding of natural uranium byebsrated deuterons.
It is interesting to tell about history of plutoniuname. The next, after
uranium, chemical element - neptunium — was narsdtieplanet Nep-
tune, the next, after the planet Uranus, plan¢ténsolar system. Simi-
larly, plutonium, the next chemical element afteptunium, was named
as the planet Pluto, the next, after the planetiNep planet in the solar
system.

There are six metal plutonium allotropes withinteimperature ranges
where plutonium density varies from 15,9 gldm19,6 g/crfi The most
known §-phase of metal plutoniuny € 15,9 g/cr) exists within the tem-
perature range from 3%0 to 450C but this phase may be stabilized at
the room temperature by plutonium alloying with @&bor Ce.

Table 4.1
Some physical properties of plutonium isotopes

T, Decay heat, | .. Spontaneous Critical mass,
Isotope fission neutrons

years Wikg n/(skg) kg
Sy 87.7 560 2:60° 10
%Py | 24100 1.9 22 10
2%y 6560 6.8 9:10° 40
2py 14.4 4.2 49 10
22py | 376000 0.1 1.70° 100

Main channels of plutonium radioactivity are alptecays and spon-

taneous fission reactions. Retardation of heaparticles by plutonium
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mass defines its decay heat generation while speats fission reac-
tions define neutron activity of plutonium isotope&Some physical
properties of main plutonium isotopes are preseimdable 4.1.

Plutonium is already used for a sufficiently loimge period as a basic
component of mixed uranium-plutonium oxide (MOXElfuoaded into
nuclear power reactors in France and Belgium.

As is known, consecutive neutron captures by meamium isotope
238 can build-up, at first, well-fissile plutoniumoi®pe®**Pu and, then
the heavier plutonium isotopes. If neutron irradiatlasts a relatively
short time, then fraction of the heavier plutoniisatopes (next after
2%y) can be very small (several percent&'®fu and much lower con-
tents of*Pu and®%Pu). Plutonium with such isotope composition is
the most suitable fissile material for manufactgraf nuclear explosive
devices (NED) and, therefore, this plutonium wamea as weapon-
grade plutonium (WG-Pu). Under long irradiation ¢irand high fuel
burn-up, plutonium isotope composition shifts todgathe larger frac-
tion of the heavier plutonium isotopes. Such plitonwas named as
reactor-grade plutonium (RG-Pu). Typical isotopepositions of RG-
Pu are presented in Table 4.2 for various valudgedfburn-up in light-
water PWR-type reactors.

Table 4.2
Isotope compositions of RG-Pu and WG-Pu (for corspal)
Parameter WG- RG-Pu at fuel burn-up, GWd/t
Pu 30 50 60 72
2%y, % 0.01 1.6 2.9 3.8 5.0
Z%Pu, % 93.8 56.5 53.3 51.7 50.1
2%y, % 5.8 23.8 23.3 23.1] 22.6
#Ipy, % 0.35 12.8 13.9 14.2 14.5
%Py, % 0.02 5.3 6.6 7.2 7.8
Critical mass, kg 7.35 9.24 9.84 9.8b 9.88
Decay heat, W 16.6 112 187 243 311
Spontaneous fission 3 915 | 5 910 | 4.110° | 4.210° | 4.610°
neutrons, n/s

As is seen, RG-Pu is inferior to WG-Pu in neutraumitiplying prop-

erties (the lower content of main fissile isoté{®®u and the larger con-
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tents of weakly fissionable isotopes). In additithg increased contents
of 2%u and®®Pu, intense heat sources and emitters of spontarfessu
sion neutrons, can upgrade these RG-Pu propentiesmparison with
those of WG-Pu. Advanced LWR projects presume &urthcreasing
the fuel burn-up. If so, then RG-Pu from the ademht WR will be
more inferior to WG-Pu in neutron-multiplying prafies and in addi-
tional difficulties to handle with it because okthpgraded decay heat
rate and generation rate of spontaneous fissiotraress The higher
fuel burn-up, RG-Pu is the lower suitable matébiath for civilian nu-
clear power industry and for illegal military aptions.

4.1. Applicability of reactor-grade plutonium for NED
manufacturing

Despite RG-Pu is evidently less suitable mateoalnhilitary appli-
cations than WG-Pu, nevertheless, the followingehguestions about
RG-Pu applicability for NED manufacturing can b&essand should be
answered:

1. What RG-Pu mass must be obtained to manufaochedNED?

2. Can a terrorist group manufacture NED charget R{5-Pu that was
extracted from SNF with high fuel burn-up?

3. What energy yield can be expected from NED atdhirgith RG-Pu?

Critical mass of RG-Pu is remarkably larger thaat if WG-Pu be-
cause of the aforementioned differences betweetorplum isotope
compositions. Experimental studies and numericaluations have
revealed that critical mass of WG-Pu was practjcidilé same with that
of Pu (about 10 kg) while critical mass of RG-Pu taolintermediate
position between critical masses?6Pu and*®Pu, (about 16 kg, in aver-
age). All these critical masses have been detedhimébare (unreflected)
metal spheres. If an effective neutron reflectorraunds plutonium
charge, then critical mass roughly halves. Congatyyeé-10 kg of RG-
Pu is a mass large enough for manufacturing ofNielR. Approximately
such plutonium amount is contained in one ton enhspuel discharged
from power LWR. Solvent-extraction SNF reprocesdimgthe design-
basis value of fuel burn-up costs about $500/kg.SNiEs, production of
RG-Pu mass that is large enough to manufacturé&iewill cost about
$500,000.
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4.2. Energy yield of NED with reactor-grade plutonium

There are two different, in principle, types of NED

One of them is based on the implosion effect amdlmnamed as
the implosive NED. In the implosive NED a spherichhrge (metad-
plutonium, for instance) is surrounded by annudgel of high chemi-
cal explosive acting, in addition to its main misgias a neutron reflec-
tor and reducing the critical mass by a factorvad,tor so, below the
bare critical mass. The ingoing shock wave from high explosives
compresses the central plutonium charge, the chaftpetor system
becomes supercritical, and nuclear explosion canro&o, the inward-
directed shock wave from the high explosives cretlie conditions for
initiation and fast propagation of the chain fissieaction (CFR) ac-
companied by release of huge energy amount (eryéety).

Another type of NED, so-called the gun-type NEDb#&sed on fast
joining of two sub-critical masses into one supéoal system where
the CFR could be initiated and propagated.

These two NED types, in addition to their evidemtstructive peculi-
arities, are characterized by substantially difieténes needed to trans-
form the NED into the state with maximal supericaility. In this respect
the implosive NED demonstrates an obvious supégyiovier the gun-type
NED. The implosive NED can transform itself intaetimaximal super-
criticality state for a substantially shorter tiimeerval, by one order of
magnitude, as compared with the gun-type NED. énithplosive NED
the inward-directed shock wave from the high exXptss moves with
mean velocity of 5 km/s and compresses the pluterdgbarge (~5 cm in
diameter) for about 10s. In the gun-type NED two sub-critical masses
can move to meet with mean velocity of 300 m/s, arakimal super-
criticality, after completion of the assemblageqgass, can be achieved
for about 10 s, i.e. ten times slower. The slower actuationhef gun-
type NED can produce a negative effect on the Chtition and propa-
gation.

Mathematical model for the CFR initiation and prggaton
Let assume that time dependency of the NED re&gtodn be de-
scribed by a simple linear function. Initially, tiNED is a sub-critical
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system with effective neutron multiplication factdf..- is near but

less than unity K- = 099). When the NED is activated (high

chemical explosive begins compressing the centwdbpium charge or
two sub-critical masses begins moving to join), fystem gradually

becomes super-critical. Lét=t, be the time moment when the system
becomes critical K =1), andt =t; be the time moment when the

system reaches maximal super-criticality - = 2): the shock wave
came to the center, or two sub-critical masses ddrm single mass.
Since initial state is very close to criticalityg.it, = 0 and

t
Keee (1) :1+t—-

0

At t 20 the CFR can be initiated by the appearance of stene
trons. In principle, the CFR can not be initiateédall, if no neutrons

appeared in the system during the time intel[(i)ato]. At t=t, the

system would be destructed and flown away.

The flying-away stage can begin when the fissileemal overheats,
vaporizes and creates so high internal pressute#mastop the further
compression or mutual rapprochement. Numerical uedimins have

demonstrated thae* fission reactions could produp¢hermal energy
that is large enough to overheat and vaporizeldissaterials. Unfortu-
nately, these evaluations could give only qualitatiesults. That is why

the further analysis was oriented on somewhat targkie of e* fis-
sion reactions as a threshold that defines tramsif the system from
the compression stage to the flying-away stage, i.e

te
e = [N, (tdt;
f;

wheret, —time moment of the CFR initiatiort; —time moment when

the CFR finishes because® fission reactions already occurred,;
N, (t) —fission rate.
157



Time dependency of the fission rate in a nuclearg can be writ-
ten as follows:

KL (1)1 t?
N.(t)=N —oer T T dt
(1) f(O)Dexpg o dt x N (ODJexpé—lpmmptmz

where N, (0) =, [¥(0); ®(0) —integral neutron flux in volume of

a nuclear chargd;
Then:

prompt ~ PrOompt neutron lifetimel{L0 %s).

=5, @(O)q exph )dt

prompt

If the integral in the right part is replaced by &pproximate value,
then:

t? —t?
= (t, -t )T, [@(0)exp ———
2|prompt
By using the following identity:

t, -t,) X, ©(0) = exgin|(t, -t,) X, O],

the balance equation for the required quantityssiidn reactions can be
re-written:

:exp{ i (1 - 1)E, @(01+ﬁ}

prompt

The summandln[(tf -t) X, BD(O)J in the exponential function
defines the contribution given by neutrons-initrat@f the CFR into
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total quantity of fission reactions. It seems ewuidihat this contribution
is negligibly small in comparison with total cotwition from all fission
reactions taking place during the CFR propagatibthe summand is
removed, then we can derive the equation that lihkstime moments
related with the CFR initiation and completion:

T 1 =90. 4.1
2l Ki 4.1)

prompt — 2

Maximal and minimal energy yields
Energy yield of a nuclear explosion could achidgemaximal value
only if the initiated CFR would not be able to peatvthe nuclear char-

ge from reaching maximal super-criticality. In athveords, if €*° fis-
sion reactions can occur only by the time momene&t,, then the

CFR can not stop the compression stage. As itvallfrom equation
(4.1), the CFR must not be initiated too early, i.e

t > to ml_ 90Dprompt )1/2.

b

In the implosive NEDt, =107 s Itis easy to calculate that, in or-
der to produce maximal energy vyield, the CFR muestiritiated at

0.954-10 s. In this caseg™ fission reactions can occur only for the
remaining 0.046-10 s, and effective neutron multiplication factor

K can reach its maximal value.

Minimal energy yield (“fizzle”) could be producefithe CFR is ini-
tiated just at the time moment when the systemrheceritical, i.e. at

t. =0. This is the worst moment for neutrons-initiattysappear in the
system. As it follows from equation (4.1), in tldase the CFR lasts

about 3-18 s. The necessary quantity of fission reactio@$ X occurs
in the system, and effective neutron multiplicatiagtor increases up to

Ko =1,3.
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Similar evaluations can be carried out for the gye NED where
ty =10 s. In order to produce maximal energy yield, the QREst

be initiated at 0.995-10s. Then,e® fission reactions can occur for the
remaining 0.005-10 s, and effective neutron multiplication factor

K can reach its maximal value. Minimal energy yietdild be pro-
duced if the CFR is initiated dt =0. Then, the CFR lasts 9,5:18,

and effective neutron multiplication factor increas up to
Keer =1,095 only.

Premature initiation of the CFR by neutrons thadesgped in the sys-
tem before an optimal time moment is called aspiteedetonation re-
gime. It is evident that energy yield from the getonation regime is
lower than maximal (nominal) value of energy yiedehd minimal en-
ergy yield (*fizzle yield”) is produced if the CFR initiated at the very
inappropriate time moment (&t = 0).

As is known, main fraction of energy yield Y releasat the flying-
away stage, and Y is defined by maximal value ¢&éative neutron
multiplication factor achieved at the time momenhew the CFR

propagation finishes, i.e. energy vyield is direqtjoportional tar®
KEFF(tf )_1 .. . .
where @ =—— . Consequently, minimal energy vyield in the
prompt
pre-detonation regimeY,,, . and nominal energy yield,,,, are

linked by the following relationship:

YFI77I E — ( KEFF(tf )FIZZLE -1

)%
YNOM KEFF(tf )NOM -1

where KEFF(tf )NOM = KEFF(tZ) =2, KEFF(tf )FIZZLE =1.3 for the
implosive NED andK . (t; )qzze =1.095 for the gun-type NED. It
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. Y. . .
is easy to calculate that™42-E =(,027 for the implosive NED and
NOM

Yezzie — g 57010 for the gun-type NED.

NOM

Let assume that nominal energy yield correspondghéoenergy
yield released by plutonium bomb exploded over Haga(Japan) on
August 8, 1945, i.e. about 20 kt TNT. Then,

Yez2e = 0.02720 kt = 540 t TNT for the implosive NED;
Yespe = 8.5710%20 kt = 17 t TNT for the gun-type NED.

Despite energy yields in the pre-detonation regaree substantially
lower than nominal energy yield, nevertheless fittee yields are suf-
ficiently large and dangerous. Energy yields ofrnaioal high explo-
sives in many terrorist attacks were well below k§O'NT.

Probability of maximal energy yield
As is known, probability for the CFR to be initidtprematurely, at
the time momentt <T, in the system containing internal neutron
sources (for example, radionuclides-emitters ofnggoeous fission
neutrons) can be determined by using the formula:

P(t<T) :l—exr{_ Ngey O mFEFF _1)];

where Ngq,, —generation rate of spontaneous fission neutrons;

K —mean value of effective neutron multiplication factK ...
within the time interval[O,T]. Under assumption on linear time de-
pendency K (t) mean value of K. can be determined as

K., =1+ 05T /t,. Then
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-1 _ _NSFN[T z
Pt<T)=1 exr{ —5 Eﬂto)}.

Nominal energy yield can be obtained if the CFRas initiated be-
fore a certain minimal time moment, i.e.

901l
G2t L, =1 ﬂl_ p_rompt)1/2 .
: t,

Consequently,P(t <t; . ) is a probability for the CFR to be initi-
ated before the time moment that can guaranteernabranergy yield,
and1-P(t <t . ) is a probability for the NED to produce nominal
energy vield:

NSFN [ﬂi min ti min
P(Ynom) =1-P(t <t ,;,) =exp - 5 —0 t =
0

|
= ex;{—% E¢1—90[-|Prt°—m)}. (4.2)

0

Experimental information about generation rate pdrganeous fis-
sion neutrons by plutonium isotopes (Table 4.1pualisotope compo-
sitions of WG-Pu and RG-Pu U (Table 4.2) can belusedetermine
total generation rate of spontaneous fission nestio critical masses
of WG-Pu (~5 kg) and RG-Pu (~8 kg):

Ngpy(WG—Pu) = 39010° n/s.
Ngoy(RG-Pu, PWR =29010° n/s.

By substituting these values into equation (412¢, following prob-
abilities can be calculated. Probability of nomimalergy yield pro-

duced by the implosive NEDt((:lO‘5 S) charged with WG-Pu is
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equal to 23,5%. Similar probability for the implesiNED charged with
RG-Pu from heavy-water CANDU reactor (minimal vabfeNg, ) is

considerably lower, about 11D° %.
Probability of nominal energy yield produced by then-type NED

(to =10™ s) even charged with WG-Pu is evaluated as a vemllsm

value, about 1:30° %.

Consequently, RG-Pu of any isotope compositiorble & produce
nuclear explosion only with minimal energy vyieldiZzle yield”) even
in the implosive NED.

So, the following conclusions can be made:

1. Reactor-grade plutonium extracted from SNF aflear power reac-
tors is a potentially dangerous material from ttamdpoint of its mili-
tary applications.

2. Critical mass of reactor-grade plutonium isgnéicantly larger than
critical mass of weapon-grade plutonium (9-10 kay%i6 kg).

3. Main factor that can complicate any military Bggttion of reactor-
grade plutonium is an intense generation of sp@was neutrons by
plutonium isotope’*®Pu. These neutrons are able to initiate the CFR
prematurely and, thus, substantially reduce theega energy yield.

4. Nevertheless, even minimal energy yield from BEBD charged with
reactor-grade plutonium can reach tens or hunddINT tons.
Therefore, reactor-grade plutonium must be put ustiéct control to
prevent its diversion from civilian to military pawses.

Control questions to Chapter 4

1. Characterize main physical properties of plutonisatopes.

2. By what does reactor-grade plutonium differ fromapen-grade
plutonium?

3. What are main peculiarities of the implosive ana-tgpe nuclear
explosive devices?

4. What conditions must be satisfied for a nucleadasipn to produce
minimal and maximal energy yields?

5. Why is reactor-grade plutonium regarded as a daougematerial for
nuclear non-proliferation regime?
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CHAPTER 5. UTILIZATION OF REACTOR-GRADE
PLUTONIUM AND WEAPON-GRADE PLUTONIUM IN
NUCLEAR POWER REACTORS

As it was already mentioned above, theoretical watans have
demonstrated that reactor-grade plutonium (RG-Rm) lme used as a
charge only in primitive and low-efficient nucleaxplosive devices
(NED) with relatively small energy yield (at thevéd of several hun-
dreds of TNT tons). Nevertheless, even so smaligsngeld represents
a serious military threat. Therefore, these thézaktonclusions about
RG-Pu applicability for military and terrorist pwges have been sup-
ported by the IAEA. In 1972 the IAEA issued the diment that con-
firmed that plutonium of any isotope compositioncluding RG-Pu
extracted from spent fuel of nuclear power reactorsst be regarded as
a weapon-usable material, quite like weapon-gragemum (WG-Pu).
This statement means that strict national requintsn® physical pro-
tection, control and accountability of WG-Pu mustdpread on RG-Pu.
Only plutonium containing above 80%Pu can be excluded from the
IAEA safeguards becaugé®u is an intense heat source (570 W/kg)
and intense emitter of spontaneous fission neut@B4.0° n/(skg), i.e.
2Py is more intense neutron source tRdRuU by a factor of 2,5)
Therefore, radiochemical plants for SNF reprocessiave been built
and put in operation only in those countries whidteady possessed
nuclear weaponry. Also, the IAEA has worked outyvstrict limita-
tions on accuracy of physical inventory taking fdutonium-bearing
materials at the SNF reprocessing plants.

5.1. Utilization of weapon-grade plutonium
in nuclear power reactors

In 2007 global stockpiles of WG-Pu were evaluated~a30 tons
(Russia — 120 t, USA — 90 t, Great Britain — 8rgrice — 5 t and China
— 4 1). In 1993-2010 the USA and Russia have ualernt some steps
towards nuclear disarmament.

In 1993 Russia has decided to withdraw 500 tonweadpon-grade
uranium (WG-U) from its nuclear arsenals, dilute WGQwith low-
enriched uranium and sell this reactor-grade uranio the USA for
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energy utilization at commercial NPP. In 1994 the@AUJadministration
declared that 174 tons of WG-U are no longer reglfor national de-
fense purposes. So, this amount of WG-U was dilukéith low-
enriched uranium and used at commercial NPP. Ir5 208 USA de-
cided to withdraw additional 200 tons of WG-U framclear arsenals
and use them at NPP.

In 1995 the USA and Russia declared that 50 tangdch country)
of WG-Pu are no longer required for national deéepsrposes. The
USA and Russia agreed to use some excessive am@4ntsin each
country) of their WG-Pu in nuclear power industry.

By 2010 about 2300 RG-Pu tons were accumulatedNFR 8is-
charged from commercial NPP all over the world.yOfB0% of these
RG-Pu K 2010roxyamounts were extracted from SNF and used
European LWR. So, addition of 34 WG-Pu tons comakiinto spent
RG-Pu after energy utilization in commercial LWRha#ot significantly
increase the scope of works on plutonium utilizatio

The US National Academy of Sciences has analyze guntential
ways for safe management and energy utilizationthoke WG-Pu
amounts which have been declared as excessiveatwnal defense
purposes. The following four strategies of WG-Punagement were
regarded as the most promising options:

1. Incorporation of WG-Pu into SNF compositions.

The SNF-incorporation option presumes introducingsRuU into
fresh fuel compositions of power LWR and energyiaatiion of such
fuels in the once-through fuel cycle. In this capent WG-Pu contain-
ing fuel is characterized by practically insurmabie physical, chemi-
cal and radiation barriers radiochemical extractdod military applica-
tion of “dirty” plutonium.

2. Short-term irradiation of WG-Pu.

This strategy presumes incorporation of WG-Pu iM@X-fuel
composition and short-term irradiation of so madifiMOX-fuel in
power LWR. The strategy can form the remarkably keeghysical,
chemical and radiation barriers against militarplayations of irradi-
ated WG-Pu than the SNF-incorporation option buetiexpenses and
the number of nuclear power reactors involved thes WG-Pu utiliza-
tion program could be substantially shortened.

3. Full extermination of WG-Pu.
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This strategy presumes practically complete incitien of WG-Pu
in nuclear power reactors with application of utenifree but pluto-
nium-bearing fuel compositions. This strategy ieab burn-up about
80% WG-Pu under conditions of the once-through tyele and prac-
tically full WG-Pu amounts under conditions of tbesed fuel cycle.
However, very large financial and time expenseslaévtwe required to
develop advanced or upgrade the existing desigmaiciEar power re-
actors.

4. Mixing of WG-Pu with radiowastes.

This strategy presumes co-immobilization of WG-Pud aadio-
wastes from radiochemical SNF reprocessing. WGRlradiowastes
must be jointly incorporated into stable inert rizas for long-term in-
terim storage and ultimate disposal in geologiagositories. This
strategy and the SNF-incorporation option pursus fbhe same aim,
namely formation of inherent physical, chemical aadiation barriers
against potential use of WG-U as a charge of NED.

Thus, the USA and Russia have declared that 50 W®&Rs (in
each country) were no longer required for natiadefense needs. Till
now, the main strategy for excess WG-Pu managemesgumes its
energy utilization in the existing, evolutional andovative LWR.

Belgium and France have gained the largest expmriégm LWR-
SNF reprocessing, extraction of RG-Pu, fabricabbfresh MOX-fuel
assemblies and multiple recycle of MOX-fuel in povi®VR. It was
found that, under stationary conditions of MOX-fuetycling, pluto-
nium can be loaded only into one-third part of teactor core. The re-
maining part of the reactor core has to be occupidhe standard
UOX-fuel assemblies with low-enriched uranium. Qnied part of the
reactor core occupied by MOX-fuel assemblies igaxtically achiev-
able limit of feasibility for transition of the LWRlesigned on utiliza-
tion of UOX-fuel only to the LWR with mixed fuel &mling pattern with
MOX-fuel assemblies (one-third) and UOX-fuel asskesh(two-thirds)
because of the following reasons:

1. The lower fraction of delayed neutrons emittgd\G-Pu.

2. The higher-energy neutron spectrum in the pathe reactor core
occupied by MOX-fuel assemblies.

3. The larger effect of resonance neutron absarficd**Pu within the
energy range around 0,3 eV.
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These three circumstances already require intradusubstantial
changes into design of the LWR control systems.

4. More intense gamma-radiation emitted by MOX-fagsemblies can
enhance radiation damages and degradation of gtrgmgperties of
structural materials in MOX-fuel assemblies andpite= metal compo-
nents.

5. More intense radioactivity of spent MOX-fuel estblies requires
the longer cooling time after their withdrawal frahe reactor core.

As it follows from some American publications, maj@though far
from all) power light-water reactors in the USA che easily trans-
ferred on 100% loading with MOX-fuel assemblies gteyn 80 and
System 80+ Projects of the Combustion Engineerioign@any).

Energy utilization rate of WG-Pu in the once-thrbugel cycle is
defined by the following LWR operation parameters:

- thermal power of the reactor;

- installed capacity utilization factor;

- fraction of MOX-fuel assemblies in the reactore;o
- WG-Pu fraction in MOX-fuel;

- average value of spent fuel burn-up.

Capabilities of American LWR on energy utilizatiohWG-Pu wee
evaluated by many numerical studies, and the fatigwesults were
obtained:

1. The existing power reactors of PWR-1000 typehvtite following
operation parameters:

- thermal efficiency — 34,2%;

- installed capacity utilization factor — 0,7;

- fraction of MOX-fuel assemblies in the reactorece 33%;

- WG-Pu fraction in MOX-fuel — 2,5%;

- average value of spent fuel burn-up — 30,4 GWd/t;

are able to exterminate 50 tons of excessive WG@dPabout 250 reac-
tor-years.

2. The evolutional power reactors of PWR-1200 t{®gstem 80 Pro-
ject) with the following operation parameters:

- thermal efficiency — 34,2%;

- installed capacity utilization factor — 0,75;

- fraction of MOX-fuel assemblies in the reactorece 100%;

- WG-Pu fraction in MOX-fuel — 4,0%;
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- average value of spent fuel burn-up — 42,0 GWd/t;

are able to exterminate 50 tons of excessive WEd?wabout 50 reac-
tor-years.

3. The advanced power reactors of PWR-1200 typsté8y 80+ Pro-
ject) with the following operation parameters:

- thermal efficiency — 34,2%;

- installed capacity utilization factor — 0,75;

- fraction of MOX-fuel assembilies in the reactorece 100%;

- WG-Pu fraction in MOX-fuel — 6,8%;

- average value of spent fuel burn-up — 42,0 GWd/t;

are able to exterminate 50 tons of excessive WEd?wabout 30 reac-
tor-years.

So, energy utilization of excessive WG-Pu in theletional and ad-
vanced LWR designs requires relatively small numiifethe reactors
involved and relatively short operation time withGAPu-based MOX-
fuel assemblies.

5.2. Recycle of reactor-grade plutonium in nucleapower reactors

If nuclear fuel cycle becomes closed, then spesitdssemblies, af-
ter withdrawal from the reactor core ands long gho(up to 10 years)
cooling in SNF storage pools at NPP, are transgartethe SNF re-
processing plants in order to extract the accuradlagtutonium and the
remained uranium, fabricate fresh MOX-fuel asseewbland recycle
them in power LWR or LMFBR. Multiple recycling ofskile and fertile
isotopes can produce some additional energy and, tleduce indus-
trial demands for natural uranium.

By blending the recycled plutonium from MOX-fuelkasblies with
“fresh” plutonium from spent UOX-fuel assemblies wan find so op-
timal contents of fissile plutonium isotop&®u and*'Pu in MOX-fuel
that three-fold plutonium recycling becomes feasibh LWR with
100% MOX-fuel loading. Main safety parameters (te@y coefficient
on coolant temperature, for instance) can be kégptirwthe acceptable
constraints with application of so optimal MOX-fuemposition.

MOX-fuel assemblies have the same design as UOKdasem-
blies, the only difference consists in compositafrfuel pellets. Aver-
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age plutonium content in MOX-fuel is determinedthat MOX-fuel
burn-up at the moment of its withdrawal from thaat®r core would be
the same as that for UOX-fuel. If content of figsilutonium isotopes
must not exceed a certain value (6%, for instam@®ause of some
safety considerations, then small quantity®d is added to MOX-fuel
to maintain the reactor criticality. Peaks of hganeration rate in fuel
rods placed on periphery of MOX-fuel assemblies suppressed by
decreasing plutonium content in peripheral MOX-figals.

The process of gradual conversion of PWR-type cegadtom UOX-
fuel to MOX-fuel was numerically analyzed for a loyipetical nuclear
energy system. These numerical studies were castiednder the fol-
lowing assumptions:

1. Total power of nuclear energy system — 10 GWe.

2. PWR-type reactors are initially loaded with lewriched (4,5%°°U)
UOX-fuel assemblies.

3. Then, RG-Pu extracted from spent UOX-fuel isaduced into fresh
fuel composition, and plutonium gradually suppl&fits from new fuel
composition.

4. Time between two consecutive refuelings — 20thmn

5. Full fuel lifetime — 10 years, i.e. six irrad@t cycles.

6. Maximal fuel burn-up — 50 GWd/t.

7. Maximal content of fissile plutonium isotopesM®©X-fuel composi-
tion must be below 6% (if necessary for criticalfflU can be added to
MOX-fuel composition).

8. The out-of-pile fuel cycle takes 10years inchgd¥-year cooling time
in SNF storage pools at NPP plus 3 years for SigFooessing and fab-
rication of fresh MOX-fuel assemblies.

As far as RG-Pu was accumulated, extracted andclestysome
fraction of UOX-fueled PWR became MOX-fueled PWR to 25%).
Isotope composition of the recycled plutonium waadgally shifted
towards the decreased share of fissile plutoniwtojes®°Pu, *'Pu
and the increased share of even plutonium isotéfes, **°Pu, **Pu.
The system appeared able to incinerate about 4R3fu/GWe-year.
If fast reactor are introduced instead of MOX-PW#&n RG-Pu incin-
eration rate increased up to 570 kg RG-Pu/GWe yida.highest rate
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of RG-Pu incineration could be reached if accetgrdtiven facilities
were introduced into the nuclear energy systeneatsbf MOX-PWR:
the incineration rate could be upgraded to 700 GgHRI/GWe-year.

Besides, the results demonstrated that, plutonaitar three RG-Pu
recycles in MOX-PWR, became quite unsuitable fathfer usage in
PWR-type reactors. It concerns, in the first tuegctivity coefficient
on coolant temperature that becomes unacceptaiglg.|&ome data for
comparison of neutron-multiplying properties, heggneration and
emission of spontaneous fission neutrons by RGfeu three recycles
in MOX-PWR with analogous properties of RG-Pu ectied from
spent UOX-PWR fuel after reaching various valuesuef burn-up are
presented in Table 5.1.

Table 5.1
Isotope compositions of RG-Pu and WG-Pu (only fanparison)

Parameter WG- RG-Pu, RG-Pu, I:f(taeféj
Pu 30 Gwd/t | 60 GWd/t
recycles
2%y, % 0.01 1.6 3.8 5.5
%u, % 93.8 56.5 51.7 34.1
2%u, % 5.8 23.8 23.1 31.1
“Ipy, % 0.35 12.8 14.2 10.6
2Py, % 0.02 5.3 7.2 18.7
Critical mass, kg 7.35 9.24 9.85 12.9
Heat generation, W 16.6 112 243 445
Spontaneous fis-| 5 g5 | 5 gq¢p 4210 | 9.610°
sion neutrons, n/s

Control questions to Chapter 5

1. What amounts of weapon-grade plutonium and reaptmte pluto-
nium are currently stockpiled in the world?

2. Call main strategies for energy utilization of weamrade pluto-
nium.
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3. What peculiarities of MOX-fuel should be taken imtocount for its
loading into power light-water reactors?

4. What rates can be reached by power light-waterntoeaén energy
utilization of reactor-grade plutonium?

5. What reasons can limit the number of MOX-fuel rdegdn power
light-water reactors?
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CHAPTER 6. URANIUM AND PLUTONIUM DENATURING AS
A WAY TOWARDS NUCLEAR WEAPONS NON-
PROLIFERATION

This chapter is devoted to the problems relatetd piibtection of the
existing and advanced nuclear fuels against unaibedr proliferation
by introducing some additives into fuel compositioifhese additives
must create certain almost insuperable internaldrarany possible use
of nuclear fuel for NED manufacturing, and, at game time, these
additives must preserve (or even upgrade) enertgnpal of nuclear
fuels for their peaceful utilization at civilian P Such an approach to
the proliferation protection of nuclear materiadsadften called as an
isotope denaturing. The term “isotope denaturingtans any changes
in natural isotope compositions of chemical elemeavith ultimate goal
to give them some new and desirable properties.

6.1. NM proliferation protection in NFC

As is known, natural uranium and thorium are basaterials of
contemporary nuclear energy systems. Natural unardantains only
0.71%2*, the sole natural fissile isotope, and the satft@ining chain
fission reaction (CFR) on thermal neutrons camiité&ated in large vol-
umes of natural uranium, graphite or heavy watex.féx natural tho-
rium, this chemical element does not contain atail fissile isotope
that could be regarded as an analogu@of Therefore, manufacturing
of small-sized, uranium-based NED requires applysogne difficult
operations on uranium isotope enrichment in ordeprbduce signifi-
cant quantity of highly enriched (or weapon-gradegnium (WG-U)
containing up to 95%°°U. The other way towards NED manufacturing
is the use of artificial fissile materials (plutam and®*%U) but their
wide-scale production could be organized in thdadd nuclear reac-
tors, by neutron irradiation of natural uranium amokium.

Nuclear reactors of contemporary civilian NPP ar&inty loaded
with low-enriched uranium fuel. So, from the staoitp of nuclear non-
proliferation, fresh nuclear fuel takes up an imtediate position be-
tween natural uranium and WG-U. Very sophisticaad very expen-
sive technologies of isotope separation should fied to increase
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uranium enrichment (relative content?U) up to the weapon-usable
level and, thereby, convert reactor-grade uraninbimWG-U.

Another weapon-usable material — plutonium — isuaadated in
nuclear fuel in the process of nuclear reactor atp@n. As is known,
weapon-grade plutonium (WG-Pu) is composed of dilewing com-
ponents: about 93%%Pu, up to 7%*Pu and very small fraction of the
heavier plutonium isotopes. WG-Pu can be built-aphie dedicated
(plutonium-producing) nuclear reactors with ratbbort irradiation cy-
cle. At the same time, nuclear power reactors withstantially longer
irradiation cycle and, as a consequence, subsigrtigher values of
fuel burn-up can build-up plutonium with signifidgnlarger contents
of heavy plutonium isotopes. This plutonium is Ubuealled as reac-
tor-grade plutonium (RG-Pu). Lengthy neutron iredidin of uranium-
based fuel can change considerably uranium isotmpeposition by
appearance of isotop&8U and®*2U. For example, if uranium fuel with
initial enrichment of 4.49%%U was irradiated in LWR to fuel burn-up
of 4% HM, then its isotope composition would bestahtially changed
(see Table 6.1).

Table 6.1
Uranium and plutonium isotope compositions
in fresh and spent LWR fuel

Fresh fuel Spent fuel composition, %

] 232U 235U 236U 238U

4402y, | UM 69 1.26 | 059 98.15

95.6%2%%U RG-PU Zpy | %Py | *Pu | *Ppu | *Pu
17 | 580 | 223 123 5.1

So, uranium fuel of nuclear power reactors candsaluin principle,
to produce weapon-usable materials but their etfxtracequires apply-
ing some additional and very complicated operations

Neutron irradiation of natural thorium in nucleawger reactors can
build-up well-fissile and weapon-usable isotofdJ. However, the
process of*U build-up is accompanied by accumulation of otier-
nium isotopes™U, 2, *U and the lightest uranium isotog&U

173



which is able to complicate handling with uraniuxtracted from spent
thorium-based fuel.

As it was already mentioned above, SNF reprocessitigremoval
of radioactive fission products, whose ionizingissidon created a pro-
tective barrier against uncontrolled NM prolifecattj can be regarded
as the operation which can completely remove ostsuibially weaken
the radiation protective barrier. SNF partitioningp separated chemi-
cal elements or groups of elements is able toifatl NM diversion
from peaceful to military applications. Appropriateuntermeasures on
NM physical protection, control and accountabilityist be undertaken
to eliminate or, at least, mitigate this threatatidition to some organ-
izational actions related with the security foreesl strict control of
nuclear technological processes, the following ibesrcan be estab-
lished to prevent diversion of fissile weapon-usabhterials:

1. Radiation barrier can be formed by radioactigsién products. This
barrier can be naturally set up in the proces®ofiterm fuel irradia-
tion in nuclear power reactors or by a special tstesm irradiation of
fresh fuel. Additional inherent component of theliadion barrier is a
natural radiation background produced by fissitgdpes.

2. Incomplete removal of radioactive fission pragufrom spent fuel
that keeps high-intensity radiation fields at ferttoperations with re-
generated fuel.

3. Isotope dilution of®U, i.e. the use of low-enriched uranium.

4. Incomplete separation of uranium-plutonium migtuor even full
exclusion of any technological operations able épasate plutonium
from uranium. Co-extraction of uranium and plutaonimakes it impos-
sible to use such nuclear materials as a charby&bxf

5. The use of automatic distant technologies fonufecturing of nu-
clear fuel, fuel rods and fuel assemblies that @amplicate access to
fissile nuclear materials.

6. Dilution (denaturing) of fissile isotopes by ethisotopes of the same
chemical element. It is preferable to apply thasgdpes whose proper-
ties can complicate using the denatured matenalED. The well-
known dilution of fissile isotopé*U by fertile isotope®®U in. low-
enriched uranium is a particular case of isotopeatiging. One else
example of isotope denaturing is the spent mixedudim-uranium fuel

174



where fissile isotop&U can be also diluted (denatured) by fertile iso-
tope?**U.

As for 2%Pu, the heavier plutonium isotopé&®u, in the first turn)
can perform the denaturing mission. A particulaacpl is taken up by
the lightest plutonium isotog&®Pu, intense source of decay heaf,(F
87.7 years) and spontaneous fission neutrons. Tpregerties of**Pu
can substantially complicate (or even make it usifda) using RG-Pu
with large®*Pu content as a charge of NED.

Similar role can be played by the lightest uranisotope®U (Ty,
= 68.9 years) in thorium-uranium fuel cycle.

In practice, the countermeasures listed above meady used in
some combinations. For example, the once-througiC N power
LWR can perform the following proliferation-proafrictions:

e Isotope uranium dilution (low-enriched uranium dsiel).

e High radiation barrier created mainly by radioaetiission prod-
ucts.

e SNF contains uranium-plutonium mixture that is velifficult to
separate.

Just the combined proliferation-protective barriepgistituted a ba-
sis for the Spent Fuel Standard adopted in the USA.

Thus, uranium-based fuel can be proliferation et by the light-
est uranium isotop&?U. So, it seems reasonable here to consider main
nuclear properties of?U and its nearest neutron predecesitia in
more details.

6.2. Nuclear properties of*U and *'Pa

Some relevant nuclear properties of main uraniwtojses are pre-
sented in Table 6.2. As is seen, unique propedfe€s?U make its a
valuable material for protection of uranium-basedlfagainst uncon-
trolled proliferation.

2%3J is a starting isotope for rather long chain afioactive decays.
Some daughter products 8fU can emit high-energy-rays (mainly,
2%8T] and*'*Bi with E, = 2,6 MeV and 1,8 MeV, respectively). These
rays can improve detectability of uranium-bearingtenials and com-
plicate any unauthorized actions. Main parametérs?0 decay prod-
ucts are gathered in Table 6.3.
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Similarly to**U, isotope®®'Pa is a fertile isotope that can not be fis-
sioned by thermal neutrons but it can breed fissiberials. Energy
dependencies of neutron radiative capture crogimsascare shown in
Fig. 6.1 for’*® and®*'Pa.

Table 6.2
Nuclear properties of uranium isotopes
Properties 2 24 U 25
Half-life, years 68.9 2.450° | 7.0410° | 4.4710
Yield ofa-particles, | g o191 | 23168 | 7.910¢ | 1.210"
1/(gi8)
Mean energy of 5.3 4.76 4.4 4.19
a-particles, MeV
Yield of spontaneous
fission neutrons, 1.3 5.0210° | 2.9910* | 1.3610°
1/(gi8)
Fission cross-section -
(E, = 0.0253 V) 77.15 0.465 583.2 120
Table 6.3
%33 decay productsifemitters)
Properties 2Th | **Ra | *Rn | “Po | “Bi | “%Po
Half-life 1.91 years 3.62d | 55.6§ 0.145/s1.01h | 310's
5.42 5.69 6.09
Eq, MeV (71.7%)| (94.9%)| 6.29 | 6.78 | (9.7%) | 8.78
(relative intensity)| 5.34 5.45 [(100%)| (100%)| 6.05 |(100%)
(27.6%)| (5.1%) (25.2%)
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Fig. 6.1. Energy dependencies of neutron radiatamure cross-
sections fof**U and*'Pa.

The following two important aspects should be ndtede. Firstly,
within thermal energy rangé>'Pa is a superior neutron absorber as
compared withi”®U. For example, radiative capture cross sections of
thermal neutrons (E= 0.0253 eV) for these two isotopes are equal to:
o/(*'Pa) = 227 barng;(**®U) = 3 barns. So, the presence?dPa in
fuel composition can promote effective generatidrfigsile isotopes
233 and®. Secondly, there is a rather large energy distématween
capture resonances 6fU and*'Pa. Capture resonances“dPa be-
long to relatively low energies, below 100 eV (Fégl). This means the
presence of*’Pa in fuel composition can depress thermal regioenr
ergy spectrum of neutrons (Fig. 6.2).

It can be seen that, although neutron energy spadtr VVER-1000
contains a certain fraction of thermal neutronspuuction of*'Pa into
fuel composition can remove the thermal fractiomptetely. That is
why stainless steel may be used here as a struotatarial. Indeed, the
absence of thermal fraction in neutron spectruns g result in addi-
tional neutron loss but fuel rods can keep theiitglfor working up to
the higher values of fuel burn-up than those witkanium-based al-
loys.
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Fig. 6.2. Effect of*'Pa on neutron spectrum

Now let us consider nuclear properties®StJ, product of neutron
capture by*'Pa and rapi-decay of*Pa (T, (*°Pa) = 1,3 days). Like
2%, isotope®A is a fissile nuclide. Dependencies of fissionssro
sections on neutron energy are presented in Bgfo67°U and®*4U.

It can be seen that, within thermal energy rangesidn cross-
sections of*U are substantially lower than those f&%J while radia-
tive capture cross-sections of these isotopes@rmparable each other.
For example, radiative capture cross sectionsaihl neutrons (E=
0.0253 eV) for these two isotopes are equalost(”U) = 73 barns,
6(**U) = 99 barns. So, neutron-multiplying properti€¢$°dJ are infe-
rior to those of*®U within thermal energy range.

This conclusion can be confirmed by Fig. 6.4 whigmonstrates
energy dependency off - 1), i.e. the number of excess fission neu-
trons per one absorbed neutr6fU looks superior t6*U within ther-
mal energy range but quite another situation tatase in resonance
range. So, it may be expected that introductio*#fa into uranium-
based fuel composition with aim to increase fuehkwp will be more
efficient just in resonance neutron spectrum.
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6.3. NM proliferation protection in open NFC

Presently, there are different points of view otufa development
of nuclear fuel cycles. Some countries (USA, Candlarmany and
Sweden) are implementing in practice an open (amedhrough) nu-
clear fuel cycle that does not foresee a radioct@nSNF reprocessing
in the visible future. One of the reasons for tisice is a wish of de-
creasing a risk of nuclear weapon proliferation FSiNay be only con-
verted into the forms suitable for long-term coliéw storage. How-
ever, such a strategy of nuclear power developmas@lready resulted
in large SNF stockpiles, potentially dangerous eackhaterials. So, the
preferable option for future development of nuclpawer consists in
transition to the closed fuel cycles with SNF rey@ssing, separation of
radioactive fission products and recycling of residuel.

Low-enriched uranium (LEU) is a fresh fuel for opeaclear fuel
cycle. Plutonium in spent fuel assemblies is ptecby intense
gamma-radiation of fission products. That is whyrnadiated nuclear
materials are more vulnerable for unauthorizedifemaltion.

Isotope uranium denaturing may be regarded asfaatiee method
for upgrading self-protection of unirradiated utanibearing materials.
In principle, uranium may be denatured by the faltgy two ways: di-
rect introduction of intense radioactive isotdp®J into uranium fuel
composition or direct introduction of relatively aleer radioactive iso-
tope®*Pa into uranium fuel compositiofi'Pa is a neutron predecessor
of 24U, main isotope of uranium denaturing. So, onlyrskerm pre-
irradiation of fresh fuel assemblies in the reseasactors may be suf-
ficient to produce proliferation resistant fuel esblies, suitable even
for export deliveries.

6.3.1. Uranium denaturing as a way for formation
of internal a-radiation source

Along with progress in development of high-effiaignenriching
technologies, potential threat of LEU diversion aednrichment up to
the weapon-grade level excites more and more appsédns. These
reasons indicate that, besides reduction of urareanchment below
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20% %%, according to the IAEA recommendations, other sneas
may be also required to upgrade LEU self-protectigainst its unau-
thorized re-enrichment. Taking into consideratibe growing world-
wide scope of LEU utilization, including LEU witmgchment in the
vicinity of the upper boundary (~208%U), high LEU vulnerability to
unauthorized re-enrichment must be recognized.idéat apprehen-
sions are related with 20%-uranium. So, some additiactions should
be undertaken to protect LEU against its unautkdrize-enrichment.
The effects of*?U introduction into LEU are caused by the following
specific properties of this uranium isotope:

1. Good neutron-multiplying properties 6fU and its neutron prede-
cessor*'Pa make it possible to extend time period of camtirs reac-
tor operation without refueling up to the valuesnparable with the
reactor lifetime. As a result, unauthorized ext@acof plutonium from
spent fuel assemblies becomes unfeasible.

2. It is impossible to remov&?U from denatured uranium without ap-
plication of the very sophisticated and expensietdpe separation
technologies.

3. 3 is a neutron source from spontaneous fissiontigrac and a
source of high-energy-particles. Alpha-particles emitted BYU are
able to dissociate molecules of uranium hexaflwiaad, thus, could
make it practically unfeasible to re-enrich denadluaranium up to the
weapon-grade level. Besides;particles are able to initiateo,)-
reactions with impurities of light elements andjghintensify internal
neutron generation. Thus, export deliveries of Uidded fuel assem-
blies to foreign NPP receive an additional proitésn barrier.

Even if only 10 ppnf*U is introduced into 20%-uranium, th&kU
becomes a main contributor to total intensityuafdiation. This effect
plays a definitive role in forming the inherent icttbn barrier against
unauthorized re-enrichment of 20%-uranium up topeeagrade level.
Since®?U nuclei are lighter thaf°U nuclei,?®?U content, as far as the
re-enrichment proceeds, increases with subsegntamtsification ofo-
radiation. If 0.001+0.19%°U is introduced into 20%-uranium, then
activity of the re-enriched product can increasaviny orders of magni-
tude. Besides, “light®2U supplants “heavy®*U and, thereby, limits
final U content in the r-enriched produét?U decay products can
contribute additionally to total-activity of the r-enriched uranium.
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6.3.2. Evolution of neutron background in re-enrichment
of denatured uranium, evaluation of energy yield

Time-dependent evolution of neutron emission ratthé process of
20%-uranium re-enrichment was numerically evaluaaed the follow-
ing results were obtained.

If %2U is absent at all in 20%-uranium, th&fU is a main neutron
emitter through d,n)-reactions with light impurities (Fig. 6.5). Hew
ever, in this case, neutron emission rate is IaWwan neutron emission
rate from spontaneous fission reactiond®4# (13,6 n/kg-s) by one or-
der of magnitude. Such low value of neutron yiadjuite insufficient
for uranium self-protection.

If 20%-uranium was produced from the regeneratedRLdvanium,
which already contained trace amounts®8f), then neutron emission
rate from @,n)-reactions with light impurities can increase top3,5
n/kg-s in the process of 20%-uranium re-enrichrapertb weapon-grade
level. #“U remains a main neutron source at negligibly smaiitribu-
tions of*U and®**U.

If relatively small amount of*U is introduced into 20%-uranium,
regardless of its origin either from natural uraniar from the regener-
ated LWR uranium, then the situation drasticallarudes. Amongst all
uranium and plutonium isotope$?U is the most intense-emitter.
Therefore, ¢,n)-reactions with light impurities begin playingdami-
nant role in formation of neutron background. fyof.001%%*4 is
admixed to 20%-uranium, then neutron backgroundrages by two
orders of magnitude. If 0.1%%U is admixed to 20%-uranium, then
neutron background from the re-enriched produceeds emission rate
of spontaneous fission neutrons?8tJ) by a factor of 590. This neutron
background can continue upgrading thank&4d decay products. In a
year the neutron background can increase additiobgla factor of 3.
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Fig. 6.5. Neutron emission rate lyrf)-reactions
in the re-enrichment process

Threat of any unauthorized applications of uranhaafring NM is
defined by the possibility for the CFR to be irnigid and followed by
huge energy yield. The effects produced by inheremitron back-
ground, which significantly increased in the reiemment process of
denatured 20%-uranium up to weapon-grade levetherCFR energy
yield of gun-type NED were numerically evaluatedd aome interest-
ing results were obtained under the following agsions:

- the CFR energy yields were determined for critioass of
weapon-grade uranium;

- central spherical charge was surrounded with roauteflector
made of tungsten carbide, 10-cm thick.

If 20%-uranium contains above 50 pgifU, then, even if the as-
semblage velocity V = 1000 m/s, premature initiatad th CFR (pre-
detonation) occurs with probability above 99%. Mparameters of the
CFR initiated in the denatured and re-enriched 20&&ium are pre-
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sented in Table 6.4 for vario&&U contents (> 50 ppm) and for various
assemblage velocities.

Table 6.4
CFR parameters in the denatured and re-enrichexunna

> . .
U conter;;)n;l\ZAO%-uranlum 0.1% 0.5% 1%
2% content in re-enriched

uranium. % HM 72.3 57.4 49.6
Neutron background, $®/s 0.892 1.85 3.01
K max 1.462 1.424 1.406
ty, 10°s 1.01 1.1 1.17
V =300 ti/ t 0.105 0.073 0.057
m/s t /1t 0.122 0.1 0.091
Y/Y nom , 10° 1.82 1.0 0.75
ty, x10%s 5.07 5.5 5.87
V = 600 t/ to 0.149 0.103 0.08
m/s t /1 0.173 0.141 0.128
Y/Y nom , 10° 5.18 2.8 2.1
ty, x10%s 3.05 3.3 3.52
V = 1000 ti/ t 0.192 0.133 0.104
m/s t/ 1t 0.223 0.182 0.166
Y/Y nowm , X10° 11.1 6.03 4.57

*Relative energy vields Y/NYom were evaluated for the confidence
probability of 0.9.

As is seen, relative energy yields Xg@f; covered the range from
0.001 to 0.01. At moderate values of assemblagecitgl(300 m/s) the
CFR energy vyields were equal tro several thousapdtts of nominal
energy vield. If the denatured and re-enriched iurarwas stored for
one year, then the CFR energy yield dropped dovem ¢o the larger
degree. In this case, the CFR energy yields deetddasthe levels com-
parable with “fizzle” yields, when the CFR was pegarely initiated
just at the moment of the charge criticality.

184



Thus, growth of neutron background in the re-enmieht process of
20%-uranium denatured by admixing €015% 2*3J up to weapon-
grade level can decrease the CFR energy yieldrbg thrders of magni-
tude. In essence, the gun-type NED charged with deaatured and re-
enriched uranium is a “dirty” bomb only.

6.3.3. Higher fuel burn-up of proliferation-proof LWR fuel
at introducing *'Pa

One of specific features in operation of nucleav@oreactors con-
sists in a necessity to perform regular refuelingbsis necessity is
caused by the following effects: depletion of fisshaterials, FP accu-
mulation and possible rupture of fuel cladding wiitkense release of
radioactive materials. LWR, the mostly spread tgp@ower reactors,
requires refueling every 1-2 years, when fuel hwpnreaches 4-6%
HM.

Extension of fuel life-time up to relatively longne periods (several
decades, for instance) can reduce drastically tingber of refuelings or
exclude them at all. Reduction or full exclusiorrefueling procedures
decreases the demands for fresh fuel and decrgaantity of SNF dis-
charged per unit of produced energy. Those regatdrieh are capable
to operate for a sufficiently long time without amgfueling, may be
used as the only energy source in remote regionise dloating NPP, as
energy source for space investigations (researsbsban the Moon or
Mars, cosmic flights into the outer space). Ourdis demonstrated
that introduction of*'Pa into LWR fuel composition could extend sig-
nificantly the fuel life-time and reach ultra-hi§irel burn-up.

It should be noted that achievability of ultra-hifylel burn-up was
studied here only from the standpoint of neutrontiplying properties
of advanced fuel compaositions. The problems ofalét structural ma-
terials, evolution of their strength properties ahdability for a long
fuel life-time are not analyzed here. At presenaximal fuel burn-up
(about 30% HM) was achieved in the research fasttoe BOR-60. It
may be expected that the higher values of fuel Joprrcould be
achieved if the following operations would be nyliicarried out: par-
tial fuel burn-up (near to the practically achieleabalue of 30% HM),
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application of DUPIC-technology for removal of gage and volatile
FP, re-fabrication of fresh fuel pellets.

6.3.4. Neutron-multiplying properties in nuclide transformation
chains

In this section we compared time evolutions of reumultiplying
properties in two isotopic chains: traditional ehtiat starts from**Th
(***Th — ¥ — ?®% — ...) and nontraditional chain that starts from
#pa B'Pa— PU — 2 — ...) (see Fig. 6.6). Radiative capture
cross-sections. and fission cross-sections were calculated for a
typical neutron spectrum of VVER-1000.

o;=0,40 o; = 140) o; = 430) 1
Fig. 6.6. Chains of nuclide transformations

It can be seen that neutron-multiplying propertresion-traditional
chain are gradually improved: the starting isoto{¥ea is a neutron ab-
sorber, fission cross-section of the second isottheprevails over its
capture cross-section, and the third isotéiid is a well-fissile mate-
rial. So, non-traditional chain represents the doatiion of two con-
secutive fissionable isotopeS?U and®**U) while, in traditional chain,
the third isotopé®*U is a neutron absorber only.

Thus, in non-traditional chain, parasitic neutrdss@ption by FP
and depletion of fissile materials during the readaperation can be
partially compensated b¥'Pa feeding. This makes it possible to talk
about a possibility for substantial extension otlfdife-time and
achievability of ultra-high fuel burn-up. By the wan traditional LWR
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fuel, the negative effects caused by FP accumulatitd depletion of
fissile materials are compensated B (n,y)*%Pu chain significantly
weaker than by*Pa(ny)**U(ny)?*U chain in non-traditional fuel be-
cause of lower capture cross-sectiong®>®U) = 0.9 barnsp(**'Pa) =
43 barns.

So, it can be concluded that non-traditional ch&iiPa— U —
%3y — ...) appears to be more attractive from the standpafi neu-
tron-multiplying properties (as a consequence, ftbm standpoint of
extended fuel life-time or achievability of ultréggh fuel burn-up) in
comparison with traditional chaid®fTh — 23U — % — ...) due to
the following two main reasons:

;S.qj:ombination of two consecutive well-fissionaidetopes £2U and

).

2. High rate of their generation from the startisgtope®*'Pa, whose
neutron capture cross-section is larger substintiahn that for the
starting nuclidé*Th in traditional chain of isotopic transformations

It is noteworthy that®Pa may be regarded, to a certain extent, as a
burnable neutron poison: for fuel life-tif&Pa is burnt up to 80% and
converted into well-fissionable isotopes, neutraptare cross-section
of #'Pa is substantially larger than that of fertiletog@***Th.

As is known, the existing light-water reactors aharacterized by
thermal neutron spectrum. In advanced LWR desifprsexample, in
LWR with supercritical coolant parameters (SCLW#&Jferent regions
of the reactor core are characterized by differsgutron spectra de-
pending on coolant density. Thermal spectrum plewsithin the core
region containing dense coolant~ 0.72 g/cr) while resonance neu-
tron spectrum dominates within the core region &iminig coolant of
the lower densityy(= 0.1 g/cm).

Reasonability of**'Pa introduction into fuel composition for the
cases of thermal and resonance neutron spectraigzad in the next
section.

6.3.5. Reasonability of ®'Pa introduction
in athermal neutron spectrum

Numerical analyses of fuel depletion process weargied out with
application of the computer code SCALE-4.3 and watsld nuclear
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data file ENDF/B-V for elementary cells of VVER-1D0The only ex-

ception consisted in the use of martensite steed®86A elemental com-
position: 74,5% Fe, 20% Cr, 4,5% Al, 0,5% Ti anf%,Y,0s) instead

of zircalloy as a fuel cladding material. Substidntof martensite steel
for zirconium-based cladding is caused by the higladues of fuel

burn-up.

Traditional €**Th-2*U) and non-traditional %{'Pa®**Th-2%) fuel
compositions were compared for the case of thermeatron spectrum
(coolant density — 0.72 g/én Infinite neutron multiplication factor K
is shown in Fig. 6.7 as a function of fuel burn-itpcan be seen that
substitution of”*'Pa for?**Th decreases Kat the beginning of cycle,
i.e. decreases an initial reactivity margin to bempensated. This effect
is caused by different capture cross-sectionsesfdlisotopes®*'Pa is a
significantly stronger neutron absorber tB&Th. In parallel, thanks to
the larger capture cross-section’dPa, intense breeding of two con-
secutive well-fissionable isotopeS4U and?%U) takes place. So, grad-
ual introduction of*!Pa into fuel composition results in the smoother
relaxation of neutron multiplication factor in tipeocess of fuel burn-

up.

1,8
%(‘yo 23EU + 88% 232Th

1.6

\ 12% **U + 86% >*Th + 2% **'Pa
~ . \r F

12% **U + 82% **Th + 6% **'Pa

1,2 e =~

14

factor

Neutron multiplication

1,0

Fuel burn-up, % HM

Fig. 6.7.”'Pa effects on fuel burn-up in thermal neutron speact
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Acceptable fraction of*)Pa in non-traditional fuel composition is
limited by the value of neutron multiplication fact(above unity) at the
beginning of cycle. So, the effects caused by @hintion of*Pa may
take place only in those fuel compositions wheaetfon of main fissile
isotope is sufficiently large. For example, fraantiof main fissile iso-
tope®*U may be increased up to the level correspondirigeituation
when neutron multiplication factor at the beginnofgycle is equal to
about 1.10 at full replacement 5fTh by**'Pa.

The calculations showed that this condition may shatisfied at
maximal 2% fraction about 30%. Evolution of neutron multgattion
factor in the process of fuel burn-up is preserite#ig. 6.8 for tradi-
tional and non-traditional fuel compaositions.

2,0
, - | ]
- 30% U + 70% 27Th
2 18
(]
kS
S .16
=)
E g
14
= )
3 12 30% “*U + 70% **'Pa
’ 23 231,
z (50% **U + 50% **'Pa)
0 10 20 30 40 50 60

Fuel burn-up, % HM

Fig. 6.8. Achievability of ultra-high fuel burn-ugy introducing?*'Pa
(thermal neutron spectrum)

As is seen from Fig. 6.8, traditional thorium-baseel (30%**°U +
70% #*2Th) provides rather high reactivity margin (B8OC) ~ 1,9)
with achievable value of fuel burn-up about 29% HMroduction of
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#81pa into fuel composition decreases initial reastimargin but, at the
same time, increases fuel burn-up?fTh is completely replaced by
21pa, i.e. (309U + 70% **'Pa) fuel composition is analyzed, then
neutron multiplication factor remains practicallpahanged in the vi-
cinity of unity for a full duration of fuel life-the. This means that the
negative effects from neutron absorption by FP depletion of fissile
isotope are almost completely compensated by brgeafi secondary
fissile isotopes fron*Pa. In this case, about 80%-part’dPa is con-
verted into secondary fissile isotopes which cawvigle ultra-high fuel
burn-up (near to 57% HM).

If fuel loading in such a reactor is similar to theel loading of
VVER-1000 (about 66 tons), then achievable valuduef life-time is
near to 40 years for the reactor power of 3000 MMt interesting to
note that®®U as well as’®*U may be used to achieve ultra-high fuel
burn-up. Moreover?®U option looks very attractive because of two
reasons: firstly, U resources are more available than resources of
2331, and, secondly, achievement of the same fuel-bprwill require
lower quantity of*'Pa, artificial isotope to be produced in the detdida
nuclear power facilities.

6.3.6. Reasonability of ®'Pa introduction in a resonance neutron
spectrum

Traditional €*Th-2*U) and non-traditional®'Pa?**Th-?*U) fuel com-
positions were compared for the case of resonaeogran spectrum
(coolant density — 0.1 g/én Infinite neutron multiplication factor K
is shown in Fig. 6.9 as a function of fuel burn-up.

Comparison of the curves presented in Figs. 6.76a@@llows us to
conclude that introduction éf*Pa into fuel composition is more prefer-
able from the standpoint of higher fuel burn-uphia case of resonance
neutron spectrum. This conclusion can be explametetter neutron-
multiplying properties of* just in resonance neutron spectrum as
compared with thermal neutron spectrum (see F. 6.
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Fig. 6.9.%"Pa effects on fuel burn-up in resonance neutrootsp®

As it follows from Fig. 6.9, introduction of only2% **'Pa increased
fuel burn-up twice. Neutron multiplication factot #he beginning of
cycle increased too, i.e. neutron-multiplying pntigs of fuel composi-
tion became better.

Like previous analysis, fraction of main fissiletepe***U may be
increased up to the level corresponding to theasdo when neutron
multiplication factor at the beginning of cycledgqual to about 1.10 at
full replacement of**Th by **'Pa. In addition, potential use BfU in-
stead of*U was analyzed to evaluate a possibility for adhigwltra-
high fuel burn-up. So, numerical studies confirntedsonability for
introduction of **'Pa into fuel composition because this introduction
results in reduction of initial reactivity marginéin substantial growth
of fuel burn-up. Maximal positive effect from inttaction of**'Pa may
be observed in resonance neutron spectrum. Besidesduction of
»pa makes it possible to reach ultra-high fuel tuprregardless of
what main fissile isotope is usédU or >*U. In particular, (209%°U +
80% #*'Pa) fuel composition can reach fuel burn-up of 78% in
resonance neutron spectrum (see Fig. 6.10).
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Fig. 6.10. Achievability of ultra-high fuel burn-ugy introducing®>'Pa
(resonance neutron spectrum)

6.3.7. Effects of Z'Pa introduction on reactor safety

On the one hand, introduction &fPa into fuel composition can
provide small value of initial reactivity margin émigh value of fuel
burn-up. On the other hand, if relatively larg@a fraction is intro-
duced into fuel composition, reactivity feedbackomolant temperature
becomes positive, and safety of the reactor omaratiorsens.

Numerical studies demonstrated that, if maintenai¢avorable re-
activity feedback on coolant temperature during fifie-time is a man-
datory requirement, then, in thermal neutron specif>'Pa fraction in
fuel composition is limited by a quite certain valwhile, in resonance
neutron spectrum, introduction 6f'Pa is impossible at all. However,
this conclusion is correct only for large-sizedateas, where neutron
leakage is negligibly small.

So, only thermal neutron spectra should be consitiar provide fa-
vorable reactivity feedback on coolant temperatdiee results pre-
sented in Fig. 6.11 demonstrate a possibility fioereasing fuel burn-up
in thermal neutron spectrum by introducfitPa into fuel composition.
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Fig. 6.11. Achievability of ultra-high fuel burn-ugy introducing®'Pa
with conservation of favorable feedback on cootaniperature
(thermal neutron spectrum)

As is known, fuel burn-up in VVER-1000 can reaclkadue about
4% HM. Introduction of*'Pa and higher contents ©fU can increase
fuel burn-up by a factor of 8 with the same initi@activity margin, i.e.
more powerful system of reactivity compensationasrequired.

Requirement of favorable reactivity feedback onlaobtemperature
completely excludes any introduction BtPa into fuel composition in
the case of large-sized reactors with resonanc&arespectra. How-
ever, introduction of*Pa into fuel composition of small-sized reactors
does not worsen safety of the reactor operatiorausee of relatively
large neutron leakage. This indicates that the Iynastractive area for
»31pa applications is a small nuclear power includingall-sized NPP
for remote regions, for the floating NPP, for spataions on the Moon
or Mars and for cosmic flights into the outer space

The following conclusions can be made in respegiaténtial®*'Pa
applications:
 Application of*'Pa as a burnable neutron poison can reduce initial
reactivity margin and increase fuel burn-up.
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« Introduction of”*Pa into fuel composition makes it possible to reach
ultra-high fuel burn-up (above 30% HM) both in timad and resonance
neutron spectra.

« The actual problem of*'Pa production in significant amounts
should be resolved.

6.4. NM proliferation protection in the closed NFC

NPP operation in open fuel cycle results in accath of huge
SNF stockpiles that represents a long-term hazartdhé humankind.
Ultimate SNF disposal is a difficult technical pletn requiring large
number of practically “eternal” deep undergroundastories. That is
why many various options for closure of nucleal fiyele are currently
under research and development including extraadforesidual ura-
nium, plutonium and minor actinides from SNF.

As known, the closed uranium-plutonium NFC includgsrocessing
and recycling of nuclear fuel and evokes a lotaftradictory opinions
with respect to potential risk of plutonium protiétion. This is con-
nected with the following two points:

e Although plutonium extracted from SNF of power teas (for ex-
ample, LWR of PWR, BWR or VVER type) is not the bewmterial for
nuclear weapons, nevertheless it can be used in dfEDoderate en-
ergy vyield.

« Recycled plutonium will be disposed at the faaktiof the closed
NFC, and this will increase the probability of ging for illegal aims
(diversion, theft).

Under these conditions, the absence of any intemalty coordi-
nated plan concerning the utilization or ultimatéFdisposal enforced
the leading nuclear countries to undertake thess@pcted to strength-
ening the nonproliferation regime (the IAEA safeglaystem, the
EURATOM embargo on the export of SNF reprocessauipiologies).
However, several countries, the USA, in the fissht refused from de-
ployment of breeder reactors which are intendedofseration in the
closed NFC, and deliberately focused at once-tHrod§C. On the
other hand, the social demands for solving exdssd materials (plu-
tonium, the first of all) problem which have botikicand military ori-
gins, stimulated carrying out the research on piutm utilization in
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MOX-fuel compositions. At the same time, the stedaf advanced
NFC protected against uncontrolled proliferation figkile materials
have been initiated.

6.4.1. Radiation protection of MOX-fuel, initiative GNEP

Specialists from Oak Ridge National Laboratory (J$®ave inves-
tigated the ways for introduction gfradiation sources into fresh fuel
compositions. Sixty-fouy-active radionuclides were selected and stud-
iled as candidates for admixing into fresh fuel cosijons. Radionu-
clides®®*'Cs (Ty, = 30 years) anf’Co (T, = 5.27 years) appeared the
most preferable candidates. But cesium is a velalément, and it can
be easily removed from fuel by heating up. Intgnefty-radiation emit-
ted by®°Co rapidly relaxes.

Specialists from Los Alamos National Laboratory A)$ave pro-
posed the advanced version of the international Nf@€enhances pro-
liferation resistance of plutonium. This proposahstituted a basis for
the US President’s initiative on the Global Nucléaergy Partnership
(GNEP) that was supported by many countries (inopdRussia) with
well-developed nuclear infrastructure. Accordingtis proposal, spent
fuel assemblies discharged from power reactors afuamtry-user must
be transported to the Nuclear Club countries firsitale reprocessing.
The extracted plutonium and minor actinides musinbaerated in the
reactors placed on the territory of the Internatlamuclear technology
centers. Plutonium is not recycled in power reactifra country-user.
The Nuclear Club countries provide fresh LEU fuelivkries into a
country-user.

Upon exhaustion of rich and cheap uranium resouroeslear
power has to use artificial kinds of fresh fuelugphium,?*U or their
mixtures). The GNEP initiative does not consides tpportunity. It is
proposed to use such power reactors which are tabkeork without
refueling for 15-20 years. After this time intenthky must be returned
to the Nuclear Club countries for SNF dischargireprocessing and
recharging with fresh fuel.

The concentrated incineration of plutonium and miactinides in
the International nuclear technology centers cad ® unacceptably
large local release of thermal energy followed hg uinpredictable
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negative environmental and climatic effects. Asthe reactors with
long-life cores, these are small and medium-sizadep reactors. Be-
sides, during transportation and mounting, they loarvery attractive
sources of plutonium in amounts large enough fonufecturing of
several dozens of nuclear bombs.

6.4.2. Plutonium denaturing as a way for proliferation protection of
the closed NFC

Some nuclear properties 8fPu make this isotope a valuable mate-
rial for proliferation protection of uranium-plutiom fuel. Firstly,>®%Pu
is an intense source of thermal energy,(¥ 87 years, specific heat
generation - 570 W/kg). So, introduction’dPu into plutonium creates
almost insuperable barrier to manufacturing of epemitive implo-
sion-type NED. Plutonium heating up by isotdf®u can provoke un-
desirable phase transitions and thermal pyrolyisi®oventional explo-
sives applied for compression of central plutonicinarge. Secondly,
2Py is an intense source of spontaneous fissiorrarajteven more
intense tharf*Pu. As a consequence, probability of premature CFR
initiation in NED sharply increases while energglgtiof nuclear explo-
sion drastically drops down to the levels comparafith energy yield
of conventional explosives. Thus, LWR MOX-fuel ayalith ternary
fuel compositions (Np-U-Pu) is characterized byarded proliferation
resistance.

Like uranium, plutonium can be denatured by thdofwihg two
ways: either direct introduction of intensely raatiive isotope”**Pu
into MOX-fuel composition or introduction of relagly low intense
radioactive isotop&'Np into MOX-fuel composition?*’Np is the near-
est neutron predecessor of main denaturing isofdi. So, only
short-term pre-irradiation of fresh MOX-fuel assdiedh would be suf-
ficient to produce proliferation resistant fuel esblies, suitable even
for export deliveries to any countries.
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6.4.3. Effects of ’Np and *®Pu introduction into MOX-fuel
composition on proliferation resistance of plutonium

The equilibrium isotope vectors were determinedM@X-fuel cir-
culating between LWR, spent fuel reprocessing plamd fuel manu-
facturing facilities. It was presumed the fuel femmhsisting of*'Np,
238y and®®*Pu was produced in blanket regions of Hybrid Themmo
clear Installation (HTI). By using the computer ed@ETERA for cell
calculations of fuel burn-up, Pu isotopic compasifi of MOX-fueled
PWR were determined for moments of the beginnirdyemd of cycle.
238py fraction in plutonium was adopted to be an inofleRu protection
against uncontrolled proliferation. It means the impact of the heav-
ier plutonium isotopes on the CFR neutronics in ithploded pluto-
nium charge of NED was not taken into account.

The fuel loaded into PWR core may be considereshat®rial con-
sisting of two parts: the first part includes etpribm composition of
238 and plutonium isotopes produced B§U while the second part
(“feed part of fuel) includes equilibrium compositiof?*Np, ?**®Pu and
other plutonium isotopes produced entirely by teedf Equilibrium
contents of**Pu in plutonium of PWR fuel depending 8fPu contents
in plutonium of feed (with different*Np fractions in "feed part of
fuel™) for equilibrium multi-cycle operation reginae presented in Fig.
6.12.

The plot region situated under the bisectrix B region where plu-
tonium protection in feed is higher than plutonipnotection in fuel.
Respectively, the plot region situated above tledirix B is a region
where plutonium protection in fuel is higher thdratt in feed. The
curves of this figure characterize the correlatmtween plutonium
protection levels in feed and fuel when the "fead pf fuel" contains
“Np in addition to plutonium. Basing on these détas possible to
select the appropriate equilibrium regime of NF@@er selection of
the feed compositions, i.e. fractions?3Pu and®*'Np, makes it possi-
ble to attain the same level of fuel plutonium pmion for various
combinations of*Pu and®Np content in feed.

For example, 32%-level of fuel plutonium protectitan be attained
in case of feed containing (0% Np, 52%%*Pu) or (20%*'Np, 43%
238y or (40%°'Np, 32%°*%Pu). The latter option corresponds to equal
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level of plutonium protection both in fuel and imefl. The line "S" that
connects the right ends of the curves shown in &ig2 may be re-
garded as an "ultimate option" of the (Np-U-Pu) Néahsidered here.
The points of this line correspond to particulatiap of the (Np-U-Pu)
NFC where®*U is absent in fuel composition, and its fertiledtions

passed t6*Pu and”*'Np.
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Fig. 6.12. Proliferation protection of plutoniumfirel as function of
proliferation protection of plutonium in feed
and®*Np content in "feed" part of fuel.

So, this NFC may be called as a (Np-Pu) NFC. Is H#+C the high-
est fuel Pu protection level (658Pu) can be reached with feed Pu
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protection of 90%3%u. As known, the IAEA safeguards are not ap-
plied to plutonium containing 80%%u or more.

Inherent heat generation of plutonium is considexred significant
factor of its protection. The rates of inherentthgemeration for various
feed compositions are presented in Table 6.5. Hieeerates of specific
heat generation for weapons-grade plutonium (WG-&hg reactor-
grade plutonium (RG-Pu) are presented as well.

Table 6.5
Decay heat generation q(Pu)
and generation of spontaneous fission neutrg(Ru)
in LWR fuel with equal plutonium protection bothfimel and in feed

Plutonium parameters #3%py/Pu in fuel and in feed
Np/(Np + Pu) in feed
WG- | RG- 17% 33% 44%
Pu Pu (7%) (15%) | (19%)
g(Pu), Wikg Pu 2.3 13. 97 186 248
n,(Pu), 16 n/s-kg Pu| 0.06  0.38 0.71 1.04 1.3
g (fuel), W/kg fuel 14.9 41.2 99.5
ns(fuel),

10 ;f/(s-kg)fuel 0.11 0.24 0.53
Feed composition 38/ 103/ 176/
BNp/PufPu, 82/ 194/ 318/

kg/GWe-year 402 377 421

Basing on the results shown above, it can be cdeduhat dena-
tured fuel plutonium containing more than 25%u is characterized
by the internal heat generation which exceeds ah&®G-Pu by more
than order of magnitude and, by the larger extdva of WG-Pu. In
addition, denatured fuel plutonium is characteribgdthe higher neu-
tron background caused by spontaneous fissionsfaldiers mentioned
above enhance plutonium protection against it&zatibn in NED. The
same factors complicate, to certain degree, thdlimanprocedures with
such a fuel in nuclear technologies.
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Values of specific heat generation and neutron siorisdue to spon-
taneous fission of the loaded MOX-fuel for the diguium cycle op-
tions analyzed are shown in Table 6.5 too. For @impn, "dry" tech-
nology for handling with spent fuel assemblies rbayapplied if spe-
cific heat generation does not exceed 20-35 W/l fiti may be also
concluded that plutonium denaturing witfPu is restricted by thermal
constraints imposed on permissible specific heaegdion of fuel.

The same tendency exists in connection with emissfospontane-
ous neutrons. These constraints need to be takeragtount in fuel
fabrication, fuel rods and fuel assemblies manuféanog and transport
operations. These complications of fuel managemmytbe considered
as certain "payment" for proliferation resistanE®®X-fuel cycle.

Actually speaking, the protection of plutonium iNptU-Pu)-fuel
cycle is supposed to be enhanced due to additibip and®**u into
fuel. The degree of fissile nuclides protection efggs mainly on mag-
nitude of**¥%u fraction in plutonium.

Meanwhile,?'Np itself can be also considered as a potentiaemat
rial for NED. For example, critical mass 6fNp (metal sphere, steel
reflector) is about 55 kg. It's ten times more thhat of *®u. The
magnitude of critical mass &1'Np is sensitive with respect of its dilu-
tion. For example, minimum critical mass of Npi® as much as 315
kg. Besides, in fuel compositici’Np is present together with pluto-
nium which is characterized by essential neutramr@®strength due to
spontaneous fissions. Therefore, in order to appiyacted”Np in
NED it is needed to perform effecti?dNp purification from pluto-
nium (plutonium fraction is restricted by valueldf* - 10°,

6.4.4. Proliferation resistance of denatured plutonium

Plutonium can be regarded as a proliferation-pfeasile material
only if plutonium is quite unsuitable for manufagchg and military
application of even crude and low efficient NED.

As it was already mentioned above, introductiod®#u into pluto-
nium isotope composition can provide proliferatipmtection of the
denatured plutonium. Ability oP®u to provide a reliable proliferation
protection is mainly caused by intense heat geioeraate that can
warm the plutonium charge in the implosive NED opuhacceptably
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high temperatures. The warming-up effect complEaighstantially the
procedures related with the NED assemblage, staaagetransporta-
tion. Moreover, the implosive NED can fail as chemhihigh explosives
(HE) can be melted down or destroyed by thermablggis. So, quanti-
tative evaluations must be carried out to deterrfiifiu content in plu-
tonium isotope composition that makes plutonium pletely unsuit-
able for any military applications.

The share of**Pu required for such a thermal plutonium protection
has been evaluated in a series of publicationsewter implosive NED
design consisted of central metal plutonium splienarge) surrounded
by temper, chemical HE and outer casing. Heat ftoenouter casing
was removed by natural air convection. If HE mghidown is chosen
as a criterion of plutonium proliferation protectjchen 5%*%u is a
high enough share. If the HE melting-down criterisrsupplemented
with the HE self-ignition criterion, then minim&Pu content must be
increased up to 6%.

One common feature of these publications consisteassumption
that plutonium proliferation protection could beaiated from equilib-
rium radial temperature field in the NED componeriswever, the
equilibrium temperature profile establishes aftee tapse of a suffi-
ciently long time. Indeed, when the implosive NEDaissembled and
prepared for application, the NED components begimming, and the
warming-up process can be quick or slow dependimgnternal heat
generation rate. The NED gradually reaches thelibgum tempera-
ture distribution, when internal heat generatiae ia completely com-
pensated by external heat removal rate. If thelibguim state can be
reached only after a long enough time intervalntheterrorist could
explode the NED before it failed. So, it is evidémt the NED failure
only after a rather long time interval can not lsedias a criterion of
plutonium proliferation protection. Only the NEDiltae for relatively
short time interval after its assemblage can confsufficiently high
level of plutonium proliferation resistance.

Consequently, it is necessary to study non-statjondime-
dependent process of the NED warming-up and ealhat time inter-
vals till the NED fails for various plutonium isqte compositions and
for various mechanisms which can be used to intemsiternal heat
removal. In addition, there are some possibiliteeslow down the NED
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warming-up process by means, for example, of thleviing counter-
measures:
v Preliminary cool-down of the NED components.
v Application of additional heat-conducting layers.
v Introduction of heat-isolating layers for purposeftdistribution of
radial temperature profile under which the NED dolkep its effi-
ciency as long as possible.

These measures can remarkably increase the mifitRal contents
for sufficient proliferation protection of the deneed plutonium.

Model of a hypothetical implosive NED

Geometrical model of a hypothetical implosive NEBNED) is
shown in Fig. 6.13.

Central plutonium charge is surrounded by sphetaars of natu-
ral uranium, aluminum, chemical HE and outer stesling. The figure
also demonstrates some technology levels (low, unedind high tech-
nology) with different thicknesses of sphericaldesyand with different
types of chemical HE. Main relevant properties fiéaive chemical
HE are presented in Table 6.6.

Table 6.6
Thermophysical properties of chemical HE

High Density, Heat_ qonducl'\/lelting poin;,| Self-ignition
. tivity, 0 L0
explosive gl/ent W/m-K C point, C
Composition B 1,74 0,219 79 214
CYCLOTOL 1,77 0,226 79 208
TNT 1,45 0,259 81 288
HMX 1,84 0,406 256 + 286 259
TATB 1,89 0,544 448 347

As is seen, TATB is characterized by the best beatluctivity and
the highest acceptable temperatures. So, it seeasomable to use
TATB as a chemical HE in the HNED. This means thatHNED with
TATB as a chemical HE can keep its efficiency ie tlvarming-up
process up to the longer time intervals than othemical HE can pro-
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vide. Therefore, the use of TATB in the HNED regras the largest
threat from the standpoint of the HNED long-terricéfncy.

Heat-conducting

High
technoloay

Medium
technoloay

Plutonium
Natural uranium
Aluminum
Chemical HE

Outer casing

777y Material with high heat
~conductivity (aluminum, =

for instance)
Low

technoloay

\

r,cm

e Material with phase tran- _'_-
sitions (liquid nitrogen,
for instanc)

Fig. 6.13. Geometrical model of a hypothetical iogove NED

Thus, to provoke the HNED failure, it is necesdaryntroduce suf-
ficiently intense internal heat source into itsrgfeg i.e. introducé®®Pu
into plutonium isotope composition.

Numerical studies were carried out to assess ef@setss of the
countermeasures on prolongation of the time intetilathe HNED
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failed. This time interval may be called as the HINIetime. Content
of 2%Pu in plutonium charge that provides only very stifetime can
be adopted as a sufficient value for plutoniumifecadtion protection.

Radial temperature distribution in the geometrizaldel of the im-
plosive HNED (Fig. 6.13) can be determined throitghative solution
of the following differential equation:

div [Ar,T)@rad T(r1)| + g, () = Cv(r,T)E?%,

where )\(r,T), Cy (r,T) — heat conductivity and heat capacity, respec-
tively, which depend on temperatuiigr,t) ; g, (r) — intensity of in-

ternal heat source.

Three options for external boundary conditions wesed in accor-
dance with different heat removal mechanisms:
1. Ideal heat removal: T@Rt) = Ts, i.e. temperature at outer surface
(r=Rg) is a time-independent value.

2. Ideal heat isolation(:ﬂ-(gﬁ =0.
ro|.
r=Rg

3. Heat is removed by natural air convection amdrttal radiation only.

Criteria for the implosive HNED failure

The most temperature-sensitive component of thdoisiye HNED
is a chemical HE that self-ignites at 887 In addition to the melting
and self-ignition problems, one else temperatupeddent process can
lead to the HNED failure, namely the thermal pysidyprocess. At ele-
vated temperatures the thermal pyrolysis resulistense emission of
gaseous products capable to destroy HE. Accordiisgine experimen-
tal data, chemical HE failed when rather small ticac (0.02%) of the
pyrolysis products was accumulated in HE. Howeteis value can
vary within a wide range (from 0.02% to 2%), degegdn the HNED
design and conditions for HE applications. So, o dissociation of
2% HE molecules can be adopted as an upper bofdee dHE tem-
perature resistance.
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Rate of the HE pyrolytic dissociation can be eviddawith applica-
tion of Arrhenius equation:

W(T) = Blexd- E et /(R T)];

where W(T) — dissociation rate at temperaturéBT= pre-exponential
factor; Exct — energy of activation; ;- universal gas constant (8.31
J/molK).

Experimental studies on TATB parameters gave ttieviing re-
sults: logB = 11.6 &, Eacr = 172.6 kd/mol. Fraction of the HE mole-
cules destroyed up to the time momemtan be calculated by integrat-
ing the dissociation rate:

e(t)= LTW[T(T’)] [t

At self-ignition point of TATB, i.e. at 34C, the upper border of
TATB stability (2%) can be reached in eighteen seso However,
even at the lower temperatures, the upper borderbeareached in a
rather short time interval (for instance, in fivénotes at 30%C).

w

N

[y

300°C 347°C
5 minutes 18 secondy

Time till dissociation
of 2% TATB molecules, day

200 250 300 350
TATB temperature, °C

Fig. 6.14. Temperature dependency of TATB dissanat
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Thus, the strictest criterion of the implosive HNEBiciency is the
thermal dissociation of 2% HE molecules. It is @wg also that the
implosive HNED becomes unsuitable for any practegaplications if
the HNED fails within the time interval needed fts assemblage and
transportation. As the HNED assemblage and tratesjpam times can

not be evaluated exactly, it seems reasonableterdime the range of
the HNED lifetime.

A
Pu U Al BB
400 56
361
347 710 W
Equilibrium
O 300 (two days) [ Self-ignition] |
] 261 point
< TN
Q 1 2&5 ~ 221 Natural air
g 200 T 5 h R convection and
- 179 (r. 5 hours) \ thermal
TN \ radiation
*s| 151
|h.... 136 \
"y Illll..
100 T(r, 2 hours) 0,.. \ ey 112
*
e, \l 66
T(r, 0) *e4 39
27
0 )
5,8 10,8 13,8 19,8 21 r,cm

Fig. 6.15. Time evolution of radial temperaturefieo
in the implosive HNED

The necessity to trace the non-stationary warmmgprocess is il-
lustrated by the curves presented in Fig. 6.15.s&heurves, time-
dependent radial temperature profiles in the hegtivhology implosive
HNED, were calculated under the following assumgio
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« Initial temperature of all the HNED components %27

e Plutonium isotope composition corresponds to 7106fWhe thermal
power generated by plutonium charge.

e External heat removal is provided by natural ainvaxtion and
thermal radiation only.

» Criterion of the HNED failure is an initiation ohe TATB self-
ignition process at 34C.

As is seen, when radial temperature profiles haaehed their equi-
librium states (in about two days), maximal TATBnfgerature has in-
creased up to 34, i.e. the TATB self-ignition could be initiated.
However, after the shorter time intervals (two éiad hours) the TATB
temperatures were well below the self-ignition pois a consequence,

the HNED could keep its efficiency during a relativlong time (al-
most two days).

Without / with countermeasures for prolongatiénhe HNED

s = lifetime (criterion - dissociation of 2% HE)
3 Ll
S .
22 :
Q
E .
g H
= -
8 1 %
zZ
T Heat source power, W
LN NN}
0 1000 2000 3000
0 14 27 Content of**Pu, %

Fig. 6.16. HNED lifetime as a function of heat smipower
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So, it can not be stated that the denatured plumoniith total
thermal power of 710 W is the proliferation-proddsile material be-
cause the HNED failure occurs only at its thernglibrium state.

The asymptotic model, which analyzes equilibriurmperature
profiles only, can underestimate the thermal powkinternal heat
source needed to provide proliferation protectibthe denatured plu-
tonium.

How short time must elapse prior to the HNED fadlfor the de-
natured plutonium to be regarded as a material &elp unsuitable
for military applications? In other words, how shitre HNED lifetime
is acceptable from nuclear non-proliferation pahtview? Evidently,
the countermeasures capable to prolong the HNEDriE can increase
substantially the required intensity of internalahsource, i.e?**®Pu
content in the denatured plutonium.

Efficiency of measures for prolongation of the HNHEBtime

Preliminary cool-down of the HNED components

The preliminarily cooled HNED can keep its effiadgnfor the
longer time interval as compared with the HNED with preliminary
cool-down. However, heat capacities become veryllsabacryogenic
temperatures. So, the utmost possible cool-dowtheHNED compo-
nents makes no sense for prolongation of the HNEflirhe. For ex-
ample, if the HNED was preliminarily cooled down liquid nitrogen
point (77 K) instead of liquid helium point (4 Kthen the power of in-
ternal heat source required for plutonium prolifiena protection in-
creased very insignificantly, on 3% only.

The following scenario of preliminary cool-down wasidied nu-
merically. All the HNED layers were cooled down liquid nitrogen
point (77 K) with exception of central plutoniumahe which was
cooled down to 198 K only. At temperatures belo8 k9 plutonium in
d-phase (stabilized with molybdenum, for instancahsforms intoo-
phase, and this irreversible transition is accorigzhy remarkable
enlargement of plutonium volume. So, such a phasetormation can
lead to a partial or full HNED failure. The scemapresumes that, after
preliminary cool-down, the HNED is completely iseld from the envi-
ronment for the utmost long maintenance of theaxbstate.
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Such a preliminary cool-down resulted in a consitigr increase (on
50%) of the heat source power needed for plutorpuniiferation pro-
tection as compared with the HNED without any cdavn.

Application of additional heat-conducting layer

The option of ideal heat removal can be practicpilyvided by en-
circling the HNED with a heat-conducting layer tisahtains a material
able to undergo phase transformations. Indeed, auakier can absorb
all the ingoing heat without remarkable warming-up.

The heat-conducting layer can consist of a matevidi high heat
conductivity (aluminum, for instance) and a matew#ah phase trans-
formation at temperatures near to the initial HNt&perature (77 K,
liquid nitrogen point).

Numerical evaluations revealed that the heat-camuydayer (22
cm thick) consisting of 25% Al and 75% Man absorb all the ingoing
heat without remarkable warming-up. The ideal Weateval option
can increase on 15% the heat source power regigrgdutonium pro-
liferation protection.

Introduction of heat-isolating layers
for re-distribution of temperature profile

As is seen from Fig. 6.15, when the HNED fails tuéhe unaccept-
able warming-up of chemical HE, other HNED compdadplutonium,
uranium, aluminum) are far from their acceptablmgeratures. So, it
seems reasonable to undertake some measures tiditpcd obstacles
in the way of heat transport from inner layers bhermical HE. For ex-
ample, thin layer of a material with low heat coctikity could be
placed between aluminum and chemical HE.

The heat-isolating materials must be characterigetbw heat con-
ductivities and high acceptable temperatures. Righbguartz aerogel
is the most attractive material for the heat-isotatlayers. Quartz
aerogel is characterized by very low heat conditgti®,004 W/mK)
and sufficiently high acceptable temperature (up200°C).

Numerical evaluations revealed that introduction tbke heat-
isolating layers into the HNED structure for thesidable re-distribution
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of radial temperature profiles could lead to thghler (up to 50%) heat
source power required for plutonium proliferaticotection.

Thus, it may be expected that all three counterareason prolonga-
tion of the HNED lifetime are able to toughen sabsilly the re-
quirements to the heat source power (see Fig..6.16)

Recommendations on proliferation protection
of the denatured plutonium

If all the aforementioned countermeasures (prekmircool-down to
cryogenic temperatures, encircling the HNED by tieat-conducting
layer, introduction of the heat-isolating layertoithe HNED structure)
on prolongation of the HNED lifetime are undertalsmultaneously,
then some recommendations can be worked 0dt®®n content in the
denatured plutoniunf>®Pu must provide so intense internal heat source
that the HNED lifetime becomes unacceptably shartpbtential pro-
liferators. For example, 5-hour lifetime may be pteal as a target value
because it quite improbable that the HNED assersbdeng transporta-
tion could be performed for so short time interval.

Radial temperature profiles in the high-technologplosive HNED
are presented in Fig. 6.17 for the following tweest
1. Plutonium melting leads to the HNED failure. Omeat-isolating
layer is introduced into the HNED structure by sactvay that pluto-
nium melting and thermal dissociation of 2% HE mnoales would oc-
cur simultaneously.

2. Plutonium melting does not lead to the HNEDuUial Three heat-
isolating layers are introduced into the HNED stuoe by such a way
that maximal acceptable temperature of the inmeat-tisolating layer,
uranium melting, aluminum melting and thermal disation of 2% HE

molecules would occur simultaneously.

If plutonium melting is not a reason for the HNE&ildire, then the
required heat source power must be equal to 31{h&imal evalua-
tion, see Fig. 6.17, b). This means that only plithm containing above
42%%®u can be regarded as a proliferation-proof materia

If the target value of the HNED lifetime prolongegd to five days,
then minimal content of®Pu for plutonium proliferation protection
dropped down to 18%.
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Evidently, the numerical evaluations obtained fdre thigh-
technology implosive HNED are quite correct for tbe- and medium-
technology HNED with relatively thicker layers ofuminum and
chemical HE. The weaker capabilities of heat rerhdwam these
HNED allowed us to conclude that the lower conteftS®Pu (in com-
parison with the high-technology HNED) could befigignt to provoke
the HNED failure.
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Fig. 6.17. Radial temperature profiles in the HNEDgn all the meas-

ures on prolongation of the HNED lifetime were urdien
a) Plutonium melting leads to the HNED failure
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Fig. 6.17. Radial temperature profiles in the HNEDgn all the meas-
ures on prolongation of the HNED lifetime were urdieen
b) Plutonium melting does not lead to the HNEDuial

According to the IAEA documents, plutonium contaipiabove 80%
23py.is regarded as a proliferation-protected mdtebiscrepancy be-
tween the IAEA-declared value (80%Pu) and the results of previous
numerical evaluations (18-42%§Pu) can be explained by the following
considerations:

1. The adopted criterion for thermal stability of chieah HE, i.e. dis-
sociation of 2% HE molecules.
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2. The adopted criterion for the HNED failure, i.ee tHNED lifetime

must be no longer than five hours. By the way,liftgnium contains
80%%**Pu, then the HNED fails in two hours.

3. The chosen geometrical model of the implosive HNED.

4. The chosen chemical HE with the highest heat cadindtyc and

maximal acceptable temperature.

6.4.5. Higher fuel burn-up in denatured (Np-U-Pu) NFC

Good neutron-multiplying properties 6fPu and its neutron prede-
cessor”®’Np make it possible to extend substantially timeique for
continuous reactor operation without refuelings.aAsonsequence, un-
authorized extraction of plutonium from SNF becorpesctically un-
feasible. Indeed, neutron irradiation of (Np-U-PuB! initiates the fol-
lowing “non-traditional” transition chain:

B Np(ny)*Pu(ny)*Pu(ny)...

A successive transition of these nuclides leadsnisancement of
neutron-multiplying properties.

Actually, as it can be seen in Fig. 6.18, excessroa generation
per one absorptiornvg-1) in **'Np is negative for neutrons of all energy
range (excepting fast neutrons), positive for rengrwith § > 1 keV
for **Pu and, as is known, essential positive oné¥®u. So, for (Np-
U-Pu)-fuel the nuclides we are dealing with carcbaracterized as fol-
lows: ?*'Np plays a role of “burnable poisorf®®Pu is a moderately fis-
sile nuclide by fast neutrons (B 1 keV), and®Pu is a well-known
fissile nuclide with excellent neutron-multiplyipgoperties.

At the same time, during irradiation in the reaatore, FP accumu-
lation results in growth of neutron absorption. B®@se tendencies can
be counterbalanced, and such fuel will be charaegrby stabilized
neutron-multiplying properties over long fuel lifee and, as a conse-
quence, high fuel burn-up.
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Fig. 6.18. Dependencies of excessive neutron nupdreone absorp-
tion (ve-1) on neutron energy for nuclides of (Np-U-Pu)lfue

Burn-up calculations for mono-nitride (Np-U-Pu) fue elementary
cell of PWR-type reactor with heavy water as a aobivere performed

by using code GETERA. The cell parameters are pteden Table 6.7
(they were similar to those of VVER-1000 cell).
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Table 6.7
Cell parameters of PWR-type reactor

Diameter of fuel rod, mm 9.1
Thickness of steel cladding, mm 0.4
Coolant D,O
Volume of BD,O / Volume of fuel 1.6
(Np-U-Pu )N
Fuel (porosity - 30%)
Specific heat generation, KW/ 110

The dependencies of.kon fuel burn-up are shown in Fig. 6.19 for
various fuel compositions. For comparison it is dasirated also a
similar curve of K, for a standard LWR-UOX reactor. It can be seen
that, actually, there is a possibility to attaielfburn-up of 25-30%HM
(corresponding fuel lifetime is about 20-25 yeais$)is worth-while
mentioning that vibration-packed MOX fuel in sta&is$ steel cladding
was irradiated in fast reactor BOR-60 (Russia), @ndas obtained
burn-up of 26% HM on standard fuel assemblies amt-bip of 32%
HM in experimental fuel rods. No thermal-mechanieald physical-
chemical fuel-cladding interactions were observedamy of the ana-
lyzed spent fuel rods.

The results mentioned above referred to so-calidimiate” fuel
compositions which didn't contaf®U at all. Actually speaking, these
results can be considered as preliminary ones taodstrate scale of
benefit. Undoubtedly, it is needed to analyze inhmdiavide fuel com-
positions (including®U) on stabilized multiplication properties of ultra
long-life cores taking into consideration reactafety in both critical
and sub-critical operation modes. Anyway, applaabf ultra long-life
core concepts based on the denatured (Np-U-Pukxfuelead to essen-
tial decrease of SNF flow rate, reduction of reps®ing, remanufactur-
ing and shipping operations.
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Fig. 6.19. Dependencies of,kon fuel burn-up (% HM)
for various fuel compositions

It's a factor for internationalization of Nuclean&rgy System fuel
cycle. Since fuel cycles under consideration heee'iach” with respect
to excess neutron generation in CFR, there is mess#ty to perform
fine purification of spent fuel by the SNF reprosiag technologies.
It's a factor of enhancement of NFC proliferaticotection.

Application of NPP with ultra long-life core condsps expected to
be profitable for electricity generation in the dmping countries
which have not improved nuclear infrastructure.
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Control questions to Chapter 6

1. What methods can be used to prevent diversionsefléi NM from
peaceful to military purposes?

2. What properties of*'Pa and®®U make it possible to use these iso-
topes for uranium proliferation protection?

3. What properties of*'Np and®**Pu make it possible to use these iso-
topes for plutonium proliferation protection?

4. What advantages can be offered by power reactdts wlira-high
fuel burn-up for nuclear non-proliferation regime?
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