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Abstract

IA "Strategy study on nuclear waste transmutation" by Netherlands Energy Research
Foundation (ECN) and Belgonucleaire (BN) in the frame of the EU R & D Programme
199011994 on management and storage of radioactive waste has been executed in
collaboration with AEA Technology, CEA and Siemens. First of all the motivation for
transmuting long-lived radioactive products has been formulated, next transmutation of
Tc-99 and 1-129 in fission reactors has been studied for the PWR, HFR, Superphenix, and
the CANDU reactor. Cross section libraries have been improved for ORIGEN-S on the
basis of JEF2.2 and EAF3. This study has been amended by a graphical representation of
important reactions for activation of cladding and inert matrix materials. By means of the
derived new data libraries, some sample calculations on transmutation of americium in
thermal reactors have been performed. Implications of recycling plutonium and americium
in the form ofMOXfuel in light water reactors have been investigated.

It became clear from the present study that transmutation of the existing plutonium has the
highest priority and that reduction of minor-actinides is next on the priority list. Thirdly,
the (difficult) large-scale transmutation of Tc-99 and of 1-129 could reduce the leakage
dose risks. It also seems most worthwhile to be careful with naturally occurring U-234 in
the waste, as this will in the long run lead to a substantial increase of the "natural" radon
dose in the neighbourhood of the storage facility.
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Chapter I

EXECUTIVE SUMMARY

K. Abrahams, J.L. Kloosterman, and H. Gruppelaar (ECN)

Abstract

A "Strategy study on nuclear waste transmutation" by ECN and Belgonucleaire fits in the
frame of the EU R & D programme 199011994 on management and storage of radioactive
waste under contract FI 2W-CT 91-0104. This study has been executed in collaboration
with AEA Technology, CEA and Siemens. The Petten contributions to this work are
presented in five reports [1, 2, 3, 4, 5]: first of all on the "Motivation for transmuting
long-lived radioactive products" [1], next "Transmutation of Tc-99 and 1-129 in fission
reactors" [2] has been studied for the LWR, HFR, Superphenix, and the CANDU reactor.
Recycling of Tc-99 and 1-129 in a PWR has been studied by Belgonucleaire [3]. Both ref
[2] and [3] appear in chapter II of the present report. Cross section libraries have been
improved by ECN, and treated in a report entitled "New European Cross-Section Data
Libraries for ORIGEN-S Based on JEF2.2 and EAF3" [4]. This study has been amended
by "A Graphical Representation of Important Reactions for Activation of Cladding and
Inert Matrix Materials" [5]. By means of the derived new data libraries, some sample
calculations called "Incentives for Transmutation of Americium in Thermal Reactors" have
been performed [6]. Chapter I of the present report introduces and summarizes the
contributions given in refs [4, 5, 6] and presents some conclusions. Belgonucleaire
examined the implications of recycling plutonium and americium in the form of MOX fuel
in light water reactors and this contribution has been represented in a report [7], which
largely has been taken over as chapter III of the present final report.

It became clear from this study that transmutation of the existing plutonium has the
highest priority and that reduction of minor-actinides is next on the priority list. Thirdly,
the (difficult) large-scale transmutation of Tc-99 and of 1-129 could reduce the leakage
dose risks. Any further reduction of these already marginal leakage dose-risks could result
from control of Cl-36 releases, and the restraint of shallow land burial of waste, which
contains the naturally occurring U-234, as this will in the long run lead to a substantial
increase of the "natural" radon dose in the neighbourhood of the storage facility.
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1. Introduction

Spent fuel from light water reactors contains about 100 kg of long-lived fission products,
about 300 kg of radiotoxic actinides (plutonium, neptunium, americium and curium) and
900 kg of residual (either shorter lived or stable) fission products for each GWe year
generated. During the last fifty years about one thousand metric tons of plutonium has
been produced globally. This amount is inherited for about one sixth from the nuclear
arms race but most of it originates from nuclear energy production. More than 400 nuclear
power stations increase the plutonium amount with about 80 metric tons yearly. As the
present amount of Pu has an energy content of 800 GWy(e), it could fuel global electricity
for several years at the current level of nuclear power production.

Present light water reactors can however not be fuelled with pure plutonium, but only with
a mixture of plutonium and uranium oxides called MOX. Application of MOX-fuel in
such LWRs can not easily reduce plutonium growth to less than half the present rate,
because new plutonium will always be formed by capture in the uranium. As repeated
recycling in LWRs would change the isotopic composition of the Pu, and make it less
fissile, application of specially designed plutonium burners seems necessary. A solution
could be the application of MOX fuel with a high Pu content in metal cooled reactors.

Plutonium is about five orders more radio-toxic than the uranium from which it originated
and a large stock could lead to serious weapon proliferation risks. In the frame of weapons
reduction programs, proposals for storage in the deep geologically stable underground have
been made, but public acceptance of such proposals is questionable. It seems difficult to
guarantee that the plutonium will be confined safely for as long as hundred thousands of
years (its half life is 24,400 years), and in the mean time disposal sites might become
risky as unauthorised actinide mines. However unlikely, such grim scenarios certainly re-
enforce the incentives to leave Pu out of the waste repositories on behalf of future
generations. Obviously any new way to "clean" waste should not generate a significantly
increase in risks for the present population. It is felt therefore that any newly introduced
risk should be sufficiently compensated for by benefits. Such a compensation could be
related to a better exploitation of the full energy content of the actinides, and possibly also
to a reduction of waste streams from mining and from spent fuel.

In fact one also wishes to leave the minor actinides neptunium, americium and curium out
of the waste. First of all because these might contribute up to 20 % in the actinide
radiotoxicity. Another even strong argument to remove the minor actinides from the waste
is related to the fact that removal of long-lived radiotoxic components from the waste
would decrease long-term dose-risks from leakage of mobile elements out of repositories.
Although plutonium is by far the most prominent (80-95%) radiotoxic actinide in spent
fuel, neptunium is geo-chemically seen the most mobile. This long-lived radiotoxic
actinide causes concern because it is hard to guarantee that it could not leak gradually out
of its repository within a few hundred thousand of years. In order to diminish dose-risks,
the Np and its precursor Am-241 should be left out of the waste repositories.

Other geo-chemically mobile elements are technetium, iodine and especially radon, which
originates from an a-decay chain starting with U-234, and this radon dominates the
present "natural" dose-risks by emanating from the soil. Radon is one of the most mobile
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radiotoxic elements, and one of the points made in the present work is that the extra radon
risk due to partitioning and transmutation, should not be neglected. Within the present
contract on nuclear waste studies some more of such "benefits and risks of transmutation"
have been compared [1], technical aspects of the transmutation process have been studied
[2, 5, 8], and cross-section libraries have been updated [3, 4],

2. Benefits and risks of transmutation [1].

The balance of benefits and risks from transmutation appears to be quite different for
long-lived fission products than for actinides, as is seen from the following arguments:

1) A reduction of the radiotoxic actinide inventory in stored waste reduces the risk of
storage facilities in human intrusion scenarios. In this case also the number of storage
facilities or the volume of waste stored in each facility could be reduced.

2) As already has been mentioned, the exploitation of the full energy content of the
actinides could reduce fuel costs and streams of waste from mining as well as from spent
fuel. Transmutation could however also induce new risks due to a more complex fuel
cycle or to a change in safety parameters. In this respect the fraction of delayed neutrons
and the temperature- and void- dependent reactivity coefficients are relevant. If the risks
induced by 'Partitioning and Transmutation" (abbreviated as P & T) can be controlled,
one hopes to reach acceptable waste-storage strategies in which the life-time of long-lived
radioactive components is shortened and in which remaining traces of actinides would be
rather harmless even if waste-disposal scenarios would be falsified by human intrusion.
Possibilities to reduce Pu in LWRs by application of MOX fuel are limited however by
aspects of safety, as has been shown by our partner Belgonucteaire within the present
contract study [7]. First the reactor physics effects of such a strategy with multiple
recycling steps are calculated, then the problems of MOX fuel re-fabrication are identified.
Present operation conditions of a MOX fuel fabrication plant, with the multiple recycling
of Pu alone are taken as a reference case. Aspects of MOX fuel fabrication are related to
radiation dose protection and criticality safety in the MOX fuel plant. Compositions of
MOX are specific to the multiple recycling scenarios and the study concentrated on the
effect of adding americium to plutonium. In general it can be concluded that with respect
to minor actinides, fast reactors are somewhat more appropriate as a transmutational
device, although there also appear limitations due to build-up of cc-activity from Pu-238,
and safety coefficients could limit the allowed Pu fraction [9].

3) After decay of the shorter-lived waste products in the storage facilities, a weapons
material might be extracted from spent fuel and therefore future proliferation and
criticality risks could be eliminated by P&T. On the other hand the P&T process itself
could increase such risks for the present population.

4) Dose-risks by leakage of mobile elements like Rn-222 and the metalloid fission
products technetium and iodine should be reduced. The price which has to be paid relates
to the efforts needed to avoid ecological risks from the P & T process itself, as one should
not spread radiotoxicity by procedures such as machining or spilling of solvents. It seems
a sensible strategy to distribute the efforts in such a way that the total dose-risk is
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minimised for a given amount of spent fuel.

Above-mentioned criteria should be subjected to a cost-risk analysis. For oil and coal the
loss of human lives to the present generation lies between 1 and 10 per year for a
production of one GW(e); casualties are lower for nuclear energy [10]. As each scenario
will have a price, it could be an approach to see this price expressed in an amount of
dollars needed to save a life. To protect contemporary individual radiological workers
from harmful overdoses, one might offer for example about 100 000 US $ as a price for
each man Sv avoided [11]. If however risks for any individual are low enough, collective
risks will only be handled according to a strategy called ALARA (As Low As Reasonably
Achievable). It is considered to be "more important to avoid one man to be hit by a bag of
barley than to avoid every one to be hit by some grains". For nuclear waste the long-term
risks ought to be also lower than for the use of fossil fuel. For fossil fuels such risks are
being related to the green-house effect, for which costs for prevention estimates are even
more difficult to estimate.

After a storage time of a few hundreds of years, the radiotoxicity of spent fuel is mainly
determined by actinides. When the short-lived fission products have decayed, these long-
lived a-emitters will dominate the radiotoxicity. After a storage time of 100,000 years, the
remaining radioactive fission products (mainly 1-129, Tc-99 and Cs-135) will contribute
much less than the actinides. The importance of fission products becomes only apparent
when the geochemical mobility is taken into account. Studies on storage of spent fuel and
vitrified waste in granite [12] show that Tc-99 dominates the leakage risk of nuclear waste
for the first million years (see table 1). Studies on storage of vitrified waste in salt layers
[13] show that the expected dose rates to the population after about one to two millions of
years are dominated by nuclides from the neptunium decay chain and by fission products
(Cs-135 and 1-129). Such conclusions on leakage risks (products of toxicity and mobility)
are only valid as long as the integrity of a disposal site is guaranteed. For an unperturbed
granite repository [12], table 1 shows the risk due to spent LWR fuel in a once-through
scenario [14]. It is seen from this table that the unspent uranium would give the main
residual actinide contribution, and that Tc-99 and 1-129 will dominate dose-risks.

It is tempting to compare the collective dose rate as presented in table 1 with the natural
dose-rate from radon. If the nuclear waste has been well stored, only the long-lived fission
products like Tc-99 might leak out, and the collective dose-risk will only be marginal. If it
is for example assumed that in due time the long-lived ( > 105 year) products have leaked
out and are distributed evenly in time and space over the world (table 1 represents a more
refined calculation), a value of 10-12 Sv/year would be the order of magnitude for the
personal average dose-rate due to a current electro-nuclear production of one GW(e) year.
This value would correspond to about one part per billion of natural radon dose-rates.

Conclusions based on arguments regarding the collective leakage-dose should be treated
with some caution. In The Netherlands for example the risk would not be ranked as in
table 1 (a collective integrated dose from leakage out of a repository). If one ranks accord-
ing to the highest possible individual dose, the 1-129 risk could dominate for repositories
of clay [15] or rock salt [13]. Local dose-risks are almost entirely due to uptake of iodine
in the thyroid. This gland usually contains about 10 mg of iodine, and risks could be made
marginal by diluting the 1-129 isotopically with natural iodine.



- 13 -

TABLE 1: TIME-INTEGRATED LEAKAGE-DOSE DUE TO SPENT LWR FUEL
(direct storage of spent fuel, due to nuclear generation of one GW(e) year)

Nuclides:

Period:

Tc-99

1-129

Cs-135

U-235

U-238

Np-237

Pu-239

man Sv *)

one million years

98 %

2 %

9000*)

hundred million year

4 6 %

1%

24%

6%

14%

5 %

4 %

20 000*)

*) Collective dose integrated over one million respectively hundred million year

A more serious defect in the above-given treatment of dose-risks is that it does not
mention U-234 explicitly. In most P&T-scenarios the collective dose-risk will almost
entirely be due to this isotope of uranium, which also occurs naturally due to cc-decay of
U-238, followed by two times a P-decay. With its natural isotopic abundance of only
0.0055 % the U-234 decay-chain causes most of the present radiation dose to mankind.
One of its daughters Ra-226 has a half life of 1600 year, and about 60 t of radium in the
soil emanates almost 6 litre of radon each day, which builds up an equilibrium value of
about 20 litre of radon in the total biosphere of our planet. This tiny amount nevertheless
contributes for around 60 % to the natural radiation dose, which averages to 10-3 Sv per
person yearly, and to an estimate of the collective dose of about 5 * 106 man Sv/year. It
would be environmentally unwanted to increase the present amount of U-234, and build-up
of the U-234 in the soil due to improper treatment of reprocessed uranium might give a
much higher dose than the so much feared build-up of heavier actinides.

Figure 1 shows for comparison the radiotoxicity of the Tc-99 and the U-234, as discharged
yearly by the Dutch reactor at Borssele (450 MW(e)). It should be noted that the dose-risk
follows from this radiotoxicity by multiplication with the ingested or inhaled fraction of
the material. Although diffusion of iodine and per-technate anions in the ground water is
more rapid than flow of the ground water itself, it is not as rapid as the diffusion of the
noble gas radon and the geo-chemical mobility of radon will be higher than that of
technetium and iodine. The hazard of U-234 in the waste is considerably increased as soon
as the formation of the radium is significant (after a few thousand years) and emanation of
radon starts. Therefore it is clear that the U-234 might lead to a dose-risk due to radon
emanation, which is higher than suggested by fig.l. Long-term dose-risks of reprocessed
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uranium (REPU) will especially increase if it would have been subjected to shallow land
burial. One could for example double the local "natural" dose due to emanations for a few
hundred thousand years by spilling an amount of about 10 g of U-234 or one of its
precursors into the soil, which would be sufficient to maintain a Ra-222 concentration of
about 65 milligrams per square kilometre. This example shows that attention is needed to
the future long-term risk of U-234.

Tc-99 (9.55 kg) and U-234 (1.95 kg) |
108

10'

<10s
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10' 102
103 104

Storage time (a)
105 10s

Fig.l: Radio-toxicity of Tc compared to that of U-234 and its daughters. The amount of
material (9.6 kg of Tc-99 and 2 kg of U-234) is related to the yearly discharge of
the Dutch 0.5 GW(e) reactor at Borssele.

3. Transmutation of fission products [2]

It has been shown in the previous chapter and in ref [1] that long-lived fission products
dominate the leakage dose-risks of unperturbed waste repositories. Therefore a study has
been made of possibilities to transmute Tc-99 and 1-129 in current Heavy Water Reactors
(HWR), Fast Reactors (FR) and Pressurized Water Reactors (PWR). It is noted however
that not all Tc and I is stored in the vitrified waste, as parts are retained in the
reprocessing plant. Only if Tc arid I would be partitioned and concentrated with high
decontamination factors, it would make sense to consider transmutation.

For the HWR, the CANDU type with a power of 935 MWe as present in Darlington (Can)
has been used as a reference. Three cases have been discussed in ref. [2], all with an equal
initial amount of Tc-99 per fuel bundle. Case HWR-A corresponds with a single Tc-99
target pin in the centre of each fuel bundle. Case HWR-C corresponds with nine Tc-99
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target pins in the outer ring of a fuel bundle. This fuel bundle is assumed to be surrounded
by eight fuel bundles without Tc-99. Case HWR-D corresponds with the Tc-99 target pins
positioned in the moderator between the fuel bundles. All calculations have been done
with the Monte Carlo code KENO [2, 16]. These cases have been represented in chapter II
as illustrations of many more geometries, which have been studied in the course of this
study. It appeared that the transmutation half lives range from 44 years for case HWR-A
to 25 years for case HWR-D. The loaded amount of Tc-99 in all cases equals about 3.8
tonnes, which is quite high. Case HWR-D was shown to be the best of all three. With a
gross transmutation rate of about 100 kg/a, and an own production of 20 kg/a, the nett
transmutation rate is about 80 kg/a, and in that case one HWR could serve about four
LWRs with equal power.

For calculations on transmutation of Tc-99 in a Fast Reactor (FR), the Superphe"nix reactor
with a thermal power of 3000 MW was used as a reference design. It was assumed that
Tc-99 target pins are irradiated in a special moderated subassembly and in a special non-
moderated subassembly, both loaded in the inner core of Superph6nix. For calculations on
the irradiation of Tc-99 pins in a moderated subassembly, a geometric model was built
with fuel pins, Tc-99 pins and moderator pins (containing CaH2), all with the same
diameter. Results for irradiation of Tc-99 in a moderated subassembly in the inner core are
given in ref.[2] for the case where the outer three layers of pins in the moderated
subassembly are occupied with Tc-99 pins, and all inner layers in the moderated
subassembly are occupied with moderator pins. Also cases were treated, which correspond
to one more layer of pins of Tc-99 each case. Some enrichment is needed to increase the
value of kM for standard fuel at BOC to about 1.17. It should be noted that this fuel
enrichment for all cases exceeds 30w%, which is at present considered to be an upper
limit. However, in the future such enrichment values of 35 to 40w% are likely to be
allowed in fast reactors, like the one designed in the French CAPRA programme. Also the
Tc-99 inventories and the gross transmutation rates are given in ref [2] together with
calculations on Tc-99 in a non-moderated sub-assembly in the inner core of Superph6nix.
Four cases with different amounts of Tc-99 have been investigated. The transmutation half
lives are reasonably low, between 15 and 18 years. Also in this case the nett Tc-99
transmutation rate might reach 75 kg/a, and also four 1000 MWe LWRs could be served.

Transmutation of Tc-99 in PWRs has been studied in cooperation with Belgonucl6aire.
Within this cooperation, ECN has focused on transmutation of Tc-99 in the control rod
guide tubes of a PWR with adaptation of the fuel enrichment. Furthermore, the influence
of the Tc-99 density has been investigated. BelgonuclSaire has focused on heterogeneous
transmutation of Tc-99 and 1-129 in the control rod guide tubes without adaptation of the
fuel enrichment (3.7 %) [3]. This means that the rods containing the long-lived fission
products were assumed to be withdrawn from the core when the reactivity balance requires
it. Homogeneous transmutation of Tc-99 and 1-129 in PWRs (see ref. [3]) was studied by
Belgonucl6aire, with the commercially available code system WIMS and some cross
section values that were based on JEF 2.2 as it was delivered by ECN-Petten. In ref. [3]
a standard PWR of 900 MW electrical output has been considered. Each year a quarter of
the core (40 assemblies) is discharged and replaced by fresh assemblies, which each stay
during 4 years in the core and are discharged at a burn-up of 44 GWd/t. It could be
concluded from this study that recycling in a homogeneous mode seems most efficient,
although at first sight the heterogeneous mode seems most feasible. In MOX assemblies
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an extra advantage would be that the fuel fabrication equipment has better shielding
already, although the transmutation rates would in general be lower in MOX fuel.

With the Petten set of programs also a PWR has been modelled with power 900 MWe.
Calculations on transmutation of Tc-99 have been done for both a PWR loaded with UO2

fuel, and a PWR loaded with UO2 fuel for three quarters of the core and with MOX fuel
for one quarter of the core. In both cases Tc-99 pins with same diameter as fuel pins were
modelled in the control rod guide tubes. In the first case, the Tc-99 pins were modelled in
all guide tubes of the core, in the latter case only in the guide tubes of the MOX fuel. In
both cases the enrichment of the UO2 fuel was increased to achieve the same average kx

as for the corresponding core (full UO2 or one quarter MOX fuel) without Tc-99 pins.

Results for irradiation of Tc-99 pins in the control rod guide tubes of an UO2 fuelled core
are given in table 2. The cases LWR-A to LWR-D correspond with different Tc-99
densities in the target pins of 1, 2, 5 and 10.5 g cm"3, respectively. It is assumed that the
remaining space in the guide tubes is filled with some inert matrix with zero cross section.
Even for case LWR-A with Tc-99 density of only 1 g cm"3, the gross transmutation rate is
larger than the production rate of one 900 MWe PWR, which equals about 18 kg/a.

Table 2: Results for cases LWR-A to LWR-D (full UO2

standard fuel is 3T%.
core). The enrichment of

Case

LWR-A

LWR-B

LWR-C

LWR-D

Enrichm
C%)

4.5

5.1

6.5

8.6

Invent
(metric

tons)

0.7

1.5

3.6

7.6

Transm
rate

(kg/a)

24

37

64

92

Half
life
(a)

21

27

39

57

Results for irradiation of Tc-99 pins in the control rod guide tubes of the MOX fuel show
that the transmutation half lives are about 50% larger than for the corresponding cases
LWR-A to LWR-D. This is mainly because of the low capture cross sections of Tc-99 in
the harder neutron spectrum characteristic for MOX fuel. Only for the case with Tc-99
density of 10.5 g cm'3, the gross transmutation rate is large enough to compensate for the
reactors own Tc-99 production (about 18 kg/a).

An attempt has been made to give a ranking of the considered fission reactors with respect
to their Tc-99 transmutation capability. These reactors have been ranked according to the
relative transmutation rate (transmutation rate per inventory) in table 3. This table shows
that the transmutation half lives will be long and that large inventories are required in
order to increase the rate. Other special-purpose high flux reactors (possibly driven by
accelerators) could possibly improve the prospects of transmutation of long-lived fission
products somewhat; however the cost level will increase [17].
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Table 3: Ranking of reactors with respect to Tc-99 transmutation capability.

Reactor

FR

FR

HWR

LWR

LWR

Configuration

Moderated S/A in
inner core

Non-moderated S/A in
inner core

Pin in moderator

Pin in guide tube UO2

fuel

Pin in guide tube
MOX fuel

Inven-
tory
(metric
tons)

2.7

2.7

3.8

3.6

1.9

Trans-
mut-
rate
(kg/a)

122

101

106

64

17

Half
Life
(a)

15

18

25

39

77

Not all possible configurations could be considered in this study. For example, the
transmutation of long-lived fission products in moderated subassemblies in the blanket of a
fast reactor has not been studied. When also economic arguments are considered, this
option could be advantageous over use of the inner core, because of reduced impact on the
core configuration and reactor operation. Further information about these results can be
found in reference [2],

4. Transmutation of actinides [6, 7, 8].

As was already stated in the introductory chapter the recycling of plutonium in nuclear
energy parks might reduce the risk and radiotoxicity of LWR spent fuel. From fig.2
(radiotoxicity of actinides in not recycled spent fuel) it is seen that plutonium indeed is the
main actinide contributor (80 to 95%) up to one million years of storage, and americium
contributes for about 20% up to 1,000 years. Only after a time period of 100,000 years,
uranium will contribute significantly to the radiotoxicity of the waste. If plutonium and
uranium could be partitioned from spent fuel and recycled again and again, the relative
contribution of neptunium, americium and curium would grow. In that case the relative
amount of minor actinides would increase considerably and this would give incentives for
transmutation of neptunium and its precursor americium. Even now when plutonium is
already separated from the waste, as is the case for many countries in Western Europe,
americium would be the most important actinide, which dominates the radiotoxicity of the
HLW up to 50,000 years.

Yearly more then 10 kg of americium is produced for each GWe of PWR power, and as
this initial amount of Am-241 in spent fuel equals that of Np-237, it will contribute for
about one half to the total radiotoxicity of its daughter product Np-237 after about 1,000
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Fig.2: Relative contribution of each actinide element and its daughters
products to the radiotoxicity of actinides in spent fuel after an
interim storage time of five years.
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Fig.3: Radiotoxicity due to americium as a function of storage time after
irradiation with a thermal neutron fluence of 1.9 1022 cm"2.
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years of storage. Due to decay of the Pu-241, this fraction will even increase during the
interim storage of the spent fuel. It is clear therefore that long-term risk due to the Np-237
can only be diminished substantially if the Np-237 is transmuted, but also the Am-241. In
order to achieve a reduction of the possible dose to the population due to leakage of
actinides from underground disposal sites, the amount of Np-237 and its precursors
(Am-241, Pu-241 and Cm-245) should be reduced as much as possible. It has no sense to
focus all efforts on a single one of these nuclides because these are interconnected by a-
and 0- transitions. In particular it must be noted that the neptunium production is about
equal to the initial americium production and removal of the directly produced neptunium
is as relevant as transmutation of the actinides that yield "delayed neptunium" after then-
decay. Anyway the Am-241 in spent fuel, which will in the long run contribute for 50% to
the Np-dose, should be dealt with. Same lines of reasoning apply to the Pu-241, which
yields Am-241 if the fuel is spending too much time in interim storage.

Table 4 illustrates the latter argument by presenting the yearly produced americium masses
in the Borssele Nuclear Power Plant (PWR with power of 450 MWe in the Netherlands),
in function of the interim storage time after unloading. The yearly produced Am-241 mass
increases from 0.7 kg at end of life (EOL) to 8.2 kg after 10 years of interim storage due
to decay of Pu-241. Plutonium should therefore not be stored too long. Otherwise a large
fraction of Pu-241 would decay to Am-241, which decreases the fraction of fissile isotopes
in the plutonium, and (even worse) will add to the delayed neptunium production.

Table 4: Yearly produced americium masses (kg) in the Borssele NPP as a function of
the interim storage time after unloading.

Nuclide

Am-241

Am-243

Total

Storage Time (a)

0

0.7

0.9

1.6

2

2.5

0.9

3.4

5

4.9

0.9

5.8

10

8.2

0.9

9.1

Contributions of americium to the radiotoxicity can be reduced with a factor of 20, when
it is irradiated with thermal neutrons at a fluence of about 2 1022 cm"2 or more (see fig 3).
Americium can be reduced in a multiple sequence of capture and fission reactions in
thermal power reactors. This would therefore only be feasible when long irradiation times
are applied. Several years of irradiation in a thermal neutron flux of 10 u cm'2 s"1 (a
characteristic value for small samples in the Petten High Flux Reactor), would lead to a
substantial reduction. Table 5 gives the sum of radiotoxicities due to Np-237 and its
precursors originating from americium after irradiation with a thermal neutron fluence of
about 2 1022 cm'2 (corresponding with an irradiation of 6 years in a thermal neutron flux
of 1014 cm"2 s'1), and after a storage time of one million years. Almost all initial Am-241 is
transmuted, and the radiotoxicity due to Np-237 and its precursors in irradiated americium
after long storage times is reduced with a factor 100.
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Table 5: Total radiotoxicity and radiotoxicity due to Np-237 and its precursors after
irradiation of 5.8 kg americium with thermal neutrons: Fluence 1.9 iO22 cm'2

and calculated after a "cooling down" period of one million years.

Thermal Flux

(cm'V)

0

4 10'*

2 10'*

1 10'*

4 1013

2 1013

Radiotoxicity (ALI)

Total

6.1 106

7.0 105

3.8 105

2.7 10s

2.5 10s

2.6 105

Np-237+Precursors

6.1 106

7.5 10*

7.0 10*

6.4 10*

6.3 10*

6.4 10*

5. Nuclear data libraries for transmutation [4,18]

All calculations, presented before, have been done with the fuel depletion code ORIGEN-S
[19] with accompanied data libraries. These libraries have been updated with data based
on JEF2.2 and EAF3 (see refs. [4, 5, 20]). Further results on the calculations can be found
in refs. [6, 8] and in the present chapter. The general multi-purpose fuel depletion code
ORIGEN-S [19] is often applied in fuel burnup calculations and transmutation studies. It
uses three cross-section data libraries (one for light elements, one for actinides and one for
fission products). It might also use a single data library, which has been obtained by
combining the three separate libraries into a single one with the code COUPLE [21].

The code ORIGEN-S can be used either as a stand-alone module or within the SCALE
package. In the first case, the three libraries can be used or the single library, while in the
second case, other modules from the SCALE package are used to calculate properly
resonance-shielded cross sections and to average these cross sections over the fuel region
of the reactor of interest. In this procedure, the code COUPLE is used to update the
one-group cross sections in a combined library with cross sections from the spectrum
calculation. The summarized report describes the update of the three-group cross sections
in the three separate libraries with data retrieved from the JEF2.2 and the EAF3 files [20].

For the LWR, the French PWR-N4 reactor was used as a reference design. Cross sections
of this reactor type vary much with the burnup. For the LMFBR, the Superph6nix reactor
was used as a reference design. Also for this reactor the cross sections have been
calculated as a function of burnup, but the variation turned out to be very small.
In total cross sections of 517 light elements, 65 actinides and 319 fission products have
been renewed or added to the three separate libraries (with cross sections of 604 different
nuclides). These new libraries have been validated by comparing results of calculations for
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several reactor types with regular cross-section updates during the bumup sequence to
results of calculations without these updates. A satisfactory agreement was found between
these two groups of results. Some minor discrepancies could be explained and in general,
it could be concluded from these calculations that regular updates of the cross sections
during the bumup sequence remain necessary for the most important actinides and fission
products (say 10 to 20) in order to account for the bumup dependence of the cross
sections of these nuclides especially for the LWR. For the less important nuclides (the
bulk of the nuclides), the cross sections in the new ORIGEN-S libraries can be used
without making large errors. Calculations have also been done on a bumup benchmark. In
1992, a bumup credit criticality benchmark was specified, of which part I-B covers the
prediction of the isotopic composition of PWR spent fuel. Physical data, operating history,
specific power and nuclide densities at BOL were given for three different fuel samples
with different bumup values of 27.35, 37.12 and 44.34 GWd/tU. For these samples, also
measurements have been done. Necessary data are given in ref.[22].

The calculations on these fuel samples can be divided in two parts. First, the proper values
for the three spectral parameters were calculated with the discrete-ordinates XSDRNPM-S
code. Secondly, the bumup calculations with the ORIGEN-S code were performed with
the three separate cross-section data libraries. Results of the benchmark with the highest
bumup are given in table 6. It can be seen that calculations with the new libraries give
slightly better results than calculations with the old libraries. Discrepancies between the
calculations and the measurements are generally within 10%, which seems quite good,
because the discrepancies between bumup calculations with regular cross-section updating
and bumup calculations with constant cross sections during the bumup sequence are of the
same size. Large discrepancies can be seen in table 6 for the fission products Se-79 and
Sn-126. At this moment, the cause of these discrepancies is not clear. Further work is
needed and the update of the EAF-3 data base, resulting in the ECNAF library [4] is an
example of the type of basic libraries, which are required.

On behalf of actual design studies on transmutation of actinides and fission products, one
also will need data on the transmutation products, and on cladding and inert matrix
materials. Therefore a study has been made on the long-range activation cross sections for
these materials [4] and this includes a graphical representation of part 3 of the ECNAF
data library of cross sections for reactions that lead to the most important reaction
products. A total number of 132 graphs of cross sections is given in this report. There are
not too many surprises from the present study [4] and it was shown that only little long-
lived activity will be produced in the above mentioned auxiliary materials. An exception
could be the long-lived Cl-36 activity due to capture of neutrons in chlorine traces. Even
capture of neutrons in Cl-35 from decay of S-35 (activation product from S-34) might
produce some Cl-36 activity.
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Table 6: Nuclide concentrations at a burnup of 44.34 GWd/tU in units of mg/g U02

and of mCilg U02 for the Burnup Credit Criticality Benchmark part I-B [23].

Nuclide

U-234

U-235

U-236

U-238

Pu-238

Pu-239

Pu-240

Pu-241

Pu-242

Nuclide

Np-237*>

Am-241^

Se-79*>

Sr-90*>

Tc-99*>

Sn-126*>

Cs-135*>

Cs-137*>

Measurement

1.20e-01

3.54e+00

3.69e+00

8.25e+02

2.69e-01

4.36e+00

2.54e+00

1.02e+00

8.40e-01

Measurement

3.31e-04

1.31e+00

6.49e-05

6.58e+01

1.35e-02

2.20e-04

4.95e-04

1.09e+02

New Library

Value

1.24e-01

3.04e+00

3.65e+00

8.25e+02

2.27e-01

3.71e+00

2.28e+00

1.03e+00

8.90e-01

Value

2.91e-04

1.17e+00

4.30e-04

7.01e+01

1.56e-02

7.22e-04

4.83e-04

1.10e+02

C/E

1.03

0.86

0.99

1.00

0.84

0.85

0.90

1.01

1.06

C/E

0.88

0.89

6.63

1.07

1.16

3.28

0.98

1.01

Old Library

Value

9.03e-02

3.20e+00

4.03e+00

8.24e+02

2.81e-01

4.32e+00

2.18e+00

8.56e-01

5.96e-01

Value

4.05e-04

9.38e-01

4.41e-04

6.87e+01

1.62e-02

7.40e-04

4.43e-04

1.09e+02

C/E

0.78

0.90

1.09

1.00

1.05

0.99

0.86

0.84

0.71

C/E

1.22

0.72

6.80

1.04

1.20

3.36

0.89

1.00

*) These data are given in units of mCi/g UO2.
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6. Conclusions from the present study

It became clear from this study that transmutation of the existing plutonium has priority
number one. After all, proliferation, radiotoxicity and re-criticality risks are highest for
plutonium, and possibilities for future mining of this element should be eliminated.
Further, as was also shown by Belgonucl6aire [7], regular LWR-scenarios without special
burner reactors can not completely solve the plutonium problem by transmutation.

Reduction of minor-actinides is priority number two', if one does not recycle the minor-
actinides, these contribute for about 10-20 % in the total long-term toxicity of spent
nuclear fuel. Because recycling in PWRs will only increase the minor actinides by capture,
special burners like fast reactors will also be needed for minor actinides if one wishes to
reach a relatively high fission rate in a high neutron flux. Safety aspects of such minor-
actinide burners need further consideration. One solution could be to control these burners
by means of external neutron sources. These scenarios are however subject to some
criticism as well [17]. Calculations have shown that transmutation of americium in a
thermal reactor would need high neutron fluxes and long irradiation times.

Compared to transmutation of the actinides, the transmutation of fission products have the
third priority. Reductions of collective dose-risks, which are far below the natural dose-
risks seem at first sight to be of minor relevance. In proper disposal scenarios the world-
and time-integrated collective dose from fission products is less than 10 000 man Sv for
each GWe year, and thereby less than one part per billion of the natural dose risk.
Resistance against the dumping of low-level nuclear waste into the ocean has however
shown that there are incentives to reduce the dose even below such marginally small
values. These incentives seem hardly justified on the basis of the resulting dose risks to
human beings, and it is illuminating to recall the argument on dose risks from the fission
product 1-129, for which one argues that "isotopic dilution with natural iodine should
reduce the highest individual doses". As long as no agreement exists on existence of safe
thresholds for dose-risks, priorities are a matter of taste, and subject to changes.

It could be concluded from the present study that large-scale transmutation of Tc-99 and
of 1-129 in existing fission reactors is possible but cumbersome, mainly because of the
large inventories which will be required to reduce the otherwise relatively long transmuta-
tion times. Solutions which therefore deserve attention could be the chemical
immobilisation instead of transmutation. This could imply research of chemical com-
pounds containing long-lived fission products in order to retard the transport of long-lived
fission products in the underground, so effectively reducing the (already small) risks
accompanied with geological storage of fission products even more.

Improved cross-section libraries for the code ORIGEN-S have been reported upon.
Improvements are based upon the JEF-2.2, supplemented with data for the EAF-3
activation file. Complete libraries such as the ECNAF transmutation library are needed for
transmutation studies. Further improvements are in progress. Finally it is noted that cross
sections for producing newly long-lived waste in the transmutation process itself have
been studied not only for actinides and fission products, but also for cladding materials
and matrix materials. It was concluded that one should control impurities such as Cl, and
S, as these could lead to Cl-36 production.
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A final conclusion from this study is that criteria on the reduction of dose risks disfavour
transmutation scenarios in which waste will be strongly contaminated with U-234 or with
its precursors. This will be so for the U(Pu) cycle but even more so in the Th(U) cycle,
wherein orders of magnitude higher amounts of U-234 will be produced. In not entirely
closed fuel cycles it might be necessary to develop disposal methods in order to prevent
the radon emanation from the waste to escape within a few days after it has been formed.
It will however not be easy to design storage facilities that fulfil this requirement for
hundred thousands of years unless one considers disposal in remote unpopulated areas or
beneath the deep ocean.
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Chapter II

TRANSMUTATION OF Tc-99 AND 1-129

J.L. Kloosterman, J.M. Li (ECN) and P. Brusselaers (BN)

Abstract

This chapter contains two contributions: "Transmutation of Tc-99 and 1-129 in Fission
Reactors" made by the Netherlands Energy Research Foundation (ECN) and "Recycling of
Tc-99 and 1-129 in PWR" made by Belgo-Nucleaire (BN).

The first contribution deals with transmutation of Tc-99 and 1-129 in thermal High Flux
Reactors (HFR) like the Petten HFR, transmutation of Tc-99 and 1-129 in Heavy Water-
moderated Reactors like CANDU reactors, transmutation of Tc-99 in Liquid Metal-cooled
Reactors like Superphenix and transmutation of Tc-99 in Light Water-cooled Reactors like
a PWR. In both the HWR, LMR and the PWR, the fuel enrichment has been increased to
preserve the cycle length of the reactor considered, and the transmutation half life and the
transmutation rates have been calculated. For the HWR, several positions for the fission-
product target pins have been considered and the influence of the fission product loading
on the reactivity coefficients has been investigated to assess the safety of the reactor. For
the LMR, transmutation of Tc-99 in both moderated and non-moderated subassemblies
have been treated. The number of fission-product target pins and the amount of moderator
have been varied to achieve the highest possible transmutation rate. For the PWR, control
rods containing Tc-99 have been assumed to be inserted in the guide tubes of both UO2

and MOX fuel. To increase the transmutation rate, the density of the Tc-99 in the control
rods has been reduced.

In a contribution made by Belgo-Nucleaire, transmutation of Tc-99 as well as 1-129 in a
Light Water-cooled Reactor like a PWR has been considered. Also in this contribution the
fission products have been assumed to be inserted in the control rod guide tubes, but
homogeneous recycling of the fission products has also been considered. In the second
case the fuel enrichment has been increased to preserve the cycle length. The anti-
reactivity of the fission-product control rod clusters has been determined as well as the
assembly and power peaking form factors. Like the ECN contribution, both enriched UO2

and MOX fuel have been dealt with. Furthermore, a higher moderator-to-fuel ratio has
been used as a means to increase the transmutation rate of the long-lived fission products.
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CHAPTER n.l:TRANSMUTATION OF Tc-99 AND 1-129 IN FISSION REACTORS

J.L. Kloosterman and J.M. Li (ECN)

1.INTRODUCTION:

1.1 Radiotoxicity of spent fuel

The radiotoxicity of spent fuel is determined by actinides and fission products. Figure 1.1
shows the radiotoxicity of the yearly produced spent fuel of the Borssele Nuclear Power
Plant (450 MWe) as a function of storage time. Also the separate radiotoxicities due to
actinides and fission products are shown, together with the radiotoxicity due to the
uranium ore which is needed to manufacture the equivalent amount of fresh fuel. This last
curve is given for information only, and is not meant as a 'safe' lower limit. Fission
products give only an important contribution up to about 250 years of storage. After that
period, the actinides in the spent fuel dominate the radiotoxicity.

10*

10'

10'

Spent fuel
Actinides
Fission products
Uranium ore

10' 10* 10° 10'
Storage time (a)

10° 106

Figure 1.1: Radiotoxicity as a Junction of storage time of the yearly produced spent fuel of
the Borssele NPP (450 MWe).

The radiotoxicity of the spent fuel compares to that of the uranium ore after about 2.105

years of storage. This does not mean that the radiotoxicity of the spent fuel is negligible
after that period nor that the spent fuel is harmless then (it does also not mean that the
spent fuel deposited is dangerous before that time). Containment barriers of the repository
in which the spent fuel has been stored remain necessary, because if all radionuclides
contained in the repository would leak away after 2.10s years of storage and reach the
biosphere quickly, the expected dose rate to the population could still be much larger than
the expected dose rate to the population due to all actinides and daughter products released
from the equivalent amount of uranium ore in its natural environment. Fortunately, it
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follows from realistic scenario studies that the expected dose rate to the population due to
leakage from repositories are very small. This is further quantified in the next section.

Important differences between the spent fuel in the repository and the uranium ore in its
natural environment are due to the fact that the nuclide composition of spent fuel differs
significantly from that of uranium ore, and that the repository is protected with different
natural and man-made barriers. Spent fuel contains many actinide isotopes which are not
present in the uranium ore, especially the actinides from the 4n+ l decay chain series:
(Cm-245, Pu-241 , Am-241 , Np-237, U-233, etc) and the 4n+2 decay chain series
(Cm-242, Pu-238 and U-234, etc.) could have an important radiological impact (e.g. by
radon emmission). The uranium ore contains mainly daughter products of the 4n+3 and
4n+2 decay chain series (with mother nuclides U-235 and U-238, respectively). Also the
fact that spent fuel contains many fission products is important, because of the good
solubility of some long-lived fission products and the radiological consequences of this.
This is further explained in the next section.
The radiotoxicity due to fission products after 1000 years of storage is determined by only
a few long-lived fission products. This is shown in figure 1.2, where the relative contribu-
tion to the radiotoxicity of five long-lived fission products is shown as a function of
storage time. After 1000 years of storage, these five fission products contribute for over
9 0 % to the total radiotoxicity of the fission products. Some data of these fission products
are given in table 1.1. From this table can be concluded that Zr-93 and Sn-126 cannot
effectively be transmuted by neutron absorption, because of their very low thermal
absorption cross sections. The Zr-93 also cannot be separated from natural occuring Zr
isotopes, which makes transmutation of this isotope even less effective due to parasitic
neutron absorption in other Zr isotopes. Because of their small contribution to the total
radiotoxicity of the fission products (see figure 1.2) and because of the much lower
'mobil i ty ' of these two isotopes (see section 1.2), it seems better not to transmute them.
This conclusion seems also valid for Cs-135, because this isotope has also a rather low
thermal absorption cross section (although one order of magnitude larger than the cross
sections of Zr-93 or Sn-126), and because the 'mobil i ty ' of cesium is much less than that
of technetium or iodine (see section 1.2). Nevertheless, Cs-135 can give a dominant (but
small) contribution to the expected dose rate to the population after several millions of
years of storage due to its relative large dose-conversion factor (see section 1.3).

Table 1.1: Data of some long-lived fission products [1,2].

Nuclide

Zr-93

Tc-99

Sn-126

1-129

Cs-135

Half life
(a)

1.5 106

2.1 105

1.0 105

1.6 107

2.3 106

Cross section
(barn)a)

1.8

19.7

0.3

33.4

8.9

Yield
(%)b)

6.2

6.2

0.060

0.78

6.6

Production
(kg/a)c)

20

21

0.5

4.6

11

a) Thermal absorption cross section at £=0.0253 eV.
b) Cumulative yield for thermal fission of U-235. The yields sum to 200%.
c) Annual production of one 1000 M W e LWR.
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Figure 1.2: Relative contribution of five long-lived fission products to the total radiotoxicity
of fission products.

1.2 Mobility of nuclides

Final storage of radioactive waste in the Netherlands was foreseen in salt domes in the
North-Eastern part of the Netherlands. A large number of scenario studies was performed
[3] to assess the risk of storage of nuclear waste. Although these studies show that these
risks are very small in almost all scenario's, there is little public support for this option in
the Netherlands. Recently the Dutch government decided that storage of any waste in
geologically stable formations is only allowed if the storage is retrievable. Release of
radionuclides from repositories in salt domes may be possible through the processes of
diapirism (halokinetic movement of the salt in the dome) and subrosion (dissolution of salt
in the groundwater at the top of the dome). The subrosion rate is a function of depth and
varies from 0.01 to 1 mm/a. After a very long period of time, which depends on the
thickness of the salt layer between the repository and the top of the salt dome, the
radionuclides in the repository may leach out of the matrix and dissolve in the
groundwater. This is schematically shown in figure 1.3. At time t0 the repository is
completely encompassed by salt. At time t2 the upper side of the repository reaches the
groundwater and radionuclides start to dissolve in the groundwater. This continues as the
repository rises due to diapirism, until all radionuclides are dissolved in the groundwater.
Radionuclides which leak from the repository can give small contributions to the expected
dose rate to the population. This depends of course on the contents of the repository, the
time at which the repository starts to leak, and the leakage rate from the repository.
Furthermore, it depends on the decay chains of the radionuclides, the groundwater travel
time to reach the biosphere, and the adsorption and desorption rates of the radionuclides in
the underground. The decay chain of each radionuclide is known. For the long-lived
fission products Tc-99 and 1-129 this chain is very short because both nuclides decay to
stable or very short-lived daughter nuclides.
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Figure 1.3: Schematisation of salt rise and subrosion [2J.

The groundwater travel time depends on the tickness of the overburden at the time of
dissolution (distances Lo to L3 in figure 1.3) and the groundwater travel path [3]. The
overburden thickness will generally be several hundreds of meters at least, and the
groundwater travel time then varies from 0.05 to 5 millions of years. It is supposed in
these calculations that the radionuclides released from the repository cannot travel faster
than the groundwater. However, this assumption seems questionable for some chemical
forms of metalloid elements like technetium and iodine [4].
Due to adsorption of nuclides in the underground, the concentration of a specific nuclide
in the groundwater decreases along the groundwater travel path until the rock along the
whole travel path is saturated with that specific nuclide. The concentration of that nuclide
in the groundwater reaching the biosphere is then maximal. (Li reality this process is much
more complicated because a nuclide can be formed in the rock due to decay of its mother
nuclide which has been adsorbed earlier. This is especially the case for nuclides with a
long decay chain like actinides). The time at which groundwater polluted with
radionuclides reaches the biosphere is given by Tt:

• * . . * . * L l ( 1 - 1 )

where tx is the time at which the groundwater flows along the repository, L7 is the distance
between the repository and the biosphere, and v, is the flow velocity of the groundwater in
upward direction (see figure 1.3). As explained above, the time at which the concentration
of the radionuclide in the groundwater reaching the biosphere is maximal, is retarded due
to adsorption of the nuclide in the rock. This is taken into account by a so-called retarda-
tion factor R:
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where R is the retardation factor, TJ is the porosity of the rock (m3/m3), p is the density of
the rock (kg/m3) and Kd is the distribution coefficient, which is defined as the ratio of the
concentration of the nuclide bounded to the rock (kg/kg) and the concentration of the
nuclide in the groundwater (kg/m3). This formula is easy to understand: (1-T|)/T) is the
volume of the rock per unit volume of the groundwater, (1-T))p/T| is the mass of the rock
per unit volume of the groundwater, and this factor multiplied with Kd is the mass of the
nuclide bounded to the rock expressed in units of the nuclide mass dissolved in the
groundwater.
The time at which the nuclide concentration in the groundwater reaching the biosphere is
maximal, is reached when the rock along the whole groundwater travel path is saturated
with the nuclide. This time is given by:

From this formula it is clear that the smaller the distribution coefficient Kd is, the smaller
the retardation factor R will be, and the earlier the concentration of a specific nuclide in
the groundwater reaching the biosphere will reach its maximum value. The distribution
coefficient and retardation factor are empirical factors, which depend mainly on the
composition and characteristics of the underground. Table 1.2 gives some values of Kd for
the material surrounding a disposal site in salt layers in Germany [3], and some values of
R for a disposal site in granite at the Auriat site in France [5]. This table shows that the
retardation factors of Zr and Sn are indeed much larger than those of Tc, I and Cs. It can
also be seen that the actinides uranium and neptunium have lower retardation factors than
plutonium, americium and curium. This is relevant to the dose rate from U-234, which is
the mother of radon.

1.3 Expected dose rates to the population

In the previous section, all important parameters were given which determine the concen-
tration of radionuclides in the groundwater reaching the biosphere. One more process is
important for the determination of the expected dose rate to the population: the distribution
of the nuclide in the biosphere. This effect is usually accounted for by assuming that
contaminated groundwater enters a river with adjacent agricultural land. Then it is
assumed that the population along the river uses the river for drinking water (for both the
population itself and for cattle), and for irrigating the land. Furthermore, it is assumed that
fish from the river is consumed. This model is schematically shown in figure 1.4, and
resultant dose-conversion factors for the five long-lived fission products are given in table
1.2.
Some results of such calculations are given here as an illustration of which nuclides are
important contributors to the expected dose rate to the population. All results here are
given for an amount of vitrified waste or spent fuel due to an electricity production of 100
GWea.
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Table 1.2: Distribution coefficients, retardation factors and dose-conversion factors.

Element

Zr-93

Tc-99

Sn-126

1-129

Cs-135

Ra

U

Np

Pu

Am

Cm

Kd factor
(m3/kg) [3]

1 10"1

7 103

2 10'1

5 lO"4

1 10"3

9 104

2 10"3

3 1O"2

1

1

1

R factor
[5]

40

1

60

1

10

15

7

10

40

40

40

Dose-conv
factor80

(Sv/Bq) [3]

9 10"18

2 10-17

2 1014

9 10"16

8 10'16

a) 50% percentile values.

For a subrosion scenario of vitrified waste in salt domes [3], the maximum expected dose
rate to the population is about 3 uSv/a, which is reached after a storage time of 2.5 to 3
millions of years. The dominant nuclides are nuclides from the neptunium decay chain
(Np-237, U-233 and Th-229), the long-lived fission products Cs-135 and 1-129, and Ra-
226 (which emanates radon). However, the mean expected dose rate to the population is
about a factor of 100 smaller than the maximum value given above.
Similar results for a subrosion scenario in salt were found in the PAGIS study [6]. Here
the expected dose rate reaches a value of 0.04 pSv/a after a storage time of 15 millions of
years. This dose rate is mainly due to the daughter nuclides of Np-237.
For a normal evolution scenario of vitrified waste in granite [5], it was found
that the maximum expected dose rate is similarly about 5 uSv/a, which is reached after 4
105 years due to Tc-99, and after 4 106 years due to nuclides from the neptunium decay
chain.
A normal evolution scenario of spent fuel in granite [5] gives a maximum expected dose
rate of 500 uSv/a after a storage time of 4 10s years. This dose rate is due to Tc-99. After
a storage time of 4 millions of years, the maximum expected dose rate reaches 10 pSv/a
due to nuclides from the neptunium decay chain.
A normal evolution scenario (well pathway) of vitrified waste in clay [6] gives an
expected dose rate of 0.003 pSv/a after about 10s years of storage, which is mainly due to
Tc-99, and of 0.03 pSv/a after about 107 years of storage, which is mainly due to Cs-135
and nuclides from the neptunium decay chain. Storage of spent fuel in clay lead to relative
large expected dose rates due to 1-129 [7], Thus the expected dose rates of long-lived
fission products to the population depend very much upon the way of storage (direct
storage vs. vitrified high level waste) and the disposal site.
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Figure 1.4: Schematisation of the biosphere model [3J.

1.4 Transmutation of Tc-99 and 1-129

From the previous sections, it is clear that the expected dose rate to the population after
some hundreds of thousands of years of storage is mainly due to Tc-99, 1-129, Cs-135,
and nuclides from the neptunium decay chain. In this report, attention is put to transmuta-
tion of Tc-99 and to a lesser extend to transmutation of 1-129.
Transmutation of Tc-99 or 1-129 to stable Ru-100 and Xe-130, respectively, may be
accomplished by single or multiple neutron captures. Because no neutrons are produced in
the transmutation process of long-lived fission products, the introduction of Tc-99 or 1-129
in a fission reactor will lead to a reactivity decrease or a shorter cycle length. In the first
case, when the cycle length is not allowed to be shortened, one must increase the fuel
enrichment to compensate for the reactivity loss caused by the fission products. This
method is applied in this report, and the extra fuel enrichment needed is one of the results
in this report. In the second case, the fuel enrichment is not allowed to change, and the
cycle length should be shortened to keep the reactor critical. There is, however, a method
in which neither the fuel enrichment has to be increased, nor the cycle length has to be
decreased. When one uses control rods containing long-lived fission products, one can use
excess neutrons in the reactor for transmutation purposes.
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The neutron absorption cross sections of Tc-99 and 1-129 are very dependent on energy, as
is shown in figure 1.5. The cross section of Tc-99 exhibit a strong resonance behaviour as
a function of energy, and resonance self shielding should be carefully accounted for.
When a nuclide is irradiated in a neutron flux <{>, the time dependence of the nuclide
density is given by:

(1.4)

where a is the spectrum-averaged one-group absorption cross section of the nuclide, and §
is the one-group neutron flux averaged over the nuclide target. From this equation the
transmutation half life Tll2 becomes:

In2 (1.5)

This expression for the transmutation half life will be used throughout this report, and it
describes the transmutation rate of the long-lived fission product in the targets. Because
the fission product will also be produced in the reactor considered the nett transmutation
rate is lower. This latter transmutation rate is defined as the mass of the long-lived fission
product destroyed in the target minus the mass of the fission product produced in the fuel
of the reactor. This means that generally the gross transmutation rate will be higher than
the nett transmutation rate.

The neutron absorption cross sections of Tc-99 and 1-129 are highest in the thermal energy
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Figure 1.5: Neutron absorption cross sections of Tc-99 and 1-129 as a junction of energy
(based on JEF2.2).
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range. Therefore, first transmutation in thermal reactors is considered in chapters 2
(transmutation of Tc-99 and 1-129 in thermal high flux reactors) and 3 (transmutation of
Tc-99 and 1-129 in heavy water reactors). From these chapters, it follows that transmuta-
tion of 1-129 is possible from the physics point of view. The material problems involved
in transmution of 1-129 leading to gaseous xenon seem much more difficult. Thus other
solutions should be searched for. One of these is to dilute the 1-129 in natural iodine to
obtain a mixture with very low contents of 1-129, another possibility is to search for
chemical immobilization. Whether these solutions are acceptable or not, transmutation of
1-129 is not considered anymore in chapters 4 (transmutation of Tc-99 in fast reactors) and
5 (transmutation of Tc-99 in light water reactors). However, it is considered in the study
of Belgo-Nucl6aire, which has been performed in collaboration with this study (see
reference [8]).
Many of the results reported here, have been published before [9].
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2. TRANSMUTATION OF TC-99 AND 1-129 IN THERMAL HIGH FLUX
REACTORS:

2.1 Introduction

The transmutation rates of Tc-99 and 1-129 depend on both the neutron spectrum and the
flux level. A thermal neutron flux seems preferable for transmutation of Tc-99 and 1-129,
because the neutron absorption cross sections of these isotopes are highest in the thermal
energy range. Because the absolute thermal neutron flux in many fission reactors is not
very high, the transmutation half lives (see equation 1.5) for transmutation of Tc-99 and I-
129 generally range up to several tens of years (this becomes clear from the following
chapters in this report). The use of a thermal High Flux Reactor (HFR) may lead to
considerably lower transmutation half lives. As a typical example of such a reactor the
Petten HFR is chosen, but conclusions are probably also valid for other thermal reactors
with similar spectrum and flux level. The transmutation half lives of Tc-99 and 1-129 are
calculated for irradiation of these isotopes in a special subassembly of the Petten HFR
containing an irradiation facility. Such facilities in HFRs can only be used to study experi-
mentally transmutation and related material characteristics, but are not suited for large-
scale transmutation of Tc-99 and 1-129. Other special-purpose reactors (possibly acceler-
ator driven) could perhaps be constructed with both a high thermal neutron flux and a high
thermal power. Research reactors like the Petten HFR could be representative for some
features of these reactors.

The calculations reported here are very similar to the ones which have been performed for
the safety assessment of irradiation experiments in the Petten HFR on transmutation of Tc-
99 and 1-127. These experiments have been performed during 1994 within the framework
of the EFTTRA cooperation [10] to investigate the transmutation half life and the material
properties of technetium and iodine compounds during and after irradiation.

2.2 Model

The special subassembly, a so-called standard filler element, containing the irradiation
facility is shown in figure 2.1 and a section of the irradiation facility is shown in figure
2.2. Nine irradiation positions are available of which three are filled with technetium and
six are filled with iodine. The composition of each material is given in table 2.1. The
special subassembly is to be irradiated in position C5 of the Petten HFR, which has a
characteristic thermal neutron flux of about 2.1014 cm'2 s'1. The length of the target pins is
taken to be equal to the HFR core height of 60 cm with a diameter of 0.5 cm.

Table 2.1: Composition of target materials.

Target
Material

Tc

Cel3

Pbl2

YI3

Specific density
(g cm3)

11.46

5.70

6.16

4.58

Nuclide density
of Tc or I

(cm1 barn"1)

7.07 10*

1.97 lO'2

1.61 10"2

1.76 10'2
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2.3. Calculations

The calculations on the special subassembly consisted of two main parts: the calculation of
the local flux shape in each target pin (either technetium or iodine) and the calculation of
the absolute flux level in the special subassembly. The first type of calculations have been
done with the one-dimensional transport code XSDRNPM-S from the SCALE code system
[11] and checked with the three-dimensional Monte Carlo code KENO [12], the second
type of calculations have been done with the two-dimensional diffusion code HFR-TEDDI.
Cross sections of the fuel and target nuclides were based on JEF2.2.

.-.-t---- Filler element 740
Cooling woter
Refa 140

-Control gas gaps
•[—Sample holder

L——T1— Control gos gaps
nstrumentation:
thermocouples,gamma .

I scan wires and fluence
I detector sets.

Matrix Al
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1 CONTAINMENT

2 CONTAINMENT

REFA 140

Figure 2.1: Horizontal cross section of the irradiation facility. Dimensions in mm.
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2.4 Results

The first type of calculations give the cross sections homogenized over each target pin.
Results are given in table 2.2. The second calculation gives the assembly averaged fluxes
in the special subassembly. These results are given in table 2.3. From the cross sections in
table 2.2 and the fluxes in table 2.3, the transmutation rates and the transmutation half
lives (see equation 1.5) were calculated. The results are given in table 2.4.
The transmutation half life of Tc-99 is 8.4 years, and the transmuted mass of the three Tc-
99 target pins together reaches 2.7 g per cycle. With a cycle length of one month, this
means that 32 g per year is transmuted (out of 405 g initially present). This means that
1900 target pins each containing 135 g of Tc-99 (totally about 250 kg) would be necessary
to transmute the annual Tc-99 production of one 1000 MWe LWR (about 21 kg/a, see
table 1.1). Of course, such a high Tc-99 loading is not very realistic for a research reactor
with power of 40 MWth, and also the transmutation half life is expected to increase
considerably when large amounts of Tc-99 would be irradiated.

Figure 2.2: Model of the irradiation facility. KEF A means "REloadable FAdlity".
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The transmutation half lives of the iodines are about 5.4 years, and the transmuted mass of
the six iodine target pins together reaches 2.7 g per cycle, which means that 32 g per year
could be transmuted in these six samples (out of 270 g initially present). About 850 target
pins each containing 45 g (the average of the six iodine target pins) of 1-129 (totally about
34 kg) would be necessary to transmute the 1-129 production of one 1000 MWe LWR
(about 4.6 kg/a, see table 1.1). Again, this loading is quite unrealistic. With respect to
transmutation rate, none of the three different iodine target pins (Cel3, Pbl2 or YI3) has
preference.

Table 2.2: Absorption cross sections (barn) averaged over each target pin.

Group

1

2

3

4

Average

Upper
En. (eV)

2.0 107

1.4 106

7.3 10*

0.70

Tc-99

0.043

0.156

2.676

11.91

2.770

1-129
(Cel3)

0.025

0.110

1.368

21.43

4.040

1-129
(Pbl2)

0.026

0.110

1.365

20.96

4.028

1-129
(YI3)

0.026

0.110

1.363

20.90

3.986

Table 2.3: Fluxes in the Petten HFR with the special subassembly at position C5.

Group Upper Neutron Flux

En. (eV) (cm2 s1)

1 2.0 107 1.76 1014

2 1.4106 2.54 1014

3 7.3 104 3.10 1014

4 0.70 2.12 1014

Total 9.52 1014

Table 2.4: Transmutation rates per cycle and half lives for Tc-99 and 1-129 for irradi-
ation in the Petten HFR.

Group

3

4

Total (%)

Total (g)

T w (a)

Tc-99

0.219

0.440

0.660

2.673

8.4

1-129
(Cel3)

0.117

0.882

0.999

0.984

5.4

1-129
(Pbl2)

0.118

0.885

1.003

0.807

5.4

1-129
(YI3)

0.117

0.872

0.989

0.868

5.4
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2.5 Influence of extra moderator

Three calculations have been performed to calculate the influence of the moderator
thickness surrounding the irradiation facility in the special subassembly. One calculation
with extra moderation effectuated by using a so-called milled filler element, which
contains less aluminium and more water, and one calculation with less moderator
effectuated by placing an aluminium tube with thickness of 10 mm around the irradiation
facility in the standard filler element. Results for Tc-99 are given in table 2.5. The case
with standard moderator differs slightly from the data given in table 2.4, because the
iodine used for the calculations presented in table 2.5 was 1-127 instead of 1-129 as was
done for table 2.4. However, because 1-127 was used for all three calculations shown in
table 2.5, the intercomparison between the three cases is valid. It can be seen that extra
moderation is favourable with respect to the Tc-99 transmutation rate. Unfortunately, it
turned out that in such a case the power peaking in neighbouring fuel assemblies is too
high, leading to a too severe condition on inlet coolant temperature. This eliminates in
practice the use of a milled filler element for these kind of irradiations. However, the half
lives given in table 2.5 for the standard moderator are not yet the minimum achievable,
and a further optimization is still possible.

Table 2.5: Transmutation rates of Tc-99 per cycle and half lives for irradiation in the
Petten HFR for different moderator contents.

Group

3

4

Total (%)

Total (g)

T w (a)

Standard
Moderator

0.22

0.51

0.73

2.96

7.6

Extra
Moderator

0.22

0.61

0.83

3.36

6.6

Less
Moderator

0.22

0.32

0.53

2.16

10.5

2.6 Conclusions

Calculations have been done on a special subassembly in the Petten HFR containing an
irradiation facility loaded with three Tc-99 and six 1-129 target pins. The transmutation
half lives are 8.4 years for Tc-99 and 5.4 years for 1-129. Slightly better figures can be
obtained by further optimizing the experimental facility and the irradiation conditions.
Because the power of the Petten HFR is only 40 MWth, no large amounts of Tc-99 or I-
129 can be transmuted, but (possibly accelerator driven) reactors with similar flux levels
and high power could perhaps be constructed in the future.
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3. TRANSMUTATION OF Tc-99 AND 1-129
IN HEAVY WATER REACTORS

3.1 Introduction

The transmutation rate of Tc-99 or 1-129 depends on both the neutron spectrum and the
flux level. A reactor with a relatively high flux and a soft neutron spectrum could be a
very good transmuter, but softening the neutron spectrum by a moderator will usually lead
to higher effective cross sections but a lower flux level and vice versa. However, a high
thermal neutron flux and a soft neutron spectrum are typical for a Heavy Water Reactor
(HWR) like CANDU. The use of deuterium as moderator instead of hydrogen leads to
very low neutron absorption in the moderator, while the use of natural uranium as fuel
leads to low thermal cross sections and a high thermal neutron flux. Although the
introduction of Tc-99 or 1-129 in the core of a HWR will most probably change these
characteristics, it seems worthwile to investigate the possibilities of an HWR as a
transmuter.
It is generally known that HWRs have positive coolant void coefficients. This is caused by
the fact that the coolant is separated from the moderator; the fuel bundle is positioned in a
high pressure coolant channel flowed with heavy water, which is surrounded with low
pressure heavy water moderator. Neutron moderation is only slightly reduced upon
voiding, but rod shadowing is considerably increased. This leads to less resonance
absorption which, together with a slightly increased fast fission rate, leads to a reactivity
increase upon voiding. This is in contradiction to Light Water Reactors (LWRs), which
use light water both as coolant and moderator. Voiding the coolant then leads to reduced
neutron moderation and a higher epithermal neutron flux. This leads to increased reson-
ance absorption, which overcompensates the positive reactivity effect of the increased fast
fission rate.
A side effect upon coolant voiding in HWRs is the increase of the thermal neutron flux in
the centre of the fuel bundle, which is due to decreased scattering cross sections of the
coolant. This leads to less neutrons scattered back to the moderator and hence to an
increase of the thermal neutron flux in the fuel bundle. If a neutron absorber is placed in
the centre of each fuel bundle, this could give rise to an increase of thermal neutron ab-
sorption upon voiding, thus leading to lower values or even negative values for the coolant
void coefficient.
In this report reactor physics effects of fuel pins containing Tc-99 or 1-129 positioned in
the centre of each fuel bundle are investigated, with emphasis put on the transmutation
rate of the fission product, the extra enrichment needed, the coolant void coefficient and
the Doppler coefficient. Also transmutation of Tc-99 located at other positions in the
reactor core is considered.
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3.2 Model

Data mentioned in this report are taken from the CANDU type HWR as present in
Darlington (Can) with a power of 935 MWe. The geometry of a standard fuel bundle is
shown in figure 3.1. Along the line from the centre fuel pin (the "first" ring of fuel pins)
to the moderator, the second, third and fourth ring of fuel pins are seen, the pressure tube,
the gas annulus, the calandria tube and the moderator. The annulus between the pressure
tube and calandria tube is present to minimize heat transfer from the fuel bundle to the
moderator. All fuel bundles for a given reactor design are equal. Exact data of standard
fuel considered here are given in table 3.1.
Burnup calculations were done with the SAS6 burnup driver code [13], which calls the
codes BONAMI and NITAWL for resonance shielding in the unresolved and resolved
energy regions, WIMS-D for pin cell spectrum calculations, COUPLE for updating the
burnup data libraries with new spectral parameters and cross sections of the fuel isotopes
and most important fission products, and ORIGEN-S for burnup calculations. Furthermore,

Figure 3.1: Geometry of a standard fuel bundle.
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the Monte Carlo code KENO [12] was used to calculate transmutation rates, the
transmutation half life according to equation 1.5, the coolant void coefficient and the
Doppler coefficient. All data libraries used were based on JEF2.2. Dancoff factors for all
cases were calculated with the Dancoff-MC code [14].

Table 3.1: Data of a standard fuel bundle.

Number of fuel pins per bundle 37

Number of fuel bundles per channel 12

Number of fuel channels per reactor 480

Diameter fuel pellet (cm) 1.21

Outer diameter clad (cm) 1.31

Inner diameter pressure tube (cm) 10.338

Outer diameter pressure tube (cm) 11.242

Inner diameter calandria tube (cm) 12.8956

Outer diameter calandria tube (cm) 13.2016

Lattice pitch (cm) 28.6

Channel length (cm) 600

Effective fuel temperature (K) 960

Effective clad temperature (K) 563

Effective coolant temperature (K) 563

Effective moderator temperature (K) 344

Fuel enrichment (w%) 0.72

Fuel density (g cmf3) 10.41

Channel power rating (kW cm'1) 8.88

Fuel irradiation time (day) 303

Average burnup (GWd/tU) 6.875

Fast flux in centre pin (cm"2 s"!)a) 3.4 1013

Reson. flux in centre pin (cm"2 s"')b) 9.4 1013

Thermal flux in centre pin (cm"2 s'2)c) 7.5 1013

a) Flux at B O L with E > 1.0 MeV.
b) Flux at B O L with 0.5 eV < E < 1.0 MeV.
c) Flux at B O L with E < 0.5 eV.
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3.3 Standard fuel case

This section describes the results of the burnup calculations for standard fuel, and the
coolant void coefficient and the Doppler coefficient. Neither Tc-99 nor 1-129 were present
in this case. The calculated Dancoff factors are shown in table 3.2 for both the unvoided
and the voided (100%) situation. With these Dancoff factors the coolant void coefficient
and the Doppler coefficient have been calculated with the KENO Monte Carlo code.
Results are given in table 3.3. The time-averaged kM and keff values were 1.058 and 1.049,
respectively (the keff includes a leakage effect due to an axial buckling height of 600 cm).

Table 3.2: Calculated Dancoff factors for standard fuel.

Fuel ring

Unvoided

Voided (100%)

First

0.799

0.926

Second

0.798

0.941

Third

0.762

0.909

Fourth

0.463

0.553

Table 3.3: Calculated reactivity coefficients at BOLfor standard fuel.

Case kM React . coeff.a)

Unvoided (960 K) 1.12282±0.00014

Voided (100%) 1.1451510.00013 +19.9±0.17 pcm/%

Unvoided (1260 K) 1.1192610.00013 -1.0610.06 pcm/K

a) Calculated as (k'-k)/k per percent void or per Kelvin.



- 47 -

3.4 Transmutation of Tc-99 in centre pin (HWR-A)

In this case the centre fuel pin is exchanged for Tc-99 in metallic form with density of
11.5 g cm"3. The calculated Dancoff factors for this case are given in table 3.4. The
enrichment of the remaining 36 fuel pins was determined such that the time-averaged £„
and keff values are equal to those of standard fuel. Its value is 0.94w%. The energy
production per fuel channel was taken equal to that of a standard fuel channel, which leads
to an increase of the burnup with a factor of 37/36 (see table 3.1). The temperature of the
Tc-99 pin was equal to that of the coolant (563 K). The resultant data are given in table
3.5.

Table 3.4: Calculated Dancoff factors for case HWR-A.

Fuel ring

Unvoided

Voided (100%)

Table 3.5: Data for

First

0.0

0.0

case HWR-A

Second

0.708

0.849

different from

Third

0.759

0.903

standard fuel.

Fourth

0.462

0.552

Number of fuel pins 36

Number of Tc-99 pins 1

Fuel enrichment (w%) 0.94

Average burnup (GWd/tU) 7.066

Fast flux in centre pin (cm2 s'1)^ 2.7 1013

Resonan. flux in centre pin (cm"2 s"1)10 8.4 1013

Thermal flux in centre pin (cm"2 s"1)"0 3.6 1013

a) Flux at BOL with E > 1.0 MeV.
b) Flux at BOL with 0.5 eV < E < 1.0 MeV.
c) Flux at BOL with E < 0.5 eV.

Table 3.6 gives the Tc-99 consumption in the centre pin and the production in the other
fuel pins. It can be seen that, although the Tc-99 reduction in the centre pin reaches about
1.3%, the nett reduction of Tc-99 equals only 0.77% due to production of Tc-99 in the
fuel. The mass of Tc-99 initially loaded in the reactor core reaches about 3.8 tonnes. With
this amount loaded in the core, the gross transmutation rate equals about 60 kg/a, and the
nett transmutation rate about 35 kg/a. With this transmutation rate (35 kg/a) the annual Tc-
99 production of almost two 1000 MWe LWRs (see table 1.1) can be transmuted. The
transmutation half life is 44.0 years.
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Table 3.6: Calculated Tc-99 consumption and production per fuel channel per
303 days for case HWR-A.

Consumption/Production Mass Fractf0

(8)

Transmutation in centre pin

Nett production in the fuel

Nett transmutation per bundle

103.5

42.7

60.8

1.30

0.54

0.77

a) Fraction of total initial Tc-99 loading.

The coolant void and Doppler coefficients were calculated with the Monte Carlo code
K E N O . The results are given in table 3.7. If these data are compared with those in table
3.3 , it can be seen that the coolant void coefficient is reduced with about 3 5 % . The
Doppler coefficient seems slightly decreased with about 8% compared to the standard fuel
case. The transmutation half life obtained from the K E N O results according to equation
1.5 is 44.2 years, which is in good agreement with that of the SAS6 results (44.0 years).

Table 3.7: Calculated reactivity coefficients at BOLfor case HWR-A.

Case kM React. coeff.a)

Unvoided (960 K) 1.14079±0.00015

Voided (100%) 1.15568±0.00015 +13.1±0.19 pcm/%

Unvoided (1260 K) U3745±0.00015 -0.98±0.06 pcm/K

a) Calculated as (jk'-k)/k per percent void or per Kelvin.
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3.5 Transmutation of 1-129 in centre pin (HWR-B)

In this case the centre fuel pin is exchanged for Cel3 with density of 5.7 g cm'3. The
calculated Dancoff factors for this case are given in table 3.8. Again the enrichment of the
remaining 36 fuel pins was determined such that the time-averaged kx and keff values are
equal to those of standard fuel. The energy production per fuel channel was taken equal to
that of a standard fuel channel, which lead to an increase of the burnup with a factor of
37/36 (see table 3.1). The temperature of the iodine was equal to that of the coolant (563
K). The resultant data are given in table 3.9.

Table 3.8: Calculated Dancoff factors for case HWR-B.

Fuel ring

Unvoided

Voided (100%)

First

0.0

0.0

Table 3.9: Data for case HWR-B

Number of fuel pins

Number of Cel3 pins

Fuel enrichment (w%)

Average burnup (GWd/tU)

Fast flux in centre pin (cm"2 s"1)*0

Resonan. flux in centre pin (cm'2

Thermal flux in center pin (cm"2

s-x)b)

Second

0.759

0.915

different from

Third

0.761

0.907

standard fuel.

36

1

0.85

7.066

2.8 1013

8.9 1013

5.1 1013

Fourth

0.460

0.551

a) Flux at BOL with E > 1.0 MeV.
b) Flux at BOL with 0.5 eV < E < 1.0 MeV.
c) Flux at BOL with E < 0.5 eV.

Table 3.10 gives the 1-129 consumption in the centre pin and the production in the other
fuel pins. The nett fractional transmutation rate of 1-129 is about three times larger than
that of Tc-99. The mass of 1-129 contained in the whole core reaches about 1.4 tonnes.
With this amount loaded in the core, the gross transmutation rate equals about 48 kg/a,
and the nett transmutation rate about 43 kg/a. With this transmutation rate (43 kg/a) the
annual 1-129 production of about nine 1000 MWe LWRs (see table 1.1) can be transmuted.
The transmutation half life is 19.8 years.
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Table 3.10: Calculated 1-129 consumption and production per fuel channel per 303 days
for case HWR-B.

Consumption/Production Mass Fract^
(g)

Transmutation in centre pin

Nett production in the fuel

Nett transmutation per bundle

82.8

9.0

73.8

2.87

0.31

2.56

a) Fraction of total initial 1-129 loading.

The coolant void and Doppler coefficients are given in table 3 .11 . Compared to data in
table 3 .3 , the coolant void coefficient is reduced with about 3 0 % . The error in the Doppler
coefficient is too large for comparison with the value for standard fuel (see table 3.3).

Table 3 .11: Calculated reactivity coefficients at BOLfor case HWR-B.

Case kM React. coeff.a)

Unvoided (960 K) 1.13623±0.00056

Voided (100%) 1.15194±0.00059 +13.8±0.73 pcm/%

Unvoided (1260 K) 1.13252±0.00056 -1.09±0.23 pcm/K

a) Calculated as (k'-k)/k per percent void or per Kelvin.
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Table 3.12: Results for transmutation ofTc-99 in HWRs. The Tc-99 loading in all cases is
3.8 tonnes. The HWR reference design uses natural uranium as fuel. Trans-
mutation rates given are the gross ones. Own production of about 20-25 kg/a
should be subtracted to find the nett transmutation rates

Case

HWR-A

HWR-C

HWR-D

HWR-E

Enrichm
r%)
0.94

0.95

1.30

3.20

Neutron
flux

(cnvV1)

1.51 1014

9.07 1013

9.07 1013

1.36 1014

Tc-99 cross
section
(barn)

3.29

6.01

9.89

14.6

Transm
rate

(kg/a)

60

65

106

232

Half
life
(a)

44.2

40.3

24.5

11.0

For 1-129 loaded in the centre fuel pin of all fuel bundles (case HWR-B), the trans-
mutation half life is 19.8 years with a nett transmutation rate of 43 kg/a, which equals the
1-129 production rate of about nine 1000 MWC LWRs. Other cases for transmutation of I-
129 are not considered in this report, but it is expected that a similar pattern as in table
3.12 will be obtained with proportionally better transmutation rates and half lives.
The coolant void coefficient decreases with about 30 to 40% when the centre fuel pin is
exchanged for Tc-99 or 1-129. For realistic situations, it must be concluded that the
introduction of Tc-99 or 1-129 in the reactor core of an HWR cannot yield a negative
coolant void coefficient. This would require the introduction of stronger absorbers and a
further increase of the fuel enrichment.
Finally, it must be noted that the behaviour of an HWR during transients is mainly
determined by reactivity coefficients at average burnup. The values for the coolant void
and Doppler coefficients given in this report are calculated at BOC (for fresh fuel) and
should not be used to determine the dynamic behaviour of HWRs.
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3.6 Transmutation of Tc-99 in outer pins (HWR-C)

Although Tc-99 or 1-129 in the centre fuel pin of an HWR may lead to smaller positive
coolant void coefficients, the outer fuel ring may be more appropriate for transmutation of
Tc-99 or 1-129, because of the higher thermal neutron flux. Calculations have been done
with the Monte Carlo code KENO with nine fuel pins out of 18 in the outer fuel ring of
one fuel channel exchanged for Tc-99 pins with density of 11.5 g cm"3. The fuel channel
containing the nine Tc-99 pins was surrounded with eight fuel channels containing only
fuel pins, leading to a ratio of Tc-99 pins to fuel pins equal to that of the case HWR-A.
The geometry of the fuel bundle containing the Tc-99 target pins is shown in figure 3.2.
In this figure, the nine Tc-99 pins in the outer fuel ring of the fuel bundle are black
shaded. Because no burnup calculations can be done with the Monte Carlo code KENO,
the cycle averaged kx could not be determined and the fuel enrichment was taken such
that the kM at BOC is about the same as for the case HWR-A (^=1.15). This enrichment
was 0.95w%. The temperature of the Tc-99 pin was equal to that of the coolant (563 K).
The transmutation half life for this case calculated according to equation 1.5 is 40.3 years,
which is about 10% lower than for case HWR-A. The transmutation rate of Tc-99 in the
pins is 65 kg/a, leading to a nett Tc-99 transmutation rate of about 40 kg/a; about 15%
higher than for transmutation case A. The coolant void coefficient of the centre fuel
channel is not calculated for this case, but is expected to be higher (more positive) than
for standard fuel, which is of course undesirable.
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Figure 3.2: Geometry of case HWR-C. Nine Tc-99 pins (black shaded) are located in the outer
fuel ring of bundle surrounded by eight fuel bundles without Tc-99.
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3.7 Transmutation of Tc-99 pins in the moderator (HWR-D)

The thermal neutron flux in a HWR is highest in the heavy water moderator surrounding
the fuel channels. The thermal absorption rate in Tc-99 could therefore be highest in the
moderator. Calculations have been done with the Monte Carlo code KENO with Tc-99
pins as large as fuel pins positioned in the moderator just between four surrounding fuel
channels, with effective amount of one Tc-99 pin per fuel channel. The geometry of this
case is shown in figure 3.3. The temperature of the Tc-99 was equal to the moderator
temperature of 344 K. The enrichment of the fuel was 1.3W% to obtain a k^ at BOC of
about 1.15. The transmutation half life calculated according to equation 1.5 is 24.5 years,
which is considerably lower than the half life of 44.2 years obtained for case HWR-A.
The transmutation rate of Tc-99 in the pins is 106 kg/a, leading to a nett Tc-99 transmuta-
tion rate of about 81 kg/a.

Figure 3.3: Geometry of case HWR-D. Tc-99 pins are located in the moderator between the
fuel channels (see black-shaded pins in corners).
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3.8 Transmutation of Tc-99 diluted in the moderator (HWR-E)

Although the transmutation half life of Tc-99 in case HWR-D is already rather low, a
better transmutation rate can probably be obtained when Tc-99 is diluted in the heavy
water of the moderator. Calculations have been done with the Monte Carlo code KENO
with Tc-99 diluted in the moderator with concentration corresponding to one Tc-99 pin as
large as a fuel pin per fuel channel. The enrichment of the fuel was 3.2W% to obtain a kx

at BOC of about 1.14. The temperature of the Tc-99 was equal to the moderator tempera-
ture of 344 K. The transmutation half life calculated according to equation 1.5 is 11.0
years only, and the Tc-99 transmutation rate equals 232 kg/a.
This case is clearly the best of all HWR cases considered. It is, however, technologically
the most difficult one to achieve. The Tc-99 has to be diluted in the moderator. This can
be done with technetium in the compound of TcO4\ but it is not clear at this moment
whether the transmutation product ruthenium can easily be separated from the technetium
or not. Because heavy water is quite expensive, it is probably not desirable to dilute Tc-99
in the moderator. Another point of concern is the moderator tank, the so-called calandria
tank, being much larger than the core volume. In this case only Tc-99 in the heavy water
moderator between the fuel channels has been considered. The transmutation half life is
expected to increase considerably if Tc-99 is allowed to enter the moderator region outside
the core volume, because this is a relative large part of the moderator and the neutron flux
in that part is relatively low. This means that the in-core moderator has to be physically
separated from the out-core moderator. Because the moderator has to be cooled during
reactor operation extra complications can arise.

3.9 Conclusions

Several cases have been calculated with Tc-99 or 1-129 put in the reactor core of a HWR.
The purpose of this exercise was not only to determine the transmutation rates of these
long-lived fission products, but also to calculate the effects of these fission products on the
reactivity coefficients; especially on the coolant void coefficient which is known to be
positive for HWRs.
Results on transmutation of Tc-99 are summarized in table 3.12. The transmuted amounts
of Tc-99 should be compared with the annual production of one 1000 MWe LWR, which
equals about 21 kg (see table 1.1). Case HWR-A corresponds with one Tc-99 pin in the
centre of each fuel bundle, case HWR-C with nine Tc-99 pins loaded in the outer fuel ring
of one fuel bundle surrounded with 8 fuel bundles containing no Tc-99 pins, case HWR-D
with Tc-99 pins located in the moderator between the fuel bundles, and case HWR-E with
Tc-99 diluted in the moderator between the fuel bundles. The last mentioned case is
probably difficult to achieve technologically.
In all cases, the Tc-99 loading equals 3.8 tonnes and additional enrichment is required.
The most effective transmutation of Tc-99 is achieved when Tc-99 pins are placed in the
moderator. In that case, the nett Tc-99 transmutation rate equals about 81 kg/a, which is
equal to the Tc-99 production of four PWRs with the same power.
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4. TRANSMUTATION OF TC-99 IN FAST REACTORS

4.1 Introduction

Transmutation of Tc-99 in fast reactors may be accomplished in several ways. In a special
moderated subassembly loaded at the periphery of the core, in a special moderated
subassembly loaded in the inner core, and in a special non-moderated subassembly loaded
in the inner core. The first option has been described in reference [15]. Transmutation of
Tc-99 in the periphery of a fast reactor core with thermal power of 2600 MW leads to
transmutation half lives of 40 to 50 years with Tc-99 transmutation rates of 60 to 70 kg/a.
The Tc-99 loading in such cases equals about 4.7 tonnes. Reducing the Tc-99 inventory to
about 500 kg leads to lower transmutation half lives of about 15 years due to reduced self
shielding. The Tc-99 transmutation rate is then reduced to 20 to 25 kg/a, which is hardly
enough to compensate for the reactors' own Tc-99 production. Generally transmutation
efficiencies of this scheme are only moderate.
The second method for transmutation of Tc-99 in fast reactors has been considered in this
report because of its promises of shorter half lives and larger transmutation rates. Values
for the transmutation half life of 17 years with Tc-99 transmutation rates of 96 kg/a are
quoted in reference [16]. The thermal neutron flux in a moderated subassembly in the
inner core of a fast reactor is expected to be quite high, of the order of 10u to 1015 cm'Y1.
Moderation cannot be accomplished by water because of the presence of sodium in the
core, therefore CaH2 with density of 1.5 g cm'3 has been used. Besides the transmutation
rate of Tc-99, attention has been put to the needed fuel enrichment and to the power
peaking in nearby fuel assemblies caused by moderation in the special subassembly.
Although fast neutron absorption cross sections of Tc-99 are relatively low (see figure
1.5), transmutation of Tc-99 in a fast reactor without moderation could be advantageous
because of the very high fast neutron flux and beause of the lack of power peaking and
other side effects. This option has also been considered in this chapter.
The influence of Tc-99 on the safety parameters (sodium void reactivity and Doppler
coefficients) has not been considered here. From literature [16] follows that both coeffi-
cients decrease when Tc-99 is loaded in the core of a fast reactor due to the higher
plutonium enrichment. The contribution of Tc-99 to the Doppler coefficient is about 60%
of the U-238 contribution [17] (on a per atom basis).

4.2 Data

The Superh6nix reactor with thermal power of 3000 MW was used as a base design for
the calculations. A geometric model was built consisting of fuel pins, Tc-99 pins and
moderator pins (pins containing CaH2), all with same diameter. The Tc-99 loading is
characterized by the ratio of the number of fuel pins and Tc-99 pins. The void in the fuel
pin was smeared with the fuel; structural materials were smeared with the coolant. Design
data are given in table 4.1; fuel and coolant compositions are given in table 4.2. All
calculations were done with the Monte Carlo code KENO [12] with data libraries based on
JEF2.2. Because no burnup calculations can be done with KENO, the transmutation half
life is calculated according to equation 1.5.
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Table 4.1: Design data for fuel, Tc-99 and moderator pins.

Number of pins per assembly

Assembly pitch (cm)

Core buckling height (cm)

Height fuel pin (cm)

Radius fuel/void regiona) (cm)

Radius coolant/steel regiona) (cm)

Fuel temperature (K)

Coolant temperature (K)

Mean specific power (W g^fuel)

Fuel enrichment Pu and Am

271

17.9

108

100

0.3715

0.5747

1500

743

114

19.46

a) At temperature of 743 K.

Table 4.2: Nuclide densities of fuel and coolant regions.

Fuel
Nuclide

U-235

U-238

Pu-238

Pu-239

Pu-240

Pu-241

Pu-242

Am-241

0-16

Density10

(10-24 cm'3)

9.6950E-5

1.8313E-2

2.2708E-5

3.0644E-3

9.8861E-4

2.1067E-4

8.4238E-5

5.1238E-5

4.5220E-2

Coolant
Nuclide

Fe-nat

Cr-nat

Ni-nat

Mo-nat

Ti-nat

Cu-nat

Si-nat

Mn-nat

Na-nat

Density
(10-24 cm'3)

2.244E-2

6.457E-3

4.709E-3

5.661E-4

1.649E-4

1.088E-4

3.867E-4

5.392E-4

1.266E-2

a) Densities in fuel pin. Should be multiplied with 0.8787 to obtain densities in homogen-
ized fuel/void region.
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4.3 Tc-99 pins in moderated subassembly

The Tc-99 transmutation half life was calculated for several cases with varying ratio of
Tc-99 and moderator, accomplished by replacing moderator pins in the moderated
subassembly by Tc-99 pins. The number of Tc-99 and moderator pins always summed to
271, which is the number of pins per assembly. The number of fuel pins for all cases in
this section was equal to 1098, which corresponds to slightly more than four fuel
assemblies. Because the inner core of the Superphe'nix reactor is built up of 193 assemb-
lies, each containing 271 fuel pins (52303 fuel pins in total), the modelled section
represents 2.62% of the inner core or 1.39% of the inner and outer core.
Case FR-A corresponds to the outer three layers of pins in the moderated subassembly
occupied with Tc-99 pins, and all other layers in the moderated subassembly occupied
with moderator pins. This configuration is shown in figure 4.1.
Cases FR-B to FR-H correspond to one more layer of Tc-99 pins each case. This means
that for case FR-H all moderator pins are replaced by Tc-99 pins. This configuration is
shown in figure 4.2. Results for all these cases are given in table 4.3. The value of the
enrichment shown in this table is needed to get the kx at BOL of standard fuel with
enrichment of 19.5W% (Jt^l.17). The flux is normalised such that the average specific
power remains constant (114 W g^fuel). It should be noted that the fuel enrichment for
cases FR-A to FR-F exceed 30w%, which is considered as an upper limit. This means that
cases FR-A to FR-F are most probably not practically achievable.
Due to the moderator in the special subassembly, the power in the fuel pins adjacent to
the special subassembly increases with 30% for case FR-A, 12% for case FR-B and only
1% for case FR-C. With increasing number of Tc-99 pins in the special subassembly, the
influence of the moderator diminishes, and the neutron absorption by Tc-99 increases,
leading to a power decrease in the fuel pins adjacent to the special subassembly.
The Tc-99 inventories for cases FR-A to FR-H if the whole inner core is loaded according
to the configuration of the case considered, are also given in table 4.3. Also the Tc-99
transmutation rates are given. An interesting phenomenon can be noticed from this table.
For cases FR-A to FR-D the transmutation rate of Tc-99 increases due to the increase of
the Tc-99 inventory. However, the increase from case FR-C to FR-D is very small due to
the decreasing number of moderator pins leading to much less moderation. This leads to
lower neutron absorption cross sections of Tc-99. The transmutation rate for case FR-F is
even lower than for case D due to decreased moderation. For cases FR-G and FR-H the
transmutation rates do not change significantly anymore because of the very small increase
of the Tc-99 inventory.
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Figure 4.1: Geometry of case FR-A.
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Table 4.3: Results for cases FR-A to FR-H (Tc-99 pins in moderated subassembly).

Case

FR-A

FR-B

FR-C

FR-D

FR-Ed)

FR-F

FR-G

FR-H

Case

FR-A

FR-B

FR-C

FR-D

FR-Ed)

FR-F

FR-G

FR-H

Number of
Tc-99 pinsa)

144

180

210

234

252

264

270

271

Invent0

Tc-99
(kg)

2743

3429

4000

4458

4800

5029

5143

5162

Enrichm

35.4

34.1

33.1

32.1

30.7

29.8

29.4

Transmut0

Tc-99
(kg/a)

122

137

144

145

132

132

132

Power
factorb)

1.30

1.12

1.01

0.95

0.88

0.87

0.87

Tc-99 cross
sectiong)

(barn)

0.706

0.602

0.516

0.444

0.326

0.306

0.301

Neutron Flux

2.04E15

2.15E15

2.25E15

2.36E15

2.58E15

2.69E15

2.72E15

Half life
(a)

15.3

17.0

18.9

21.0

26.1

26.7

26.9

a) Number of Tc-99 pins per special subassembly.
b) Power in fuel pins adjacent to special subassembly relative to average power.
c) Total one-group neutron flux averaged over Tc-99 pins.
d) No data available.
e) Inventory when the inner core of 193 assemblies is loaded according to the configur-

ation of the case considered.
0 Gross transmutation rate. The Tc-99 production rate in SuperphSnix is about 25 kg/a.
8) One-group neutron absorption cross section averaged over Tc-99 pins.
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4.4 Tc-99 pins in non-moderated subassembly

Case FR-H of section 4.3 contains only Tc-99 pins. The Tc-99 inventory in such case is
very high, especially if that is compared with the production rate of one 1000 MWe LWR,
which is only about 21 kg/a (see table 1.1). It would make sense to reduce the Tc-99
inventory by replacing Tc-99 pins for fuel pins. Four cases with different amounts of Tc-
99 loaded are investigated. Case FR-I with the tenth layer of the special subassembly
loaded with Tc-99 pins, case FR-J with the eighth layer of the special subassembly loaded
with Tc-99 pins, case FR-K with the sixth layer of the special subassembly loaded with
Tc-99 pins and case FR-L with the fifth layer of the special subassembly loaded with Tc-
99 pins. All other positions in the special subassembly are filled with fuel pins in these
cases. The geometry for cases FR-I and FR-L are shown in figures 4.3 and 4.4, respecti-
vely.
Results of the calculations are given in table 4.4. It is seen that the transmutation half lives
for these cases are reasonably low, between 15 and 20 years. The gross transmutation rate
reaches about 100 kg/a, which is equal to the annual production of about five 1000 MWe

LWRs.

Table 4.4: Results for cases FR-I to FR-L (Tc-99 pins in non-moderated subassembly).

Case

FR-I

FR-J

FR-K

FR-L

Case

FR-I

FR-J

FR-K

FR-L

Number of
Tc-99 pinsa)

54

42

30

24

Inventc)

Tc-99
(kg)

2662

2071

1479

1183

Enrichm
r%)
25.7

24.3

22.8

22.0

Transmutd)

Tc-99
(kg)

101

86

64

53

Neutron flux
(cmV)b )

3.71E15

3.94E15

4.04E15

4.13E15

Tc-99 cross
section*0

(barn)

0.331

0.340

0.345

0.350

Half life
(a)

17.9

16.4

15.8

15.2

a) N u m b e r of Tc-99 pins per special subassembly.
b) Total one-group neutron flux averaged over Tc-99 pins.
c) Inventory if the whole inner core of 193 assemblies is loaded according to the configur-

ation of the case considered.
d) Gross transmutation rate. The Tc-99 production rate in Superphenix is about 25 kg/a.
e) One-group neutron absorption cross section averaged over Tc-99 pins.
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4.5 Conclusions

Results on transmutation of Tc-99 in the inner core of a fast reactor are given in this
report. Both transmutation in a moderated subassembly and in a non-moderated
subassembly were considered. Transmutation of Tc-99 pins in the periphery of a fast
reactor core were considered in reference [15].
Transmutation in a moderated subassembly has the largest influence on the power
distribution in adjacent fuel pins, leading to a necessarily large Tc-99 layer between the
moderator pins and adjacent fuel pins, or to a variable plutonium enrichment decreasing
towards the periphery of the special subassembly. Most probably this will limit the
practical applicability of moderated subassemblies in the inner core of a fast reactor. The
gross transmutation rate of Tc-99 in Superph6nix equals 137 kg/a for case FR-B with
inventory of about 3.4 tonnes. Because the Tc-99 production rate in Superph6nix itself
equals about 25 kg/a, this means that a fast reactor with power of about 1200 MWe could
transmute the Tc-99 production of five PWRs with power of 1000 MWe each.
Transmutation of Tc-99 in a fast reactor seems also possible without moderation. Although
the neutron absorption cross section of Tc-99 in a non-moderated subassembly is about a
factor of two lower than in a moderated one, the neutron flux may be much higher,
possibly leading to higher transmutation rates. This was actually confirmed by these
calculations. Transmutation of Tc-99 in a non-moderated subassembly in the inner core of
Superph6nix can lead to a gross transmutation rate of Tc-99 of about 100 kg/a, with a Tc-
99 inventory of 2.7 tonnes. This means that the nett Tc-99 transmutation rate compares to
the Tc-99 production rate of four PWRs with power of 1000 MWe.
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5. TRANSMUTATION OF TC-99 IN LIGHT WATER REACTORS

5.1 Introduction

Light Water Reactors (LWRs) are abundantly present in Western Europe, Japan and the
US. Transmutation of Tc-99 in LWRs could have the advantage that no special Tc-99
burners are necessary and that each LWR consumes its own Tc-99 production. Then an
equilibrium state is achieved and the nett production of Tc-99 is zero.
Whether such situation can be achieved or not, depends of course on the transmutation
rate of Tc-99 in LWRs and on the inventory necessary to transmute the annual production
of one LWR. When this inventory becomes very high it must be concluded that equilib-
rium with respect to Tc-99 production cannot be achieved in practice.
The work described in this chapter has been performed in cooperation with Belgo-
Nucl6aire. This latter contribution can be found in reference [8].

5.2 Model

The modelled PWR corresponds with a Westinghouse type of PWR with a power of 900
MWe. Calculations on transmutation of Tc-99 were done for both PWRs loaded with UO2

fuel only (cases LWR-A to LWR-D, see figure 5.1), and for PWRs loaded with UO2 fuel
in three quarters of the core and with MOX fuel in one quarter of the core (cases LWR-E
to LWR-H, see figure 5.2). In both cases Tc-99 pins with same diameter as fuel pins were
modelled in the guide tubes of the core. In the first case the Tc-99 pins were modelled in
all guide tubes of the core, in the latter case the Tc-99 pins were modelled in the guide
tubes of the MOX fuel only. In both cases the enrichment of the UO2 fuel was increased
to achieve the same average ka as for the corresponding core (full UO2 or one quarter
MOX fuel) without Tc-99 pins. This average kM was obtained by the WIMS-E package
[18] and the accompanied 69-group cross-section data library. The enrichment at BOC
determined by the WIMS-E package was then used in KENO [12] Monte Carlo calcula-
tions with the 172-group cross-section data library based on JEF2.2 to calculate the
neutron flux averaged over the Tc-99 target pins in the guide tubes. Resonance shielding
of the Tc-99 target pins could then properly be accounted for. Therefore, and also because
the WIMS 69-group cross-section library is not based on JEF2.2 but on an older evaluated
file, the calculations have been performed as described above. The transmutation half lives
were calculated according to equation 1.5.
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5.3 Results for UO, fuel

These cases correspond with a PWR fully filled with UO2 fuel, where Tc-99 pins with
same diameter as fuel pins are assumed to be inserted in the guide tubes. The different
cases correspond with different Tc-99 densities in the target pins of 1, 2, 5 and 10.5 g cm'
3. It is assumed that the remaining space in the guide tubes is filled with some neutron
inert matrix with zero cross section. The geometry of these cases is given in figure 5.1.
Results are given in table 5.1. It is seen that the neutron absorption cross section decreases
with increasing Tc-99 density. The lowest transmutation half life is obtained for the lowest
Tc-99 density, and it is seen that in case LWR-A the Tc-99 transmutation rate is still
larger than the production rate of about 18 kg/a for a 900 MWe PWR.

Table 5.1: Results for cases LWR-A to LWR-D (full UO2 core). The enrichment of
standard fuel is 3.7"%.

Case

LWR-A

LWR-B

LWR-C

LWR-D

Case

LWR-A

LWR-B

LWR-C

LWR-D

Density
Tc-99

(g cm"3)

1.0

2.0

5.0

10.5

Inventb)

Tc-99
(kg)

726.5

1453

3633

7628

Enrichm
U-235
r%)
4.5

5.1

6.5

8.6

Transmut"0

Tc-99
(kg/a)

23.7

37.2

63.8

91.7

Neutron flux
(cm2slf

2.68E14

2.61E14

2.47E14

2.33E14

Tc-99 cross
sectiond)

(barn)

3.93

3.15

2.27

1.64

Half life
(a)

20.9

26.8

39.2

57.3

a) Total one-group neutron flux averaged over Tc-99 pins.
b) Inventory when all guide tubes are filled with Tc-99 pins.
c) Gross transmutation rate. The Tc-99 production rate in a 900 MWe PWR is about 18

kg/a.
d) One-group neutron absorption cross section averaged over Tc-99 pins.
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Figure 5.1: Geometry of cases LWR-A to LWR-D. Four quarters of an assembly with UO2 fuel
are shown.
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5.4 Results for MOX fuel

These cases correspond with a PWR filled for three quarters of the core with UO2 fuel and
for one quarter of the core with MOX fuel. Tc-99 pins with same diameter as fuel pins are
assumed to be inserted in the guide tubes of the MOX fuel. The different cases correspond
again with different Tc-99 densities in the target pins of 1, 2, 5 and 10.5 g cm"3. Again the
remaining space in the guide tubes was assumed to be filled with some neutron inert
matrix with zero cross section. The geometry of these cases is given in figure 5.2. Results
are given in table 5.2. It is seen that the transmutation half lives are about 50% larger than
for the corresponding cases LWR-A to LWR-D (see table 5.1). This is mainly because of
the low neutron absorption cross sections of Tc-99 in the harder neutron spectrum
characteristic for MOX fuel. Only with Tc-99 density of 10.5 g cm'3, the transmutation
rate is large enough to compensate for the reactors own Tc-99 production (about 18 kg/a).
The dependence of the Tc-99 transmutation rate as a function of density is clearly seen in
figure 5.3. Due to resonance and spatial self shielding, the relative Tc-99 transmutation
rate (the transmutation rate per inventory) decreases with increasing Tc-99 density. It is
therefore recommended to transmute Tc-99 at the lowest possible density.

Table 5.2: Results for cases LWR-E to LWR-H (1/4 MOX, 3/4 UO2 core). The enrich-
ment of standard fuel is 3.

Case

LWR-E

LWR-F

LWR-G

LWR-H

Case

LWR-E

LWR-F

LWR-G

LWR-H

Density
Tc-99

(g cm"3)

1.0

2.0

5.0

10.5

Inventb)

Tc-99
(kg)

181.6

363.3

908.2

1907

Enrichm
r%)

4.1

4.3

4.7

5.1

Transmc)

Tc-99
(kg/a)

4.0

6.3

11.1

17.0

Neutron Flux
(cnrV1)^

2.31E14

2.26E14

2.15E14

2.03E14

Tc-99 cross
section
(barn)

3.10

2.44

1.82

1.40

Half Life
(a)

30.7

39.9

56.4

77.4

a) Total one-group neutron flux averaged over Tc-99 pins.
b) Inventory when all guide tubes are filled with Tc-99 pins .
c) Gross transmutation rate. The Tc-99 production rate in a 900 MWe PWR ia about 18

kg/a.
d) One-group neutron absorption cross section averaged over Tc-99 pins.
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Figure 5.3: Relative Tc-99 transmutation rate (transmutation rate per inventory) as a Junction of
density.

5.5 Conclusions

Transmutation of Tc-99 in PWRs lead to rather large transmutation half lives and low
transmutation rates. Transmutation in a UO2 fuelled core has preference above transmuta-
tion in MOX fuelled PWRs, because of the softer neutron spectrum leading to higher
effective Tc-99 absorption cross sections. Transmutation should be performed at the lowest
possible density to have a relative high transmutation rate. However, when Tc-99 pins
with density of 1 g cm'3 are irradiated in all the guide tubes of a PWR, a transmutation
rate of about 24 kg/a with a Tc-99 inventory of about 726 kg is achieved. Even for this
case, breakeven (Tc-99 transmutation rate equal to the production rate) cannot be
achieved, because in practice not all guide tube are available for transmutation purposes.
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6. Discussion and conclusions

Fission reactors can be ranked with respect to their Tc-99 transmutation capability by
several parameters. The first choice could be to use the relative transmutation rate (the
transmutation rate per inventory) as a ranking parameter. From equations 1.4 and 1.5, it is
seen that the reciproce of the transmutation half life is a measure of the transmutation rate
per inventory. If this criterion is used, the Petten HFR would be favourable because of its
low transmutation half lives for Tc-99 and 1-129 of about 8.4 and 5.4 years, respectively
(see table 2.4). It is clear, however, that for large-scale transmutation of Tc-99 and 1-129,
the Petten HFR cannot be used, because the absolute transmutation rate is very low.
Therefore, only the remaining reactors are considered, because the Tc-99 inventories of
these reactors are of the same order. It was assumed in chapters 3 and 5, that the electric
powers of the HWR and the PWR (935 and 900 MWe, respectively) did not change upon
introduction of long-lived fission products in the core. For the fast reactor, this is different.
The specific power (the produced power per gram of fuel) was assumed not to change, but
the introduction of moderated and non-moderated subassemblies lead to a considerable
reduction of the fuel mass in the core. The modelled section in figures 4.1 and 4.2
represents about 5 assemblies, of which 4 are fuel assemblies and 1 is a moderated
assembly. This implies that the fuel mass in the inner core is reduced with about 20%, and
that the total fuel mass in the inner and outer core is reduced with about 10%. Therefore,
the electric power of the modelled fast reactor can be assumed to be reduced with about
10% from 1240 MWe to 1100 MWe. This value is still 20% higher than the electric power
of the modelled HWR or PWR. However, it is expected that this will not have a large
impact on the transmutation half life, and therefore on the ranking of the reactors with
respect to their Tc-99 transmutation capabilities.

The final ranking with respect to high absolute transmutation rate and low transmutation
half life, is given in table 6.1. For reasons mentioned above, the Petten HFR is not
considered in this table. The case HWR-E (transmutation of Tc-99 diluted in the moder-
ator of an HWR) is also not considered anymore, because that case is very difficult to
realize in practice. Furthermore, it is widely accepted that the upper limit for the enrich-
ment in present-day fast reactors is 30%. Despite this limit, the cases with higher
plutonium enrichment (transmutation of Tc-99 in moderated subassemblies in fast reactors)
have not been omitted at this stage, because enrichment values of 35 to 40% are probably
possible in future fast reactors (e.g. special burner reactors like considered in the French
CAPRA programme). When moderated subassemblies are used in fast reactors, a variable
plutonium enrichment decreasing towards the periphery of the special subassembly may be
needed to avoid power peaking effects. Nevertheless this option is expected to give the
best performance for transmutation of Tc-99.
It is reckoned by the authors that not all possible configurations have been considered. For
example, the transmutation of long-lived fission products in moderated subassemblies in
the blanket of a fast reactor was not studied, because data from literature are available
[15,16]. However, when economic arguments are also considered, transmutation of long-
lived fission products in the blanket could be more advantageous than transmutation in the
inner core, because of the reduced impact on the core configuration and reactor operation.
Generally, transmutation of Tc-99 or 1-129 in fission reactors will be difficult because of
the long transmutation half lives and the large inventories required. Other special-purpose
high flux reactors (possibly driven by accelerators) can improve the prospects of transmu-
tation of long-lived fission products. Another solution which deserves attention in the
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future, may be chemical immobilization of the long-lived fission products, instead of
transmuting them. This could imply the research of chemical compounds containing long-
lived fission products which can retard the transport of long-lived fission products in the
underground, so effectively reducing the (already small) risks accompanied with under-
ground storage of long-lived fission products to even lower levels.

Table 6.1: Ranking of reactors with respect to Tc-99 transmutation capability.

React

FR

FR

HWR

LWR

LWR

Configuration

Moderated S/A in
inner core

Non-moderated S/A in
inner core

Pin in moderator

Pin in guide tube UO2

fuel

Pin in guide tube
MOX fuel

Invent
Tc-99
(kg)

2741

2662

3809

3633

1907

Transm
Tc-99
(kg/a)

122

101

106

64

17

Transm
T c_ 9 9a)

(kg/MWca)

0.11

0.09

0.11

0.07

0.02

Half
Life

(a)

15

18

25

39

77

a) For these values, the power of the fast reactor is assumed to be 1100 MWe, of the
HWR 935 MWe and of the PWR 900 MWe. The Tc-99 production equals about 0.02
kg/MWea.
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Chapter II.2

RECYCLING OF Tc-99 AND 1-129 IN PWR

P. Brusselaers

1. INTRODUCTION

In this study, one will analyze the possibility of the transmutation

of two long-life fission products, Tc99 and 1129, in PWR reactors.

The considered reactor is a standard PWR of 900 MW electrical output.

The core consists of 157 fuel assemblies of 17 X 17 rods with 24 guide

tubes and one central instrumentation tube.

The average linear power of the rods is 180 w/cm,.

The considered fuel management is a quarter of core management. Each

year, a quarter of the core (40 assemblies) is discharged and replaced

by fresh assemblies. The assemblies stay during 4 years in the core

and are discharged at a burn-up of 44 GWd/t.

The U235-enrichment of the U02"fuel is 3.7 X.
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Horizontal cross-section of the core
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Table 1 :

Assembly characteristics
(cold dimensions)

Configuration

Assembly pitch (cm)

Lattice pitch (cm)

Active height of the fuel (cm)

Number of fuel rods

Number of guide-tubes

Number of instrumentation tubes

Number of grids per assembly

Number of grids on the active height

External diameter of the guide-tube (cm)

Thickness of the guide-tube (cm)

Guide-tube material

Instrumentation tube material

17x17

21.505

1.260

366

264

24

1

8

7

1.224

0.045

Zircaloy 4

Zircaloy 4
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Table 2 :

UO2 and MOX rods characteristics

Characteristic

Pellet:

-type
- density
- diameter
- stoechiometry
- fissile plutonium content

(PuF/U+Pu)
- isotopic composition of

uranium U-235
U-238

- isotopic composition of
plutonium Pu-238

Pu-239
Pu-240
Pu-241
Pu-242
Am-241 0

Cladding:

- material
- thickness
- external diameter
- internal diameter

Rod:

- active height

UO2

UO2
95 % TD
8.19 mm

2.00

3.7 %
96.3 %

ZR4
0.57 mm
9.5 mm
8.36 mm

365.8 cm

MOX

UO2-PuO2
94.5 % TD
8.19 mm

2.00
5.09

(2.61,3.82,5.72)

0.23 %
99.77 %

1.91 %
52.88 %
25.57 %
11.69%
6.65 %
1.3%

ZR4
0.57 mm
9.5 mm

8.36 mm

365.8 cm

(*) Am-241 is considered as a fictive plutonium isotope
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2. CALCULATION DESCRIPTION

1) The calculations have been carried out with the LWR-WIMS code using

the WIMS-XMAS cross-sections library. A macrocell representing four

quarters of adjacent assemblies has been irradiated during four

annual cycles of 11 GWd/t corresponding to a discharge burnup of the

fuel of 44 GWd/t. One of these four assemblies receives fission

products, either in a homogeneous mode, where the fission product is

mixed with the fuel (UO2)/ or in a heterogeneous way where the

fission product is located in special pins (called target pins)

without any fuel. These target pins are inserted into the guide

tubes of the PWR assembly.

This solution (heterogeneous recycling) offers the advantage that it

does not contaminate the fuel (nor its fabrication chain) with the

element to be transmutated.

2) The evolution calculations simulate an irradiation of four cycles of

11 GWd/t each. For each of these cycles, a calculation has been

carried out at beginning of cycle, with a boron content of 1000 ppm,

at mid-cycle, (5,5 GWd/t) with 500 ppm boron, and at the end of

cycle (11 GWd/t with 0 ppm) . The fuel discharge burnup is thus

44 GWd/t.

The irradiation simulated in LWR-WIMS is a continuous irradiation of

a total of 1180 days at a rate of 37.3 w/g of heavy metal. So,

reactor shutdowns between cycles have not been taken into account.
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Geometrical model of the macrocell
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3 . HYPOTHESIS ON RECYCLING

1) Heterogeneous Recycling

The fission products are located for transmutation into special rods

without any fuel. These rods, having the same dimensions as a fuel

rod, will form 24-unit clusters destinated to be inserted into the

guide tubes of the 17 x 17 assembly exactly like control rod

clusters. The fissile content of the assemblies receiving those

clusters is kept identical to those without clusters.

1.1. For the Tc99, one will consider that this F.P. will be placed

in his metallic form, at a density of 10.5 gr/cm3.

A cluster of 24 rods and 3.66 m in length will thus contain

48,6 kg of Tc99. An UO2 assembly produces, at 44 GWd/t, 44

GWd/t, 447 gr of Tc99.

A cluster of 4 8.6 kg can receive the production of nearly 109

assemblies.

1.2. For Iodine, we . will consider like in [1], that this will be

placed in the form of Cerium iodide (Cel). It corresponds to

an Iodine density of 4 gr/cm3. From this Iodine, 25 % are

Iodine 127, and 75 % are Iodine 129, or 3 gr/cm3.

A burnt UO2 assembly, discharged at 44 GWd/t, contains about

106 g of Iodine 129, and 33 gr of Iodine 127.

A cluster of 24 rods of this Cel will thus contain : 18.5 kg of

Iodine, of which 13,9 kg are Iodine 129, corresponding to the

production of 133 assemblies.
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2) Homogeneous Recycling

In this case, we assume that the fission product is mixed

homogeneously with the fuel.

We assume that 0.1 gr/cm^, either Iodine, either Tc99 has been

diluted in the fuel, corresponding to 1 % in mass of FP/Oxide.

In the case of recycling in the MOX assembly, only the highly

enriched rods contain FP. In the UO2 assembly, all the rods contain

FP.

Then, will be loaded :

5.09 kg of FP in a UO2 assembly

3.55 kg of FP in a MOX assembly.

The fissile material content of the assemblies will be adapted in

order to keep identical cycle lengths : no shortening of the cycles

due to the presence of FP, inside some assemblies of the core, will

be tolerated.

For the MOX assemblies, one will increase only the Pu-content of the

highly enriched rods. The Pu-content of the peripherical MOX-rods

will not be modified, in order to avoid power peaks at the interface

with the UO2 assemblies.
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4 . RESULTS

2. Transmutation Sate

The following Table 3 gives the calculated annual average

transmutation rates.

Since we assume that the fuel is irradiated during four annual

cycles, the given annual average rates correspond then to the

quarter of the total destruction of the FP considered when the host

assembly has reached 44 GWd/t.

Table 3:

FP

TC-99

1-129

Assembly

U02

MOX

U02

MOX

Recycling

Homogeneous
Heterogeneous

Homogeneous
Heterogeneous

Homogeneous
Heterogeneous

Homogeneous
Heterogeneous

Annual
transmutation

rate
(%)

4,45
1,52

3,64
0,75

2,12
1,91

1,04
0,98

Annual
transmutation
per assembly

(g)

226,5
739,2

129,4
366,1

80,9
265,3

27,8
136,5
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2. Incidence on the Nuclear Characteristics of the Assembly

2.1. Over-enrichment required (homogeneous recycling) and anti-

reactivity of the targets (heterogeneous recycling).

2.1.1. Over-enrichment

In the case of recycling in a U02 assembly, all the rods of

the assembly received fission products.

In the case of recycling in a MOX assembly, only the highly

enriched rods (central zone of the assembly) received fission

products.

The fissile material content of the "doped assemblies" has

been increased, in order to preserve the cycle lengths. This

has led to consider the following fissile contents :

Table 4:

FP

TC-99

1-129

Assembly

U02

MOX
(High enriched)

UO2

MOX
(High enriched)

Fissile content

4.5 % U-235 / U

7.0 % Pu-fis / U + Pu + Am

4.0 % U-235 / U

6.3 % Pu-fis / U + Pu + Am
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2.1.2. Anti-reactivity of the Clusters

The clusters containing FP introduce, by their absorbing

properties, an anti-reactivity in the core.

Either they have to be extracted by a similar mechanism as

used for the control rods, and the cycle is not shortened,

or, they remain loaded and the cycle will be shortened ; in

this case, the lost irradiation time could be recovered on

the following cycle if the clusters will not be reloaded

again (alternation long cycle/short cycle).

The following Table 5 gives the anti-reactivity introduced

by the clusters in the macrocell at the beginning and at the

end of their irradiation (0 and 4 cycles), as well as their

boron equivalent. These values are given assuming that 25 %

of the assemblies in the core are containing FP clusters.

Table 5:

Anti-reactivity of the clusters

TC-99

1-129

Anti-reactivity
(pern)

Boron equivalent
(ppm)

Anti-reactivity
(pem)

Boron equivalent
(ppm)

In UO2 Assembly

At beginning of
irradiation

5621

-724

2216

-273

After 4 cycles of
irradiation

3758

•484

1433

-177

In MOX Assembly

At beginning of
irradiation

2300

-334

1111

-160

After 4 cycles of
irradiation

2484

-360

1278

-184
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2.2. Power and Form Factor of the Assembly

Tables 6 and 7 below give the relative (%) increase or

decrease of the power released by the poisoned assembly and of

the form factor of this assembly. The values are given with

comparison with a standard assembly (without FP).

Table 6:

Relative power of the assembly
(relative to a reference unpolsened assembly)

Assembly

U02

MOX

Irradiation

OGWd/t-1000ppmB

22 GWd/t -1000 ppm B

44GWd/t-0ppmB

0 GWd/t -1000 ppm B

22 GWd/t-1000 ppm B

44 GWd/t - 0 ppm B

TC-99

homogeneous

2,4 %

3,6 %

3,0 %

-0,4 %

0,5 %

0,7 %

heterogeneous

-19,3 %

-13,3 %

-10.7 %

-10,6 %

-9,2 %

-8,7 %

1-129

homogeneous

0,8 %

1,3 %

1,0 %

0,1 %

0,5 %

0,5 %

heterogeneous

-9,7 %

-6,4 %

-5,2 %

-6,9 %

-6,0 %

-5,6 %

Table 7:

Assembly form factor
(relative to a reference unpolsened assembly)

Assembly

UO2

MOX

Irradiation

0 GWd/t -1000 ppm B

22 GWd/t-1000 ppm B

44GWdA-0ppmB

0 GWd/t -1000 ppm B

22 GWd/t-1000 ppm B

44 GWd/t - 0 ppm B

TC-99

homogeneous

-1,0 %

-0,3 %

-0,1 %

3,3 %

3,5 %

3,4 %

heterogeneous

9,6 %

5,2 %

4,8 %

12,3 %

6,1 %

4,8 %

1-129

homogeneous

-0,4 %

-0,2 %

-0,1 %

0,5 %

1.5 %

1.5 %

heterogeneous

-1,6 %

-1,0 %

-1.1 %

8,0 %

3,3 %

2,2 %
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In homogeneous mode, the power released by the assembly containing FP

varies relatively slightly, as well as the assembly form factor.

In heterogeneous mode, one can have a considerable increase of the

form factor of the assembly : + 10 %. Nevertheless, the relative

power of an assembly containing FP will be strongly reduced (-10 to

-20 %) compared with an assembly without FP. Therefore, it should not

appear power peak problems.

Generally, the 1129 modifies less the nuclear characteristics than the

Tc99.

5. OVER-MODERATION OF THE HOST FUEL ASSEMBLIES (homogeneous case)

In order to benefit of the increase of the capture cross section in

the thermal range, one has studied the transmutation of LLFP in over

moderated fuel assemblies. In order to increase the moderation inside

the fuel assemblies, 36 rods have been removed uniformly from the host

assembly (Figure 3). The moderation ratio (VM/VF) has been increased

from 1,9 to 2,4, i.e. by 25 %. The fissile content of the fuel has

not been changed, to avoid power peaking problems. A macrocell of four

assemblies, one of which containing LLFP, has been irradiated during

four annual cycles, up to a discharge burn-up of 44 GWj/t.

The following average transmutation rates are given in Table 8.

This table, shows that :

- The transmutation rate of TC99 has been increased by - 5 % in both

UO2 and MOX fuel. .

- The transmutation rate of 1129 has been increased of ~ 15 % in both

UO2 and MOX fuel.
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Tc-99

1-129

in MOX fuel

inUO2fuel

in MOX fuel

in UO2 fuel

3.83% yearly

4.72 % yearly

1.18% yearly

2.44 % yearly

TABLE 8

o o o o o o o
o o o o o o
o o o o o o

1
:>

o o o o o o
o o o o o o o
o o o o o o
o o o o o o
o o o o o o o
r\ r\ r\

25 guide tubes

36 supplementary water holes

FIGURE 3 : OVER-MODERATED ASSEMBLY
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6. CONCLUSIONS

The recycling in a homogeneous manner is, in general, more efficient

than the heterogeneous one, but practical reasons make that this last

mode is more easily feasible.

The transmutation rates are in general lower in MOX assemblies, but

the MOX fabrication equipment has already the required shieldings,

when one wishes to carry out homogeneous recycling.

In the considered case (PWR 900 MWe), forty assemblies irradiated up

to 44 GWd/t are unloaded each year of the core. This leads to an

annual production of 17.88 kg of Tc99 and 4.24 kg of 1129 per reactor.

For the Tc99, considering that 25 % of the assemblies of a PWR (all

UO2 assemblies) contains FP for their transmutation, i.e.

40 assemblies, one could transmutate the production of 1.65 reactors

in a heterogeneous mode and 0.51 reactors in a homogeneous mode, in

the chosen option.

For the 1129, considering that 25 % of the assemblies of a PWR (all

UO2 assemblies) contains FP for their transmutation, i.e.

40 assemblies, one could transmutate the production of 2.50 reactors

in a heterogeneous mode and 0.76 reactors in a homogeneous mode, in

the chosen option.
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Chapter III

TRANSMUTATION OF AMERICIUM

J.L. Kloosterman (ECN) and G. Evrard, A. La Fuente,
Th. Maldague, S. Pilate and A. Renard (BN)

Abstract

This chapter contains two contributions: "Incentives for Transmutation of Americium in
Thermal Reactors" made by the Netherlands Energy Research Foundation (ECN) and
"Impact on Fuel Refabrication" made by Belgo-Nucleaire (BN).

The first contribution deals with transmutation of americium in thermal reactors. Three
criteria are used for the assessment: Reduction of the possible dose to the population due
to leakage of neptunium from underground disposal sites, reduction of the total inventory
of underground disposal sites, and the use of fissile actinides for energy production.
The amount of Am-241, which is a precursor of Np-237, can considerably be reduced
upon irradiation in a thermal reactor. Because the mass of Np-237 in the spent fuel equals
that of the Am-241 after five years of interim storage, transmutation of Np-237 and Am-
241 are equally important. Also the radiotoxicity of the americium can considerably be
reduced upon irradiation in a thermal reactor, at least if the product of the thermal
neutron flux and the irradiation time is large enough C« 2 id22 cm'2). However, the
neutron absorption in the americium is high, and the fuel enrichment has to be increased.

In the second contribution, implications of recycling plutonium and americium in the form
of MOX fuel in Light Water Reactors (LWR) are described. Two strategies have been
considered.
In the plutonium recycling strategy, it is assumed that all the plutonium from the
preceding step is recovered and used to refabricate MOX fuel for the next step. To keep
the discharge burnup the same in each cycle (44 GWD/tHM), an amount of fresh UO2 fuel
is added to meet the reactivity requirements. Safety objectives limit the number of
plutonium recycling steps to three.
If one assumes recycling of plutonium and americium simultaneously, one needs a higher
plutonium enrichment; this limits the number of recycling steps to one or two at the
maximum.
The recycling strategies lead to increased dose rates at the fuel refabrication step. When
plutonium is recycled twice, this increase is a few tens of per cents. If also the americium
is recycled, the primary gamma dose rate increases with a factor of four to five for the
first recycle step and a factor of ten for the second recycle step. This requires extra
gamma-ray shielding.
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Chapter m . l

INCENTIVES FOR TRANSMUTATION OF AMERICIUM IN
THERMAL REACTORS

J.L. Kloosterman

1 Introduction

Partitioning and Transmutation (P&T) of actinides are generally said to have three main objectives:

1. reduction of the possible dose to the population due to leakage of actinides from underground
disposal sites,

2. reduction of the total inventory of underground disposal sites (this can be either reduction of the
inventory of each disposal site or reduction of the total number of disposal sites), and

3. using fissile actinides for energy production.

Each of these three objectives has its specific impact for the P&T strategy to be followed.
The first objective implies that the initial inventory of Np-237 and precursors shall be reduced, because
Np-237 is a nuclide which is easily transported to the biosphere without much adsorption in the under-
ground once released from the underground disposal site. Studies on underground disposal options in
salt domes show that Np-237 may dominantly determine the possible dose to the population living at
some millions of years from now, but that the absolute doses are very small (about 4 //Sv/a for the High
Level Waste (HLW) inventory of 100 GWe yr), raising the question whether this objective is relevant or
not. Although this may not be the case for the waste disposal option possibly applied in the Netherlands,
it might be for other waste disposal options. However, this implies that not only some actinides, but also
some long-lived fission products like Tc-99,1-129 and Cs-135 should be subject to P&T.
The second objective is met by heavily reducing the total amount of actinides in HLW. It is believed that
reducing the hazardous inventory of disposal sites or reducing the number of disposal sites could have
some positive impact on the public opinion with regard to the nuclear waste problem. It could also lead
to lower probabilities of human intrusion in repositories and reduced accompanied doses obtained by
men after intrusion. It was shown [1] that for human intrusion scenarios the contribution of americium
due to inhalation is dominating. From the economic point of view it could be advantageous to reduce the
number of underground disposal sites to be licensed. This can probably be accomplished by reduction
of the heat emission of the waste.
The third objective is met by partitioning and fissioning fissile and fertile actinides in nuclear energy
parks consisting of thermal and fast reactors. This was the original reason to apply reprocessing.
Future incentives for partitioning actinides especially plutonium depends primarily on future prospects
of nuclear energy, which is highly affected by political standpoints.
This report attempts to give incentives for heterpgenous transmutation of americium in thermal reactors
based on these three objectives. It deals explicitly with transmutation of americium in thermal reactors.
Although fast reactors may be more appropriate for transmutation of americium, it is expected that only
few fast reactors will be available in the next decades of years.
Calculations were done with the fuel depletion code ORIGEN-S [2] with accompanied libraries based
on JEF2.2 data [3]. The spectral parameters THERM, RES and FAST had values of 0.6, 0.3 and 1.9,
respectively. This means that the total neutron flux for all calculations considered in this report is 6.7
times higher than the thermal neutron flux. Radiotoxicities are based on Annual Limits on Intake (ALI)
values for ingestion based on ICRP-61 [4].
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2 Production of Americium

Table 2.1 gives the yearly produced masses of neptunium, plutonium, americium and curium in the
Borssele Nuclear Power Plant (NPP) (450 MWe). It is seen that americium is produced only in small
quantities during reactor operation. However, it is produced in much larger quantities in spent fuel due to
decay of Pu-241 with half life of 14.7 years. The yearly produced quantities of americium as a function
of the interim storage time after unloading is given in table 2.2. It is seen that the Am-241 mass increases
from 0.7 kg at EOC to 8.2 kg after 10 years of interim storage due to decay of Pu-241. From these
numbers it follows that plutonium should not be stored for a long time once it is partitioned from spent
fuel, because a large fraction of Pu-241 will have decayed to Am-241 with a corresponding decrease of
the fissile contents of plutonium.

Table 2.1: Yearly produced masses of neptunium, plutonium, americium and curium in the Borssele NPP.

Nuclide

Np-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-243
Cm-242
Cm-244

Half Life
(a)

2.14 106

8.78 101

2.41 104

6.54 103

1.47 101

3.76 105

4.32 102

7.39 103

4.46 10-1

1.81 101

Mass
(kg)
4.9
1.6

79.5
28.2
19.9
5.5
0.7
0.9
0.2
0.2

If plutonium is not used in MOX fuel, all Pu-241 will decay to Am-241, leading to a yearly produced
mass of Am-241 of 20.6 kg. Because all Am-241 will eventually decay to Np-237, fissioning Pu-241 in
MOX fuel seems the most effective way to slow down the buildup of Np-237. Because partitioning of
plutonium is done only some years after interim storage of spent fuel, the amount of Am-241 produced
equals about the original produced amount of neptunium (4.9 kg). To meet the first objective (reduction
of the possible dose to the population due to leakage of actinides from underground disposal sites)
transmutation of Am-241 seems as important as transmutation of Np-237 itself.

3 Radiotoxicity of Americium

The contribution to the radiotoxicity of each actinide element in spent fuel is shown in figure 3.1, where
it is assumed that the spent fuel has been stored for five years. This means specifically that 4.9 kg of
Am-241 and 0.9 kg of Am-243 are produced instead of only 0.7 and 0.9 kg, respectively, as given in

Table 2.2: Yearly produced americium masses (kg) in the Borssele NPP as function of the interim storage,
time after unloading.

Nuclide Storage Time (a)
2 5 10

Am-241 2.5 4.9 8.2
Am-243 0.9 0.9 0.9

Total 3.4 5.8 9.1



- 97 -

table 2.1, and that the produced Pu-241 mass is reduced correspondingly. It is seen that plutonium is
the main contributor (80% to 95%) to the radiotoxicity of spent fuel up to one million years of storage.
Americium contributes to the radiotoxicity for about 20% up to 1000 years, and the initial amounts of
Am-241 and Np-237 contribute equally to the radiotoxicity after 2 105 years of storage.

101

10"

10" h
10 10J 10'

Storage Time (a)

Figure 3.1: Relative contribution of each element and daughter products to the radiotoxicity of
actinides in spent fuel after an interim storage of five years as function of storage time.

When partitioning of plutonium is already adopted, as is the case for the Netherlands, and when
the radiotoxicity of plutonium can be considerably reduced by transmutation, americium is the most
important nuclide dominantly determining the radiotoxicity of the HLW up to 50,000 years. Figure 3.2
shows the reduction of radiotoxicity as function of storage time when americium would be partitioned
from the HLW to be deposited. The time needed to reduce the radiotoxicity of the waste to that of
the total uranium ore needed for the fuel manufacturing, can be reduced from 20,000 to 1000 years
when americium is partitioned with a decontamination factor of 99%. Also the initial radiotoxicity after
interim storage of 100 years is significantly reduced, possibly enabling one to increase the total amount
of waste to be stored. Furthermore it is seen that partitioning and transmutation of neptunium should
only be done to meet the first objective, reduction of the possible dose to the population due to leakage
of actinides from underground disposal sites, because short term reduction of radiotoxicity cannot be
achieved when neptunium is partitioned from the HLW.

4 Transmutation of Americium

4.1 Introduction

Am-241 is the most abundant americium isotope in spent fuel after a few years of interim storage.
Because it is not fissile, transmutation is achieved by neutron capture to Am-242m (10%) and Am-242
(90%) (see figure 4.1). The first mentioned activation product has a relatively long half life of 141 years,
is highly fissile and can therefore easily be fissioned in a thermal neutron flux. The second activation
product also has a high fission cross section, but decays fastly with half life of 16 hours to Cm-242 (83 %)
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Figure 3.2: Radiotoxicity of the actinides as function of the storage time for several P&T strategies.

and Pu-242 (17%). For the Am-242 fission rate being equal to the decay rate, a thermal neutron flux as
high as 7 1015 cm~2s~1 is required.
Cm-242 decays to Pu-238 with half life of 163 days, but can also be transmuted by neutron capture to the
fissile isotope Cm-243. A thermal neutron flux of 5 1015 cm~2s~1 is needed for the capture rate being
equal to the decay rate. In case of irradiation of Am-241 in low thermal neutron fluxes and moderate
values of the neutron fluence, transmutation will result in production of Pu-23 8 (75 %) and Pu-242 (15%),
and fission via production of Am-242m (10%).
Transmutation of Am-241 in thermal reactors seems only effective if the americium is irradiated in a high
thermal neutron flux of 1016 cm~2s~1. When a low thermal neutron flux is used for the irradiation, much
of the Am-241 is transmuted into the short-lived Pu-238. Although this would reduce the production of
the 'mobile' Np-237, it leads to an increase of the radiotoxicity or heat emission of the waste.
However, there could be some incentive to transmute Am-241 in a thermal reactor when a very high
neutron fluence (flux times irradiation time) is achieved. Then there will be successive transformation
of the formed Pu-238 and Pu-242. The produced Pu-238 could be further transmuted to fissile Pu-239
and Pu-241. However, the formed Pu-242 is mainly transmuted to Am-243, and this amount of Am-243
(max 15% of the initially present Am-241) together with the initially present Am-243 (about 0.9 kg) is
again transformed to Cm-244 upon neutron capture (see figure 4.2). Cm-244 is a highly neutron emitting
isotope and another neutron capture would be necessary to transmute this isotope to fissile Cm-245. This
process is illustrated in figure 4.3, where the fission rate as function of time is shown for 4.9 kg Am-241
and 0.9 kg Am-243 being irradiated in a thennal neutron flux of 1014 cm"2s - 1 .
Transmutation of americium in thermal reactors leads to a mix of nuclides with high a activity and
high spontaneous fission rate, which is practically impossible to reprocess, and which cannot be used
for manufacturing of new targets or fuel assemblies. Successive reprocessing is avoided by adapting a
transmutation scheme in which the irradiated americium is finally disposed of. This scheme is shown in
figure 4.4. All results in the remainder of this report refer to an initial amount of 4.9 kg of Am-241 and
0.9 kg of Am-243 corresponding to the yearly produced americium masses in the Borssele NPP after
five years of interim storage prior to reprocessing.
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Figure 4.2: Main transmutation route of Am-243 in a thermal neutron flux.

4.2 First Objective

To meet the first objective mentioned in Section 1, reduction of the possible dose to the population due
to leakage of actinides from underground disposal sites, the amount of Np-237 and precursors (Am-
241, Pu-241 and Cm-245) shall be reduced as much as possible. Tables 4.1 and 4.2 give the sum of
radiotoxicities of Np-237 and precursors originating from americium after irradiation with a thermal
neutron fluence of 9.5 1021 and 1.9 1022 cm"2, respectively (corresponding with a thermal neutron flux
value of 1014 cm"2 s"1 during 3 or 6 years), and after a storage time of one million years. Allmost
all initial Am-241 is transmuted, and the radiotoxicity of Np-237 and precursors in the transmutation
products after a storage time of one million years is reduced with a factor of 30 to 100. This factor
increases with increasing thermal neutron fluence. For both values of the thermal neutron fluence it is
seen that the relative contribution of Np-237 and precursors becomes larger with decreasing neutron flux.
The absolute radiotoxicity of Np-237 and precursors, however, is not very sensitive to the flux, although
at the high fluence value thermal neutron fluxes of 1014 cm"2 s"1 and lower seem favourable. However,
it must be noted that Am-241 in spent fuel contributes for only 50% to the radiotoxicity of Np-237 after
one million years, and that transmutation of Np-237 itself (also with yearly produced amount in the
Borssele NPP of 4.9 kg, see table 2.1) would be necessary to reduce the other contribution of 50%.
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Figure 4.5: Radiotoxidty ofactinides as function of storage time of 5.8 kg amencium (4.9 kg Am-241
and 0.9 kg Am-243) and transmutation products after irradiation of americium in a flux with thermal

neutron fluence of 1.9 1022 cm~2.

4.3 Second Objective

The second objective, reduction of the total inventory of underground disposal sites, can be met by
reducing the radiotoxicity or a activity of the waste. In figure 4.5, the radiotoxicities are shown of the
initial americium and of the transmutation products when the americium is irradiated in a flux with thermal
neutron fluence of 1.9 1022 cm~2 (corresponding with an irradiation of 6 years in a thermal neutron flux
of 1014 cm"2 s"1). The radiotoxicity of the transmutation products is lower than the radiotoxicity of
the initial americium already after 10 years of storage. It is also seen that the radiotoxicity of the
transmutation products is lower for lower thermal neutron fluxes. This is mainly due to the fact that
Cm-242 decays with a half life of 163 days and that lower neutron fluxes lead to longer irradiation times
when the neutron fluence is kept constant. More Cm-242 can be transmuted to Pu-239 (via a decay and
subsequent neutron capture in Pu-238) and subsequently be fissioned when the irradiation times become
longer.

Table 4.1: Radiotoxicity ofNp-237 and precursors after irradiation of 5.8 kg americium with a thermal
neutron fluence of 9.5 1021 cm'2 and after a storage time of one million of years.

Thermal Flux
(cm"2 s"1)
Americium

41014

21014

no1 4

4101 3

2101 3

Radiotoxicity (ALI)
Total

6.1 106

2.2 106

1.7 106

1.3 106

1.0 106

9.8 105

Radiotoxicity (ALI)
Np-237+Am-241 +Pu-241 +Cm-245

6.1 106 (99.8%)
1.6105(6.9%)
1.7 105 (10.1%)
1.8 105 (14.6%)
1.8 105 (17.8%)
1.8 105 (18.4%)
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From figure 4.5 it can be seen that a considerable reduction of radiotoxicity can be achieved after storage
times of 100 years and longer. It must be noted, however, that the radiotoxicities shown in this figure are
only due to actinides. A substantial part of the initial americium will eventually be fissioned, which will
lead to fission products with accompanied radiotoxicity. This contribution is not accounted for, because
it cannot be calculated accurately by ORIGEN-S. The ORIGEN-S data libraries do not contain fission
product yields for actinides with atomic number higher than that of plutonium. However, an estimate of
this contribution can easily be made. The mass of fission products yearly unloaded from the Borssele
NPP equals about 420 kg and the radiotoxicity of this amount is 1011 ALI after 10 years of storage. If
all americium would be fissioned, this would yield 5.8 kg of fission products with radiotoxicity after 10
years of storage of about 1.5 109 ALI, which is considerably smaller than the radiotoxicities shown in
figure 4.5. Therefore, the radiotoxicity of fission products can be neglected in these cases.
The second objective (reduction of the total inventory of underground disposal sites) could have some
economic benefit if the number or the size of underground disposal sites could be reduced. Because
the maximum amount of HLW to be stored at one disposal site is mainly determined by the total heat
emission of the waste, and because the heat emission of actinides is mainly determined by the a activity,
it is assumed that the a activity at time of disposal determines the maximum amount of actinides which
can be stored at a specific disposal site. The a activity of americium as a function of the storage time
is shown in figure 4.6, which is very similar to figure 4.5 resembling the fact that the radiotoxicity of
actinides is related to their a activity.
The heat emission of the actinides has to be compared with the total heat emission of the deposited
waste. The (i activity of the fission products after 50,100 and 200 years of storage is given in table 4.3.
It is seen that the main contributors to /3 emission are Sr-90, Y-90 and Cs-137. Because the percentage
contributions of these isotopes to the /? activity are almost independent of time, the average emitted
energy per /? decay for this mix of isotopes is constant and equals about 0.4 MeV. In table 4.4, the
average energy emission by j5 and 7 decay of the yearly produced fission products of the Borssele NPP
are given and compared with the energy emission by a decay of americium, for which it is assumed that
the average emitted energy per a decay is 5.5 MeV. After 100 years of storage, americium contributes to
the heat emission for about 30%. This percentage increases up to 80% after a storage time of 200 years.
Transmutation of americium in order to reduce the heat emission of the waste at time of final disposal
seems only meaningful when an interim storage time of 100 years or longer is applied to fission products
during which they are put to temporary storage (e.g. above ground). This interim storage time is about
the same as the storage time required to get a considerable reduction of the a activity after transmutation
of americium (see figure 4.6). The a activity at time of final disposal can be reduced with about 90% and
the total heat emission with about 25% if an interim storage time of 100 years is applied, during which
both fission products and transmutation products of americium are put to temporary storage.
A much larger reduction can be obtained after 200 years of interim storage: 95% for the a activity and
75% for the total heat emission. The absolute value of the heat emission after such long interim storage

Table 4.2: Radiotoxicity ofNp-237 and precursors after irradiation of 5.8 kg americium with a thermal
neutron fluence of 1.91022 cm~2 and after a storage time of one million years.

Thermal Flux
(cm~2 s"1)
Americium

41014

21014

HO1 4

4101 3

21013

Radiotoxicity (ALI)
Total

6.1 106

7.0 105

3.8 105

2.7 105

2.5 105

2.6 105

Radiotoxicity (ALI)
Np-237+Am-241 +Pu-241 +Cm-245

6.1 106 (99.8%)
7.5 104 (10.8%)
7.0 104 (18.4%)
6.4 104 (23.5%)
6.3 104 (24.7%)
6.4 104 (24.2%)
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times is already very low, which makes transmutation of americium to reduce the heat emission of the
waste at time of final disposal less necessary.

4.4 Third Objective

The third objective, re-use of fissile isotopes, cannot be met by transmutation of americium in thermal
reactors, because neither Am-241 nor Am-243 are fissile. About two neutron captures are needed to
transmute Am-241 to fissile nuclides (Pu-239 or Cm-243) and another neutron absorption to fission these
nuclides. It is therefore obvious that americium in a thermal reactor will behave like a nett neutron
absorber.
Because fissile nuclides are produced during irradiation, the k^ of americium being irradiated will
increase, possibly leading to a decrease of the burnup reactivity swing. This effect is not further
investigated.

Table 4.3: 0 activities of the yearly produced fission products oftheBorsseleNPP after 50,100 and 200
years of storage.

Time
(a)
50
100
200

/? Activity
(PBq)

37
11
1.1

Contributors (%)
Sr-90 Y-90 Cs-137
29.1
28.8
27.0

29.1
28.8
27.0

40.7
41.6
42.0
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Table 4.4: Energy emission of the yearly produced fission products and americium of the Borssele NPP
after 50,100 and 200 years of storage.

Time
(a)
50
100
200

/s
1.5
4.4
4.4

Due to fission products only.
Due to americium only.

!">
1016

lOi 5

1014

Energy

8.6
2.7
2.7

10 i5

lOi 5

1014

Emission

2.4
7.1
7.1

1016

lOi 5

1014

(MeVs-1)
ab

3.2
3.0
2.5

lOi5

lOi5

1 0 "

a +
2.7
1.0
3.2

0 + 1
1016

1016

1 0 "

5 Inert Matrices

The radiotoxicity of americium is considerably reduced only when a large percentage of the initial
amount of americium is eventually fissioned. This percentage should be 80% at least. Such high burnups
cannot be reached when americium is irradiated as pure AmO2 with density of about 10 g cm"3, because
damage to the AmO2 matrix will limit the burnup to much lower values. Therefore, americium should be
irradiated at dilute concentrations, which can be achieved by diluting americium in some other matrix.
Uranium cannot be used as matrix because buildup of fissile plutonium isotopes and subsequent fissioning
of these isotopes will most probably limit the irradiation time of the uranium target to values below the
time needed to get a high burnup of americium. Multiple recycling of americium and transmutation
products is necessary then. This is a strong incentive to consider transmutation of americium at dilute
concentrations in neutron inert matrices.
Diluting americium in inert matrices is also needed to control the power density in the target containing
the americium. In figure 4.3, the fission rate of 5.8 kg americium is shown as function of irradiation
time for a thermal neutron flux of 1014 cm~2s~1. The maximum fission rate corresponds to a generated
power of 3.6 MW, equal to a specific power of 620 kW kgAm"1. This specific power is about 20 times
higher than that of a PWR (« 38 kW kgU"1), and about 30 times higher than that of a CANDU (« 20
kW kgU"1). Same factors will hold for the power density when americium is irradiated as pure AmO2.
The power density can be reduced by irradiating americium at dilute concentrations.
Calculations with the SAS6 code system [5] have been done to illustrate this effect. Irradiation of AmO2

in the centre fuel pin of a CANDU fuel bundle is considered with three different densities of AmO2.
The resulting thermal neutron fluxes in the three samples are given in table 5.1. Although the thermal
neutron flux increases strongly with decreasing AmO2 density, the product of density and flux decreases.
If the density of AmO2 is reduced with a factor of 100, the thermal neutron flux increases with a factor
of 10, leading to a nett power reduction of a factor of 10. To achieve power densities not much higher
than those in PWRs, americium concentrations in inert matrices should not exceed a few atom percents
at the most.
The higher thermal neutron fluxes obtained with low americium densities also lead to lower irradiation
times needed to achieve a requested neutron fluence, although the preceding sections show that the
irradiation time should not be too short. The amount of americium transmuted per unit volume of the
target in the low density cases is less than for the high density case, but this is not considered very serious.
The volume of one CANDU fuel pin along a fuel channel equals 690 cm3, which can contain 138 g of
AmO2 with density of 0.2 g cm"3 (containing about 120 g of americium). To transmute the americium
production of a 935 MWe LWR (about twice the power of the Borssele NPP), the centre fuel pin of 97
fuel channels out of 480 present in a 935 MWe CANDU reactor, should yearly be filled with AmO2 with
density of 0.2 g cm"3. This seems practically achievable.
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Table 5.1: Thermal neutron flux in a AmO2 target irradiated in the centre fuel pin of a CANDU fuel
bundle as function ofAmO2 density.

Density Thermal Neutron Flux
(g cm~3) (cm~2s"x)

To i l o 1 2

1 41013

0.1 81013

6 Conclusions

The radiotoxicity of spent fuel is mainly determined by plutonium for a time period of 100,000 years.
After that period also uranium gives an important contribution to the radiotoxicity. However, if uranium
and plutonium are partitioned from spent fuel in order to be recycled again, as is the case for the
Netherlands, and when the radiotoxicity of plutonium can be considerably reduced, then the radiotoxicity
of HLW is mainly determined by americium up to 50,000 years.
Partitioning and transmutation of americium could be done for two reasons: reduction of the possible
dose to the population due to leakage of actinides from underground disposal sites, and reduction of
the total inventory of underground disposal sites (this can be either reduction of the inventory of each
disposal site or reduction of the total number of disposal sites).
The initial amount of Am-241 in spent fuel contributes for about 50% to the radiotoxicity of Np-237
after one million years of storage. Because all Am-241 can be fissioned or transmuted to other nuclides,
transmutation of americium leads to 50% reduction of the radiotoxicity of neptunium, which leads to an
equally large reduction of the possible dose to the population due to leakage of neptunium. It is clear
however that also transmutation of neptunium should be adopted if the radiotoxicity of neptunium after
one million years of storage is to be reduced considerably. Justification for transmutation of americum
for this reason only is very difficult, because the dose to the population due to leakage of neptunium is
probably very small.
The radiotoxicity of americium can be reduced with a factor of 20 after about one hundred years of
storage when it is irradiated in thermal reactors with thermal neutron fluences of about 2 1022 cm"2

or higher. The thermal neutron flux should not be extremely high because the fissioned actinide mass
increases with decreasing neutron flux. Irradiation of americium with a thermal neutron flux of 1014

cm"2s~1, which is a characteristic value for the Petten High Flux Reactor, leads to the above mentioned
reduction factor for the radiotoxicity. The irradiation time needed to achieve a thermal neutron fluence
of 2 1022 cm"2 is about six years, which seems technologically feasible.
The irradiated targets will be highly radioactive and will contain curium and californium isotopes, which
are strong a and neutron emitters and which make reprocessing of the irradiated target practically
impossible. Therefore recycling of the transmutation products is not considered. It is assumed that
transmutation products are put to interim storage for a short period because of the high a activity and
sponteneous fission rate, before sending them to final repository.
Generally it can be concluded that transmutation of americium in thermal reactors is feasible when long
irradiation times are applied and when the radiotoxicity of plutonium is already considerably reduced.



- 106 -

References

[1] J. Prij et al., PROSA Probabilistic Safety Assessment; final report, Netherlands Energy Research
Foundation (ECN), Petten, The Netherlands, Nov 1993
[2] O.W. Hermann and R.M. Westfall. ORIGEN-S SCALE Module to Calculate Fuel Depletion, Actinide
Transmutation, Fission Product Buildup and Decay, and Associated Radiation Source Terms. Oak Ridge
National Laboratory, Oak Ridge, Tennessee, USA, Feb 1989
[3] J.L. Kloosterman. New Working Libraries for Transmutation Studies. In GLOBAL'93, Seattle,
Washington, USA, pages 1229-1236, Sep 1993
[4] ICRR Annual Limits on Intake of Radionuclides by Workers Based on the 1990 Recommendations.
Technical Report Publication 61, ICRP, 1990
[5] J.M. Li et al. SAS6 Two Dimensional Depletion and CriticalityAnalysis Code. Report ECN-I-94-041,
Netherlands Energy Research Foundation (ECN), Petten, The Netherlands, To be published 1995



- 107 -

Chapter m.2

IMPACT ON FUEL REFABRICATION

G. Evrard, A. La Fuente, Th. Maldague, S. Pilate and A. Renard

1. INTRODUCTION

In the frame of a joint study for the Commission of the European Community (CEC,
DGXII), relative to strategic and technical aspects of nuclear waste transmutation
[1], BELGONUCLEAIRE examines the implications of recycling plutonium and
americium in the form of MOX fuel in light water reactors. First, the effects on
reactor physics of such a strategy with multiple recycling steps are calculated, then
the problems of MOX fuel refabrication are identified with reference to the present
operation conditions of the MOX fuel fabrication plant of BELGONUCLEAIRE in
Dessel, Belgium [2].

The hypotheses which have been assumed for a multiple recycling of homogeneous
mixed-oxide fuels containing americium in addition to Pu are given ; the multiple
recycling of Pu alone is taken as a reference case in this study.

The study is then centred on the MOX fuel fabrication aspects related to radiation
dose protection and criticality safety in the MOX fuel plant. Some cases of the study
offer some similarity with previous studies, which had considered that Pu and minor
actinides could be recycled in fast reactors [3] [4]. A major difference is that, while
the former study had considered also the recycling of neptunium and curium, the
present one is concentrated on the effect of adding americium only to plutonium, in
a more realistic or shorter term approach, provided that chemistry research to
recover americium proves successful.

Another significant difference refers to the MOX compositions which are specific to
the multiple recycling scenarios.

This work is connected to the studies performed by ECN-Petten, on the recycling
and transmutation of nuclear waste [14].
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2. HYPOTHESES FOR RECYCLING IN LWR

The reactor assumed for recycling is a 900-Mwe PWR, characterized by a quarter-
core fuel management with an average discharge burnup of about 45 Gwd/t. The
MOX fuel is designed to be equivalent in energy to UO2 fuel enriched to 3.7 %
U235. At discharge all assemblies, loaded with UO2 or with MOX, have been
irradiated 4 calendar years at a load factor of 75 % in the average.

The lead times in the fuel cycle are four years for core irradiation, three years for
cooling up to reprocessing, and two years for refabrication and transport before core
reloading.

Recycling strategy

The mass balances and necessary fissile contents are determined for a given
constant energy, i.e. 44 Gwd. This energy corresponds to that one released by
1 tonne (heavy metal) of UO2 fuel enriched at 3.7 w/o in U235/U.

A scaling factor could be applied to have the mass balances of a whole reactor park.

At each recycling step, it is assumed that all the plutonium from the preceding fuel
generation is recovered. This plutonium is used to refabricate MOX fuel, and in
order to keep the same energy (44 Gwd), an amount of UO2 fuel (3.7 % U235) is
added to obtain the 1 tonne of heavy metal of fuel.

The necessary Pu content of the MOX fuel is determined by equivalence of UO2
fuel, i.e. the same reactivity at end-of-cycle core average conditions.

The multiple recycling strategy in the reference Pu core is as follows (Figure 1):

• in the first stage, MOX 1, 140 kg of MOX fuel are burnt in parallel to 860 kg of
UO2 fuel ; these 140 kg correspond to the mass of Pu which can be recovered
from 1 tonne of UO2 spent fuel from the initial PWR operation ; these 140 kg are
a result from the calculations done, and they correspond well to the frequently
quoted ratios of one MOX assembly for 7 initial UO2 assemblies ;

• it is assumed that at the following reprocessing operation, the Pu quantities out
of this one MOX assembly and of six UO2 assemblies are mixed together :
consequently, the Pu composition available for recycling is not the Pu from first
MOX generation, but a blend ;

• on these premises, our calculations indicate that in the second stage, MOX 2,
167 kg of MOX fuel can be burnt together with 833 kg of UO2 fuel : there is now
one MOX assembly, with degraded Pu, to be blended with 5 spent UO2
assemblies, and so on.
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This is a simplified simulation of what could occur in reality in a whole reactor park,
without considering the influence of lag times. A detailed representation of lag
times, reactor availabilities and fuel cycle plant peculiarities has been made in the
parallel CEA study [5].

3. SOME RESULTS OF PWR PHYSICS CALCULATIONS

3.1 METHOD OF CALCULATION

Unit cells, with the average moderating ratio of 17 X 17 type assemblies have been
used to calculate the reactivity, the neutron fluxes and their spectrum. The
computer code is LWR-WIMS (from AEA) using the 69 group WIMS-86 cross-
sections library with cross-sections improvements of Am and Cm isotopes. As the
burnup chain in WIMS-86 is too simplified for multiple MOX recycling schemes, the
ORIGEN2 code, with actinide (U, Pu, Am, Cm) one-group cross-section calculated
by LWR-WIMS, has been used for the determination of the discharge mass balance
and the isotopic compositions.

The same evaluations have been made using the WIMS-6 code (beta version) with
the JEF2.2 based WIMS94 library (172 energy groups). The JEF2 results (given in
this chapter) are indicative, because this library is not yet validated and well
evaluated for MOX fuel.

This new 172 group library includes :

a) more recent data

b) a more fine group structure, in particular in the thermal range. The low-energy (<
10 eV) resonances of heavy nuclides are more finely represented and the self-
shielding of these resonances is better calculated.
In particular, the low-energy resonance of Pu242 at 2,7 eV is covered by a fine-
group structure (8 groups), allowing self-shielding calculation.

c) a more complete isotopic chain (Figure l.a). This chain includes the curium
isotopes (with their a decays) and the (n, 2n) reactions.

The calculations, simulating multi-recycling schemes, determine:

a) The necessary fissile (Pu+Am) content of the MOX fuel, to reach a discharge
burn-up of 45 Gwd/t. This fissile content has been determined t o have a
same k-infinite in EOC condition than the reference MOX fuel of the first recycling
step, without added Am (7.8 % Pu+Am, WIMS86 calculation).

b) The material balance before and after irradiation of the fuel.
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- TABLE I -

MULTIPLE RECYCLING OF Pu IN PWR
LIBRARY WIMS86 - MAIN PHYSICS RESULTS

Successive MOX recycling Steps

(Pu + Am) content in MOX fuel (%)

Quantities of Pu recovered for 1 tonne
of heavy metal at latest
refabrication time (Kg)

Isotopic composition of (Pu+Am)
for the next refabrication

Pu238
Pu 239
Pu 240
Pu241
Pu242

Am 241

\mmmi

-

11.0

2.3
53.2
24.7
11.8
6.8

1.3

:: mJ
7.8

17.4

3.0
47.0
28.2
12.4
7.9

1.4

10.4

22.2

3.6
44.0
30.2
12.4
8.5

1.4

11.8

25.9

- TABLE II -

MULTIPLE RECYCLING OF Pu IN PWR
NEW LIBRARY WIMS-94 RESULTS

Successive MOX recycling Steps

(Pu + Am) content in MOX fuel (%)

Quantities of Pu recovered for 1 tonne
of heavy metal at latest
refabrication time (Kg)

Isotopic composition of (Pu+Am)
for the next refabrication

Pu238
Pu239
Pu240
Pu 241
Pu242

Am 241

-

11.3

2.0
54.4
23.6
11.7
6.9

1.3

SMBX*::*:

7.4

17.7

2.6
48.0
26.2
12.6
9.2

1.4

9.1

22.3

3.1
44.8
27.1
12.7
11.0

1.4

10.4

25.8
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3.2 Pu CORE

From the core physics calculations, some salient results only are presented, so as
to make clear the approach followed. The results have been obtained using the
WIMS code package with the data library WIMS-86, with cross-section
improvements for the Am and Cm isotopes.

Three types of results are given in Tables I and II, concerning , respectively, the Pu
enrichments needed, the quantities of Pu reprocessed and blended, and the isotopic
composition of Pu available for refabrication. The latest time allowed for
refabrication, 2 years after reprocessing, is assumed : this corresponds to a large
build-up of Am241 in Pu.

It can be seen that the required Pu enrichments grow significantly with the
successive recycling steps. They lead to increasing difficulties to keep the MOX
loadings compatible to the usual design and safety objectives, so that the third step,
MOX 3, probably represents in practice an upper limit for this multiple recycling
scheme.

3 3 COMBINED Pu + Am RECYCLING

In this case, it is assumed that not only Pu, but also Am can be recovered at spent
fuel reprocessing ; recycling in the form of MOX extended fuel of (Pu + Am) is
tempted in the same PWR under the same conditions. A recovery yield of 99.5 %
for Pu and 95 % for Am has been assumed ; for such orientation studies, such high
recovery yield values are representative enough.

The reasoning developed above for recycling Pu alone, is applied again but for the
sum of Pu and Am, with unchanged burnup targets. The major results of core
physics calculations follow in Tables III and IV.

With respect to the enrichments needed to recycle Pu only, the enrichments
required in this Pu + Am case are still higher. It is doubtful that the second step,
PuAm2, will still be acceptable.
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- TABLE III -

MULTIPLE RECYCLING OF ( Pu+ Am ) IN PWR
LIBRARY WIMS86 - MAIN PHYSICS RESULTS

Successive MOX recycling Steps

(Pu + Am) content in MOX fuel (%)
Pu
Am

Quantities of Pu and Am for 1 tonne
of heavy metal at latest
refabricationtime (Kg)

Pu
Am

Isotopic composition of pu+Am)
for the next refabrication

Pu: Pu 238
Pu239
Pu240
Pu241
Pu242

Am: Am 241
Am 242m
Am 243

-

10.9
0.6

2.3
53.8
25.1
11.9
6.8

70.6
0.1

29.3

::PWArt1:1::

9.8
0.5

17.9
1.4

3.5
48.2
24.8
12.2
7.7

64.6
0.6

34.8

::PUAm2::

13.6
1.1

23.9
2.3

3.6
44.0
30.2
12.4
8.5

63.7
1.0

35.3

PliArtOf:

16.6
1.6

29.2
3.0

- TABLE IV -

MULTIPLE RECYCLING OF (Pu+ Am ) IN
NEW LIBRARY WIMS-94 RESULTS

PWR

Successive MOX recycling Steps

(Pu + Am) content in MOX fuel (%)
Pu
Am

Quantities of Pu and Am for 1 tonne
of heavy metal at latest
refabrication time (Kg)

Pu
Am

Isotopic composition of (Pu+Am)
for the next refabrication

Pu: Pu 238
Pu239
Pu240
Pu241
Pu242

Am: Am 241
Am 242m
Am 243

;::::xUO2:x::

-

10.9
0.6

2.1
55.1
24.0
11.9
7.0

71.3
0.1

28.5

::PuAmt::

8.7
0.5

18.2
1.5

3.2
49.2
26.2
12.4
8.9

67.3
0.5

32.3

::Pi»Am2:

12.2
1.0

24.1
2.3

4.2
46.5
27.2
12.0
10.1

66.1
0.8

33.1

:PuAm3::

15.1
1.4
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3.4 SAFETY CONSIDERATIONS

The limiting parameter for safety is the (coolant) void coefficient. In standard PWR,
this coefficient must be negative, in order to avoid safety problems.

As the Pu contents given in the tables are assembly average and as one assumes a
three-zone MOX assembly, the high Pu content zone will have a Pu content - 15 %
higher than the assembly average.

The void coefficient has been calculated for MOX fresh fuel. This is the most
penalizing situation. With burnup, this coefficient decreases due to the burning of
the plutonium (decrease of Pu content).. Table V hereafter shows the void
coefficient for the different MOX and PuAm fuels.

As it can be seen, only MOX 1 and MOX 2 and PuAmi kept acceptable non-positive
void coefficients.

- TABLE V -

Void Coefficients

Case

M0X1

MOX 2

MOX 3

Delta k
(pern)

-16211

-2909

3202

Case

PuAm 1

PuAm 2

PuAm 3

Delta k
(pem)

-1725

17044

27391
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4. HYPOTHESES FOR THE FUEL REFABRICATION IMPACT EVALUATION

4.1 SCOPE .

This part of the report deals with specific problems at the refabrication step of mixed
oxide fuel from recycled plutonium, possibly including an addition of americium.

It gives first the analysis of the radioactive sources from the recycled material and
then, the radioprotection penalties incurred at the fabrication plant according the
multiple recycling schemes in PWR's.

In the present part of the study, the americium would be added to plutonium in a
special MOX fuel for only two successive recyclings in PWR cores.

Another aspect considered in this report refers to the margin to criticality for typical
conditions at one final step of the fabrication process (see Chapter 6.).

4.2 CALCULATION METHODOLOGY

a) Radioactive source evolution

The isotope generation and their transmutation during irradiation in the reactor
cores with power production, as well as the decay during shut-down are calculated
by means of the 0RIGEN2 code [6] with the adequate associated libraries of
radioactive constants for 1700 isotopes (provided by the NEA Data Bank in 1990).

As the cross sections refer to a single energy group, they depend very much on the
type of reactor, fuel nature and burn-up. There are about 20 different libraries
provided with the code ; these calculations use the library for PWR with enriched
UO2, having an average burn-up of 50 000 MWd/t for the first reactor loaded with
UO2 ; for reactors with MOX fuel, the cross sections for the main actinides are fitted
from the multigroup neutron physics results according to the various Pu contents.

The modifications of the composition of the materials concerned by reprocessing
and refabrication are also provided by ORIGEN2 owing to ad-hoc options for the
simulation.

The computations take into account all the data of the irradiation, reprocessing and
recycling steps.

The code output gives, among other results, the masses, the activities of actinides,
fission products and activation products, as well as the gamma ray spectra within
18 energy groups and the total neutron source (spontaneous fissions and (alpha-n)
reactions).
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The results of interest for the calculation of dose rates at the MOX fabrication step
are the gamma ray spectra and the neutron sources at the corresponding date.

b) Equivalent dose rates

b.1. The gamma ray dose rates are evaluated by means of the QAD-CGM
computer code [7]. It uses a "point kernel" method in a three dimension
geometrical model defined by the combination of elementary volumes.

The sources are represented by a large amount of point sources distributed
into their volume according to a mesh fixed in the data. Source intensity and
spectrum come from the ORIGEN2 calculations.

The computer code includes its own library of photon absorption cross
sections as a function of energy, for all materials of interest ; the build-up
factor coefficients for several shielding materials are also available in the
library. The build-up factor is a function of photon energy, absorption cross
section and thickness of the material inducing that multiplication effect. If the
shielding structure is made from multiple layers of different materials (as it is
the case in the present study), rules are recommended [10] based on the
number of mean free paths along the line of sight through the materials,
taking into account the relative importance of the outermost material layer ;
build-up factors are then recalculated from specific experimental data tables
[10]. Here, the build-up factors are fitted for the glove box materials.

The flux-to-dose conversion factors versus energy are input data ; they are
deduced from the US document ANSI/ANS 6.1.1. [11].

b.2. The neutron dose rate calculations are performed by the neutron transport
code ANISN-ORNL [8].

It solves the 1 dimension equations using the Sn method with anisotropic
diffusion. Regions of different compositions are divided into a lot of intervals.
A geometrical correction factor is applied to the results in order to take into
account the finite dimension of the source viewed from the target detector
point.

The code is associated to the EURLIB 15/5 cross section library (15 neutron
groups, 5 secondary gamma groups) provided by the NEA Data bank for
shielding analysis.

The flux-to-dose conversion factors come also from the ANSI document [11].

The neutron source given by the ORIGEN code has two components
respectively due to spontaneous fissions (SF) and (alpha-n) reactions, but
no energy spectrum is provided.
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The spectrum of the SF neutrons is the standard one for the U235 thermal
fissions, simulated by the following relationship [10]:

N(E) = 0.453 exp (-E/0.965). sinh (2.29 E)1/2

(E in MeV, N(E) in neutrons/Mev. fission)

The (alpha-n) neutrons are distributed between 4.58 and 0.8 MeV according
to a reference spectrum [13] for the reaction (alpha-n) on 018.

The addition of both components is normalized to 1 neutron/second for the
dose rate calculation, the results of which are multiplied by the calculated
intensity of the neutron source by surface unit.

c) Validation

The version of the codes used at BELGONUCLEAIRE were validated for the present
type of application by the participation to benchmark exercises for the shielding
assessment of containers for transport of irradiated fuel assemblies, organized by
OECD [12].

Validation of the computing methods were also performed by comparison with some
experimental measurements, namely at the MOX fabrication plant.

4.3 SIMULATED RECYCLING SCENARIO

The simulation of the multiple steps of the recycling scenarios is performed by
means of the ORIGEN2 code. A survey of the recycling strategy is already given in
Chapter I I ; it is recalled here with some other details.

a) The reactors considered are PWR of 900 MWe type, initially loaded according
to a quarter-core arrangement with UO2 fuel enriched to 3.7 % U235 in (17 X
17) assemblies. The average discharge burn-up of fuel is 44 GWd/TU
obtained in four power cycles of 1 year (330 equivalent full power days + 35
days of long shutdown). A realistic fuel management is simulated at each
reloading operation, so that the average burn-up values for the four cycles are
respectively:

9900, 13200, 11550, 9350 MWd/TU

b) After discharge from the core, the irradiated fuel assemblies are cooled 3 years
before the reprocessing ; then the elapsed time till MOX fabrication is two
years. The uranium component of the MOX fuel is depleted U (with 0.2 %
U235). One assumption is that the MOX fuel is loaded in reactor core just after
the fabrication.
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c) The global scenario considered corresponds to a constant electrical energy
production along the years. One assumes that the enriched UO2 fuel and the
MOX fuel provide the same specific energy (= 44 GWj/T), so that 1000 kilos of
enriched UO2 produce the same electrical energy as (x kilos of MOX + (1000 -
x kilos of UO2).

At the reprocessing, the two types of irradiated fuel are mixed as a
consequence of this global scenario.

The efficiency of actinide separation is taken as 99.5 % for Pu and 95 to 98 %
for Am.

At the end of the reprocessing process, the productions in plutonium of both
components of the mixture are blended and they constitute the Pu material for
the MOX fuel of the next generation of the recycling scheme. Figures of that
scenario are given hereafter.

d) The strategy for one tonne of UO2 fuel initially loaded in a PWR with multiple
recyclings of plutonium only in successive reactor cores is sketched on
Figure 1 with approximate figures of masses. The sequence is as follows :

17 The first PWR is initially loaded with enriched UO2 (time zero); at the
reprocessing date (seven years later), 10.8 kilos of plutonium are
obtained with a typical isotopic composition at the time of MOX
fabrication (called M0X1). The neutron physics study fixed the
necessary Pu content of the MOX fuel of the first recycling (M0X1) to
7.8 % in order to be able to produce 44 GWd/T (metal).

27 The 10.8 kilos of the "first-generation" Pu allow thus to use 138.4 kilos
of (U+Pu) in the fabricated M0X1 fuel ; after four years of power
generation and three years of cooling, 7.71 kilos of Pu can be obtained
at reprocessing from the irradiated MOX1 mass.

Simultaneously with the use of the 138.4 kilos of (U + Pu) in M0X1
fuel in one reactor part, 861.6 kilos of U in UO2 fuel are irradiated in
another reactor part in order to produce the total energy of 44 Gwd/t.
It corresponds roughly to 1 M0X1 assembly for 6 UO2 assemblies).

The UO2 fuel mass produces at reprocessing 9.28 kilos of plutonium
with the same isotopic composition as in the case of the first PWR.

At reprocessing, the mixture of the irradiated fuel masses from both
reactor parts gives (7.71 + 9.28) = 16.99 kilos of Pu. The typical
isotopic composition at the time of fabrication of MOX for the next
generation is called M0X2.
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37 The neutron physics study for the "second generation" Pu recycling
"with mixture", based on the M0X2 composition, fixed the Pu content
of the MOX2 fuel to 10.4 %, so that one can use 163.4 kilos of (U +
Pu) in the MOX2 fuel fabrication from the 17 kilos of Pu issued from
the previous generation of reactor core.

Simultaneously with the use of that M0X2, 836.6 kilos of U in UO2 fuel
are irradiated to keep a constant energy production (It corresponds
roughly to 1 M0X2 assembly for 5 UO2 assemblies).

At the end of four years of power generation plus three years of
cooling, the reprocessing provides 13.4 kilos of plutonium from the
M0X2 contribution and 9 kilos from the UO2 contribution, i.e.
22.4 kilos of Pu, the isotopic composition of which at the time of the
next MOX fabrication (2 years later) is called M0X3.

47 The necessary Pu content of the mixed oxide for the "third generation"
Pu recycling "with mixture" should be 11.8 % according to the neutron
physics evaluations so that one could fabricate M0X3 fuel
incorporating 190 kilos of (U + Pu). The constant energy scenario
implies the parallel utilisation of 810 kilos of U in UO2 fuel, i.e. roughly
1 MOX assembly for 4.25 UO2 assemblies.

The fabrication of MOX fuel for a fourth recycling of Pu in PWR core is
not considered because the Pu content should be too high and it
becomes unacceptable for reactivity coefficient reasons.

e) In all the successive cases described herebefore, the americium content at
MOX fabrication is created during the time period between reprocessing and
fabrication.

A similar recycling scheme (see fig. 1b ) is analyzed when americium is
separated at reprocessing with a 95 % efficiency and added to the plutonium.
Only two steps of that scenario are considered due to the requirements of the
Pu content to reach 44 Gwd/t at end-of-life, which are higher than the
limitations imposed by neutron physics.

The differences in the masses of plutonium plus americium in comparison with
the first scenario are :

1 °) One obtains about 11 kilos of (Pu + Am) at reprocessing of the first
spent UO2 fuel.

The necessary (Pu + Am) content of the first MOX fuel (called
"PuAmi") is (9.8 % Pu + 0.5 % Am) so that there are 110 kilos of (U +
Pu + Am) in the fabricated PuAmi fuel.
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Pu & Am masses
3 years after
the irradiation end

110 kg
(U + Pu)
= 9.8%
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2°) The irradiated PuAmi fuel at 44 Gwd/t produces about 9 kilos of
(Pu+Am) at reprocessing.

Simultaneously, the 890 kilos of U in UO2 fuel irradiated in another
reactor part gives 10 kilos of plutonium (+ Am) of the initial type. Mixed
together, both (Pu + Am) form a mass of 19.3 kilos with an isotopic
composition called "PuAm2" at the fabrication step.

5. RADIATION PROTECTION

5.1 Fabrication plant conditions for the radioprotection analysis

In the MOX fuel fabrication plant of BELGONUCLEAIRE at Dessel [2], the front-end
stages of the manufacturing process are the most critical ones in terms of radiation
protection, since they correspond to handling operations on rather important masses
of pure oxide powders.

Currently, PuO2 powders are received from the reprocessors and first stored ; then
they are introduced in a glove box to be milled and blended together with UO2
powders to produce the so-called primary blend. These dose intensive operations
are followed by secondary blending, pressing and sintering, before the sintered
pellets are put into fuel pin claddings : dilution first, and canning afterwards, lower
the dose rates.

One typical situation for the dose rate evaluation is the storage room of the pure
actinide oxide powders in a large number of cylindrical boxes containing about three
kilos each. Another typical situation is the glove box where the primary blending of
the PuO2 powder (30 %) with UO2 powder (70 %) takes place in a steel bottle with
60 kilos of mixture.

Both cases have been considered in [3] for one plutonium composition
(1st generation recycling) 3 years after the reprocessing. The geometrical
conditions of both were simulated with a lot of details. The conclusions about the
relative importance of the various minor actinide presences depended not very
much on the geometry, but they were determined for different shielding materials.

Hereafter, only the conditions of the primary blending are retained and analyzed for
the various compositions of plutonium and the two options about americium content.

A sketch of the blending device schematized for the sake of the calculation is given
on Figure 2. The bottle containing 60 kilos of mixture with 30 % of (PuO2 + AmO2)
has a wall of 2 mm steel thickness. Surrounding the bottle, there are several layers
of protection material. A cylindrical neutron shield is considered, consisting of
100 mm of polythene between two thin layers of 0.5 mm steel; this is not present in
the standard fabrication line.



Steel Bottle for the Primary
Blending of Powders

mmm
2 mm

Bottle with powder

Neutron protection

(100 mm polythen
between 0.5 mm
steel layers)

Glove box
(plexiglass + Kiowa glass)

"'////////////////////////////^^^^

10 mm
plexl

36 mm
Kiowa

Fig. 2. Geometrical model for dose rate calculations with primary blending bottle
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The glove box wall is made of one plane layer (10 mm) of plexiglass, plus layers of
12 mm thickness each made out of KIOWA GLAS, a composite material including
30 % of lead ; in the present calculations, three layers of KIOWA GLAS (36 mm) are
simulated.

Figure 3 gives a vertical cross section of the 3D geometrical model for the gamma
dose rate calculations.

All calculations have been performed for a maximum quantity of 18 kg PuO2 in the
mixture, with a variable isotopic composition ; in case of americium recycling, the
AmO2 is assumed to be added to the 18 kilos of PuO2.

5.2. Analysis of the radioactive sources

a) Before discussion of the dose calculation results, it is useful to compare the
isotopic contributions to the various plutonium activities with some details,
because some nuclides, which are present only in small quantities are of
importance due to their decay mode.

The complete simulation of the recycling steps (irradiation, decay,
reprocessing, mixing of Pu from different origins) by means of the ORIGEN2
code allows to point out these isotopes.

b) For what concerns the isotopic analysis, the two next figures give the
contributions to the radioactivity in Curies per kilo of the typical plutonium (+
Am) mixture at the time of refabrication.

Figures 4 and 5 compare the specific activities of M0X1, M0X2, M0X3 and
PuAmi compositions. A big part of that radioactivity is due to alpha-decay,
which, very often, is followed by gamma-ray emission. This gamma ray source
is important for the dose evaluations ; the gamma ray spectra are analyzed
further on.

Figure 4 shows that the main contributor is Pu241 followed by Am241 and
Pu238. The relative importance of some U isotopes is also pointed out. Let us
notice that the fraction of Pu236 decreases continuously when Pu is recycled
several times.

Figure 5 refers to the other minor actinide isotopes, within a scale with a much
lower maximum. In the case of the "PuAmi" recycling, appear obviously all Am
isotopes, plus Cm242 (from Am242), Np238 (from Am242m) and a reinforced
contribution of Np239 (from Am243).

The isotope Pa233, coming from Np237, is mentioned due to its (0.3-0.4)MeV
gamma-rays.
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GAMMA RAY SPECTRUM OF ONE KG OF PLUTONIUM + AMERICIUM
FOR THE FIRST RECYCLING WITH OR WITHOUT AMERICIUM SEPARATION AT REPROCESSING
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GAMMA RAY SPECTRUM OF ONE KILO OF PLUTONIUM + AMERICIUM
FOR ONE AND TWO RECYCLINGS WITH "MIXING"
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On the same manner, Bi212, Pb212 and TI208 (coming from Pu236) are
indicated because they produce a small amount of gamma-rays with various
high energies (up to 1.8 MeV for Bi212 and up to 2.6 MeV for TI208)

c) Figure 6 compares the intensity of the gamma sources on one side and the
neutron sources on the other side for the three MOX recycling steps and the
two "PuAm" recycling steps. One notices that the difference is very small
between the neutron sources ; for the gamma sources, the additional
contribution of the recycled americium is more important, but the ratio of the
total sources is less than a factor of 2.

d) Figure 7 gives the gamma ray spectra for 18 energy groups, at the three steps
of the MOX recycling scenario, at time of fuel fabrication. The spectra are
rather similar. One notices the contribution of TI208 (from Pu236) in the group
of 2.75 MeV.

The dominant ray at 0.058 MeV is due to Am241. ; at 0,015 MeV (and
elsewhere) the Pu isotopes are the main contributors.

Figure 8 compares the gamma ray spectra of the first steps in both recycling
scenarios (M0X1 and PuAmi). It allows to see where the Am isotopes (and
their daughters) have an influence on the gamma source increase.

Around 0.85 and 1.25 MeV, the major effect comes from Np238 ; between
0.125 and 0.375 MeV, Np239 is responsible for a significant part of the
increase ; below 0.15 MeV, Am242m and Am242 both contribute to it.

Figure 9 compares the gamma ray spectra of the PuAmi and PuAm2 cases ;
one notices a further increase in the gamma ray energy groups where Am and
daughters have an influence (as detected in Figure 8), while for the energies
higher than the level of 1.75 MeV, the variations are due to the changes in the
Pu vector composition, on a similar way as for the differences between the
M0X1 and M0X2 cases.

e) For what concerns the neutron spectrum, the following table gives the
normalized values for 15 energy groups in the case of M0X1 and PuAmi
recyclings ; the differences are essentially due to the higher contribution of
(alpha-n) neutrons in the PuAm case.
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Neutron Spectrum

Average Energy
per Group

10.2
4.58
3.51
2.78
2.12
1.68
1.01
0.52
0.218
0.054
0.024
0.044

8 10-4

4.2 10"6

2 10^7

Fraction of Neutrons
per Group
(Total = 1)

M0X1

0.0020
0.066
0.176
0.254
0.146
0.165
0.109
0.055
0.0236
0.0024
0.0010
6.4 10"5

8.0 10*
2.9 10-8

3.2 10'11

PuAmi

0.00014
0.068
0.242
0.351
0.167
0.125
0.042
0.0036
0.0016
0.00016
7. 10"5

5.6 10-6

5.3 W 7

2 10"10

2 10"12

f) One interesting point is the influence of the "Pu mixing" operation at
reprocessing on the radioactive source of one kilo of Pu(+ Am) at the
fabrication time. The case "without mixing" corresponds to the spent M0X1
fuel five years after the end of irradiation.

One compares the gamma ray spectra for the 14 energy groups above 0.05
MeV on Figure 10 for the M0X2 case.

The mixing operation induces a slight reduction of the gamma source per kilo
of Pu for all the energy groups above 0.8 MeV, except for the groups with
average energy = 1.75 MeV (due to Bi 212) and = 2.75 MeV due to TI208.

Indeed, the (Pu + Am) vectors of M0X2 before and after mixing with a M0X1
fraction, as simulated by the ORIGEN2 code, are (in % ) :

before "mixing"

after "mixing"

Pu236

9 10-7

3.5 10-6

Pu238

3.92

3.10

Pu239

39.94

47.30

Pu240

31.65

27.25

PU241

13.34

12.75

Pu242

9.80

8.32

Am241

1.35

1.28
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The isotope 236 fraction is higher in the plutonium fabricated for the first
recycling (M0X1) than in the spent fuel after that recycling (M0X2 before
mixing), so that the Pu236 percent increases at mixing.

Figure 11 makes the same comparison for the PuAm2 case.

For what concerns the dose rates, there will be some counterbalancing effect
between increases and reductions, so that the difference of dose rates will not
be very large (see Section 5.3).

g) For what concerns the neutron source per kilo of Pu (+ Am) at fabrication time,
the mixing operation induces a reduction of 15.5 % for the part due to
spontaneous fissions and of 18.5 % for the part due to (alpha-n) reactions.

As a result, the total neutron source (per kilo of Pu) for the M0X2 case (with
mixing) is only 125 % of the value of the M0X1 case.

5.3 DOSE RATE EVALUATIONS

The dose rates can be calculated everywhere around the source in the model, but
the point at 30 cm from the glove box outer surface, just in front of the primary
blending bottle, is chosen as the reference location for the comparison of the
various MOX manufacturing conditions. A value of 20 microSievert/hour
(= 2 mrem/h) is taken as a guiding value, although it is not a real limit in the plant
radioprotection programme. Indeed, the staff will not stay longer than needed near
equipments like the primary blending glove box, according to the ALARA principle.

a) The following Table VI provides the neutron and gamma-ray equivalent dose
rates for the M0X1 powder and the multiple recycle plutonium powders (M0X2
and M0X3) according to the conditions defined in Section s.i.

The gamma dose is divided into the contributions from primary gamma rays
and from secondary gamma rays due to (n, gamma) reactions ; it allows to
notice that when Pu is recycled several times and mixed with a fraction of
M0X1, the primary gamma dose decreases while the secondary gamma dose
increases so that the total is kept almost constant.

The neutron dose rate increases slightly, by 25 % from M0X1 to M0X2 and by
9 % from M0X2 to M0X3.

Consequently, the conditions for the M0X2 and M0X3 fuel fabrication are very
similar to those of the M0X1 fuel. This is a favourable result of mixing the Pu
from MOX fuel with the Pu from UO2 fuel.

b) The Table VII refers to the PuAmi and PuAm2 cases and clearly points out the
need of additional shield in order to keep a similar dose rate at the reference
point.
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DOSE RATE AT MOX FUEL FABRICATION TIME
(at 30 cm from the glove box of primary blending)

TABLE VI: Reprocessed Plutonium

CASE

MOX1

MOX 2

MOX 3

DOSE RATE (MicroSv/h)

GAMMA RAYS
(primary + secondary)

7.2 + 2.5 = 9.7

6.6 + 3.1 = 9.7

6.1 + 3.4 = 9.5

Neutrons

7.3

9.1

9.9

TOTAL

17.

18.8

19.4

TABLE VII: Reprocessed Plutonium and Americium

CASE

PuAm 1

PuAm 2

Steel add.
(mm)

0

20

20

40

DOSE RATE (MicroSv/h)

GAMMA RAYS
(primary + secondary)

64.7 + 2.7 = 67.4

14.4 + 3.1 = 17.5

33.8 + 4.2 = 38.

9.9 + 4.25 = 14.2

Neutrons

8.

5.8

9.

6.4

TOTAL

75.4

23.3

47.

20.6
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One notices that the big impact of the addition of americium at reprocessing is
a strong increase of the primary gamma ray dose rate, so that the total dose
after the first recycling (PuAmi) becomes about 4.5 times larger than for the
reference M0X1 case. This would require an addition of steel shielding. Let
us recall that the total AmO2 content in the bottle is 0.95 kgs for the PuAmi
case, while it is only 0.22 kg for the M0X1 case.

An addition of 20 mm of steel brings the total dose rate back to a value of
23.3 uSv/h, quasi-acceptable according to the objective criterion of 20 uSv/h.

If americium were recycled a second time with plutonium at reprocessing and
mixed with a fraction of (plutonium+americium) material of the (PuAmi) type,
the total dose at fabrication time would increase again by a factor of 2 ; a
second addition of a 20 mm steel layer as shield would allow to bring back the
dose again in the range of the 20 uSv/h.

6. CRITICALITY SAFETY CONSIDERATIONS

The plutonium content of the primary powder does not depend on the final content
of the MOX fuel. This content is linked to the fabrication process and remains fixed
to 30-40 % in plutonium. The examined MOX fabrication step here is the final
storage of the manufactured rods, for which the subcriticality level depends on the
content in plutonium of the rods.

Description of the storage

The storage consists of modules of 4x5 racks containing approximately 200 rods
each. Modules are separated by a wall of 30 cm of thickness in borated concrete.

The rear wall of the storage room model is a wall of concrete of 30 cm and the front
one consists of a neutronic shield made in polythene plus cadmium. Figures 12 and
13 represent the model taken for calculations. Only one module has been
represented, with reflection condition at the half-wall. The ground has been
represented by 30 cm of concrete.

Cases envisaged

One has considered typical 17X17 rods in cases of recycling steps No. 1 to No. 3
(M0X1 to M0X3). One has also considered the recycling combined Pu + Am in
steps of recycling number 1 and number 3 (PuAmi and PuAm3). It is in this last
case that the content in plutonium of the fuel is the highest (17 %).

Although the evaluation of the criticality safety is usually made with conservative
isotopic compositions, one has retained here the actual isotopic compositions.
Indeed, the fact to consider a conservative composition for contents as high as
considered here (17 %) would bring to unrealistic problems of criticality safety.
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KENO K-EFFECTIVE CALCULATIONS

NORMAL CASE (#)

ACC

ACC.

ACC.

. CASE (*)

CASE (**)

CASE (***)

7.8%
(Pu+Am)

0.434 ± 0.003

0.739 ± 0.004

0.751 ± 0.004

0.711 ± 0.004

10.4%
(Pu+Am)

0.478 ± 0.003

0^761 ± 0.004

0.770 :

0.727 :

fc 0.004

t 0.004

11.8%
(Pu+Am)

0.492 ± 0.003

0.769 ± 0.004

0.775 ± 0.004

0.733 ± 0.004

(9.8+0.5)%
(Pu+Am)

0.475 + 0.003

0.756 ± 0.004

0.766 + 0.004

0.730 ± 0.004

(16.6+1.6)%
(Pu+Am)

0.577 ± 0.003

0.823 ± 0.004

0.826 ± 0.004

0.785 ± 0.004

(#) Rods and rack dry

(*) flooded rods ;

(**) flooded rods ;

(***) flooded rods ;

water density in the hall: 0.05 g/cm3

water density in the hall: 0.1 g/cm3

water density in the hall: 0.15 g/cm3
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Conditions of calculation

One envisages "normal" and "accidental" conditions. In the normal situation, the
fuel, as well as the hall of storage remain dry. In accidental conditions, one
considers that, as a result of the fight against a fire, the racks of storage as well as
the hall are gradually filled up with water. One considers independent variations of
the quantity of water inside the racks and in the hall, the most penalizing case
occurring when fuel rods are flooded and when the density of water in the hall is in
the order of 0.1 g/cm3 (fog of water).

Method of calculation

Fuel cross sections are generated by the code LWRWIMS with the cross section
library WIMS86. For materials of structure such that steel, polythene or concrete,
one employs the cross section library HANSEN-ROACH. The module PERSEUS of
the code LWRWIMS calculates collision probabilities as well as neutron fluxes in
69 groups of energy in the different milieus considered. The elementary cell is then
homogenized and sections are condensed to a few energy groups in group structure
compatible with HANSEN-ROACH cross sections.

These sections in 16 groups are introduced in the KENO Va code. KENO Va is a
code for the calculation of the k-eff by a Monte Carlo method. The geometry of the
system is represented explicitly in three dimensions. The geometrical model is
sketched in Figures 12 and 13.

Results

Results are given in Table VIII. In all considered cases, the k-effective remains
largely lower than the unity. The k-effective max (case PuAm 16.6 % Pu +
1.6 % Am) is 0.83 in accidental conditions. This k-effective corresponds
approximately to that one of MOX rods containing ~ 10 % Pu with a conservative
isotopic vector.

From a safety criticality point of view, the fabrication of these rods does not affect
the safety margins, but the safety analysis should be made by considering actual
isotopic vectors (or slightly conservative ones). The degradation of the Pu isotopic
vector and the addition of americium, leading to a higher ratio of poisoning isotopes
contribute to reduce the k-effective despite the augmentation of the Pu content.
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7. DISCUSSION AND CONCLUSIONS

On the viewpoint of core physics, the effect of recovering americium in addition to
Plutonium at reprocessing, and of introducing it in the MOX fuel, is that at the first
recycling step already a 10 % (Pu + Am) enrichment is needed. In the usual Pu
recycling case, this is 7.8 % ; the 10 % enrichment level is needed from the second
recycling step only.

Recycling Am in addition to Pu in the MOX fuel limits the number of recycling steps
to one instead of two or three according to the void reactivity coefficient criterion.
Actually, more refined core calculations would be needed to identify clearly the limits
for a safe core operation.

It is assumed that reprocessing takes place for spent MOX assemblies diluted into
the bulk of spent UO2 assemblies. In this way, the quality of the recovered
Plutonium, while progressively degraded, does not deteriorate too quickly.

This dilution explains why the dose rates at the primary blending of oxide powders in
MOX refabrication do not increase markedly with the recycling steps when Pu only
is recycled : from the first to the third step (M0X1 to M0X3), the dose rates at the
considered critical stage of fabrication increase slightly only.

A detailed analysis of the radioactive sources emitted by the recovered Pu (+Am)
material points out the influence of several daughter isotopes and the
counterbalancing effects.

In contrast to the first scenario, changing to a combined Pu + Am recycling strategy
multiplies the dose rates by a factor 4.5 at the first step. An additional steel
shielding thickness (about 25 mm) is needed to bring the dose rates back to the
same level.

This extra-shield hinders the fabrication and increases somewhat the cost of
operations. Nevertheless, it seems feasible as an extrapolation of standard MOX
fabrication conditions.

The justification of such extra-costs is to be found in the attainable reduction of
radiotoxicity of the nuclear waste for long-term storage times (over 300 years) [9].

Penalties on refabrication are similar, whether Pu and Am have been recycled once
in PWR, like assumed here, or recycled several times in fast reactors, like assumed
in [4].

On the other hand, the evaluation of the margin to criticality for the storage of
manufactured MOX fuel rods with the required high Pu contents does not show a
very significant reduction of the margin to criticality for recycled MOX fuels, when
using the actual isotopic vectors in the standard conditions.
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