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Abstract

\ Transmutation of Tc-99 and 1-129 has been considered in four different
* reactor types: a High Flux Reactor (HFR), a Heavy Water Reactor (I-IWR), a

fast reactor like Supcrphénix, and a Pressurized Water Reactor (PWR).
As the Peucn HFR in me Netherlands is used for irradiations of tcctoctlum
and iodine, the HFR experimental facilities were used to calculate the
transmutation half lives of Tc-99 and 1-129. Pins of these long-lived fission
products were assumed to be irradiated in an experimental facility in the
Petten HFR. The resulting transmutation half lives are relatively short: about
8 years for Tc-99 and 5 years for 1-129. However, no large amounts of Tc-99
or 1-129 can be loaded in a research reactor like the Petten HFR, due to the
low thermal power (40 MWth). Research reactors arc therefore not useful for
Jargc-scale transmutation of Tc-99 or 1-129.

]- The HWR is a better candidate for large-scale transmutation of long-lived
fission products. When target pins containing cither Tc-99 or 1-129 arc
positioned in the centre of each fuel bundle of a 935 MWe CANDU reactor,
the transmutation half lives arc 44 and 20 years, respectively, and the gross
transmutation rates 60 and 48 kg/a. The positive coolant void coefficient is
reduced in both cases with about 30%. When Tc-99 target pins arc positioned
in the moderator between the fuel bundles, the transmutation half life
becomes 25 years and the gross transmutation rate 106 kg/a. This means that
one HWR can serve four PWRs with equal power.
The fast reactor seems most promising. When Tc-99 target pins arc irradiated
in moderated subasscmblics in the inner core of Supcrphénix (=1240 MWC), a
transmutation half life of 15 years is obtained with a gross transmutation rate
of 122 kg/a. These values become 18 years and 101 kg/a when non-
moderated subasscmblics arc used for the irradiation. This implies that one
fast reactor can serve four to five PWRs with equal power.
The PWR seems not very effective for transmutation of Tc-99. Large
inventories arc needed to obtain a Tc-99 transmutation rate equal to the
production rate (18 kg/a for a 900 MWC PWR). When all guide tubes of an
UO2 fuelled PWR arc filled with Tc-99 with density of 5 g cm3, the
transmutation half life is 39 years and the gross transmutation rate 64 kg/a. v

Keywords

Long-lived fission products
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Transmutation

This work has been performed in the framework of a contract with the
European Union ("Participation in a CEC strategy study on nuclear waste
transmutation") under contract number F12W-CT-91-0104 (ECN project
number 1115.62).
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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 MWC) 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.
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Figure 1.1: Radiotoxicity as a function 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 bariers 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 2.105 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 follows from realistic scenario studies
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Transmutation of Tc-99 and 1-129

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 contribution 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 90% 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 'mobility' 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 'mobility' of cesium is much less than
that of technctium or iodine (sec 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 10s

1.0 10s

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) Cumula t ive yield for thermal fission of U-235 . The yields sum to 2 0 0 % .
c) Annual production of one 1000 M W e L W R .
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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 t, 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
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Surface «ration

Biosphere T,

Figure 1.3: Schematisation of salt rise and subrosion [2].

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.
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. (In 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 T2:

T =t + '1 ' T'
(1.1)

where tt is the time at which the groundwater flows along the repository, L;

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). A', explained
above, the time at which the concentration of the radionuclide in the
groundwater reaching the biosphere is maximal, is retarded due to adsorption
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of the nuclide in the rock. This is taken into account by a so-called
retardation factor R:

where R is the retardation factor, T| 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: (l-T|)/r| 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:

T'-t +!lR ( U )

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 concentration 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 fich
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.
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Table 1.2: Distribution coefficients, retardation factors and dose-ccnversion
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'

5 10"*

1 10"3

9 10"

2 10"3

3 10*

1

1

1

R factor
[5]

40

1

60

1

10

15

7

10

40

40

40

Dose-conv
factor"

(Sv/Bq) [3]

9 10"18

2 10'17

2 1014

9 1016

8 10"16

0) 50% perccntile values.

Some results of such calculations arc given here as an illustration of which
nuclidcs arc important contributors to the expected dose rate to the
population. All results here arc given for an amount of vitrified waste or
spent fuel due to an electricity production of 100 GWea.
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 7.5 to 3 millions of years. The dominant nuclidcs 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 10s 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 4 105 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 uSv/a after about 106 years of storage,
which is mainly due to Tc-99, and of 0.03 uSv/a after about 107 years of
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Figure 1.4: Schematisation of the biosphere model [3].

storage, which is mainly due to Cs-135 and nuclidcs 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.

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 transmutation 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 arc 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
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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.
The neutron absorption cross sections of Tc-99 and 1-129 arc 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 sell'
shielding should be carefully accounted for.
When a nuclidc is irradiated in a neutron flux <{), the time dependence of the
nuclidc density is given by:

at
(1.4)

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

T — ^ (\ S\

This expression for the transmutation half life will be used throughout this
report. The neutron absorption cross sections of Tc-99 and 1-129 arc highest
in the thermal energy 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
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Figure 1.5: Neutron absorption cross sections of Tc-99 and I-129 as a
function of energy (based on JEF2.2).
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reactors). From these chapters, it follows that transmutation 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 I-
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 arc acceptable or not, transmutation of 1-129 is not consiJcrcu
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 Bclgo-Nuclóaire, which has been performed in collaboration with
this study (sec 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
1-129 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 experimentally transmutation and related material characteristics, but
are not suited for large-scale transmutation of Tc-99 and 1-129. Other special-
purpose reactors (possibly accelerator 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
assumed to be irradiated in position C5 of the Petten HFR, which has a
characteristic thermal neutron flux of about 2.1014 cm"2 s'\ The length of the
target pins is assumed to be equal to the HFR core height of 60 cm, and the
diameter of the pins is 0.5 cm.
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Table 2.1: Composition of target materials.

Target Specific density Nuclide density
Material (g cm'3) of Tc or I

(cm"1 bam"1)

Tc

Cel3

Pbl2

YI3

11.46

5.70

6.16

4.58

7.07 KT2

1.97 10"2

1.61 10"2

1.76 la2

16 ECN-R--95-002
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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.

F i Her element 740
Cooling wo ter

Refo 140
Control gos gaps

Sample holder
Control gos gaps

nstrumentation:
thermocouples, gamma

( scan wires and fluence
' detector sets .
K Matrix Al

Capsule

1 CONTAINMENT

2 CONTAINMENT

REFA HO

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 flaxes in the special subassembly. These results are given
in table 13. From the cross sections in table 1.1 and liie 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.
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

Figure 2.2: Model of the irradiation facility. REFA means
"REloadable FAcility".
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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. feY)

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

1

2

3

4

Total

Upper
En. (eV)

2.0 107

1.4 106

7.3 10"

0.70

Neutron Flux
(cm"2 s-1)

1.76 1014

2.54 101"

3.10 1014

2.12 1014

9.52 1014

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

Group

3

4

Total (%)

Total (g)

T,« (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 tiller 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 i a (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 I-
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 1-129 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 cpithcrmal
neutron flux. This leads to increased resonance 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 absorption 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 arc 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 me moderator, tiic second, third and
fourth ring of fuel pins are seen, the pressure tube, the gas annulus, the calan-
dria 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 arc equal. Exact data
of standard fuel considered here are given in table 3.1.
Burnup calculations were done with the SAS6 bumup 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

Figure 3.1: Geometry of a standard fuel bundle.
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spectral parameters and cross sections of the fuel isotopes and most important
fission products, and ORIGEN-S for burnup calculations. Furthermore, 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 Dopplcr 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 diametci 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 (\v%) 0.72

Fuel density (g cm"3) 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 (enr2 s"')a) 3.4 1013

Rcson. flux in centre pin (cm"2 s"1)10 9.4 1013

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

a) Flux at B O L with E > 1.0 M c V .
b) Flux at B O L with 0.5 cV < E < 1.0 M c V .
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 oc 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 Moiuc Carlo code. Results arc given in
table 3.3. The time-averaged fc„ and keff values were 1.058 and 1.049,
respectively (the ktff includes the 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%)

Table 3.3: Calculated

Case

First

0.799

0.926

reactivity

Second

0.798

0.941

coefficients

K.

Third

0.762

0.909

at BOL for.

Fourth

0.463

0.553

standard fuel.

React. coeff.a)

Unvoided (960 K) 1.12282±0.00014

Voided (100%) 1.14515±0.00013 +19.9±0.17 pcm/%

Unvoided (1260 K) 1.11926±0.00013 -1.06+0.06 pcm/K

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

24 ECN-R-95-002



Transmutation in Heavy Water Reactors

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

In tliis 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 kx and ktff values arc 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 (sec 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

Unvoidcd

Voided (100%)

Table 3.5: Data for

First

0.0

0.0

case HWR-A

Second

0.708

0.849

Third

0.759

0.903

Fourth

0.462

0.552

different from standard fuel.

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 (cm"2 s'')a) 2.7 1013

Rcsonan. flux in centre pin (cm'2 s"')b) 8.4 1013

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

a) Flux at B O L with E > 1.0 M c V .
b) Flux at B O L with 0.5 cV < E < 1.0 MeV.
c) Flux at B O L with E < 0.5 c V .

Table 3.6 gives the Tc-99 consumpt ion in the centre pin and the production
in the other fuel pins. It can be seen that, al though the T c - 9 9 reduction in the
centre pin reaches about 1.3%, the nctt 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 amoun t loaded in the
core , the gross t ransmutat ion rate equals about 60 kg/a, and the nett
t ransmutat ion rate about 35 kg/a. Wi th this transmutation rate (35 kg/a) the
annual Tc-99 production of a lmost two 1000 M W e L W R s (see table 1.1) can
be t ransmuted. The transmutat ion 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

Transmutation in centre pin

Nett production in the fuel

Nett transmutation per bundle

Mass
(g)

103.5

42.7

60.8

Fracf0

(%)

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 KENO. 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 35%. The Doppler coefficient seems slightly
decreased with about 8% compared to the standard fuel case. The
transmutation half life obtained from the KENO 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 BOL for case HWR-A.

Case £„ React, coefr?0

Unvoided (960 K) 1.14079±0.00015

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

Unvoided (1260 K) 1.13745±0.00015 -0.98±0.06 pcm/K

a) Calculated as (k'-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 k„ and fcp(r 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 arc given in table 3.9.

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

Fuel ring

Unvoided

Voided (100%)

Table 3.9: Data for

First

0.0

0.0

case HWR-B

Second

0.759

0.915

different from

Third

0.761

0.907

Fourth

0.460

0.551

standard fuel.

Number of fuel pins 36

Number of Ccl3 pins 1

Fuel enrichment (\v%) 0.85

Average burnup (GWd/tU) 7.066

Fast flux in centre pin (cm"2 s'Y 2.8 1013

Rcsonan. flux in centre pin (cm'2 s'')b) 8.9 1013

Thermal flux in center pin (cnv2 s-')c) 5.1 1013

a) Flux at BOL with E > 1.0 McV.
b) Flux at BOL with 0.5 cV < E < 1.0 McV.
c) Flux at BOL with E < 0.5 cV.

Table 3.10 gives the 1-129 consumption in the centre pin and the production
in the other fuel pins. The nctt 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 MWC LWRs (sec 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 Fract10

(g) (%)

Transmutation in centre pin 82.8 2.87

Nett production in the fuel 9.0 0.31

Nett transmutation per bundle 73.8 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 30%.
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 BOL for case HWR-B.

Case it„ React coeff.*'

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)lk per percent void or per Kelvin.
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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 £„ could not be determined and the fuel enrichment was taken such
that the k„ at BOC is about the same as for the case HWR-A (/t„=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 a fuel bundle which is
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 ihermal 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 km 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 transmutation 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 fc„ at BOC of
about 1.14. The temperature of the Tc-99 was equal to the moderator
temperature 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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Table 3.12: Results for transmutation of Tc-99 in HWRs. The Tc-99 loading
in all cases is 3.8 tonnes. The HWR reference design uses
natural uranium as fuel.

Case

HWR-A

HWR-C

HWR-D

HWR-E

Enrichm
C%)

0.94

0.95

1.30

3.20

Neutron
flux

(cnrV)

1.51 1014

9.07 1013

9.07 1013

1.36 10M

Tc-99 cross
section
(bam)

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
transmutation 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 MWe LWRs.
Other cases for transmutation of 1-129 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 bumup. 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.

32 ECN-R-95-002



Transmutation in Fast Reactors

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
witti 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 1014 to 1015 cm"V.
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 coefficients 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 Superhénix 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 Cal^), all with same
diameter. The Tc-99 loading is characterized by the ratio of the number of
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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 arc 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 bumup calculations can be done with
KENO, the transmutation half life is calculated according to equation 1.5.

Table 4.1: Design data for fuel, Tc-99 and moderator pins.

Number of pins per assembly 271

Assembly pitch (cm) 17.9

Core buckling height (cm) 108

Height fuel pin (cm) 100

Radius fuel/void region"' (cm) 0.3715

Radius coolant/steel region"' (cm) 0.5747

Fuel temperature (K) 1500

Coolant temperature (K) 743

Mean specific power (W g''fucl) 114

Fuel enrichment Pu and Am (w%) 19.46

n) 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

Density"'
(1024 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
Nuclidc

Fe-nat

Cr-nat

Ni-nat

Mo-nat

Ti-nat

Cu-nat

Si-nat

Mn-nat

Na-nat

Density
(1024 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 homogenized 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 pm? 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 Superphénix reactor is built up of 193 assemblies, 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 *„ at BOL of standard fuel with enrichment of 19.5W% (^=1.17). 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 arc 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.

36 ECN-R-95-002



Transmutation in Fast Reactors

BUD

o _;

O J

O J

10 J

o J

8
1 [ ' I ' I ' ! • I ' I"

o m

r 8

r S

8

n
N

I. O

.̂ o

Figure 4.2: Geometry of case FR-H.
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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

Invent"0

Tc-99
(kg)

2743

3429

4000

4458

4800

5029

5143

5162

Enrichm
C%)
35.4

34.1

33.1

32.1

30.7

29.8

29.4

Transmur0

Tc-99
(kg/a)

122

137

144

145

132

132

132

Power
factor10

1.30

1.12

1.01

0.95

0.88

0.87

0.87

Tc-99 cross
section8'
(barn)

0.706

0.602

0.516

0.444

0.326

0.306

0.301

Neutron Flux
(cm'V)c)

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) N o data available.
c) Inventory when the inner core of 193 assemblies is loaded according to the

configuration of the case considered.
0 Gross transmutation rate. The Tc-99 production rate in Superphénix is

about 25 kg/a
B) 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 me tenth layer or liie special subassembly loaded wiih 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, respectively.
Results of the calculations are given in table 4.4. It is seen that the
transmutation half lives for these cases arc 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 MWC 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

Invcntc)

Tc-99
(kg)

2662

2071

1479

1183

Enrichm
C%)

25.7

24.3

22.8

22.0

Transmutd)

Tc-99
(kg)

101

86

64

53

Neutron flux
(cm-V)b)

3.71E15

3.94E15

4.04E15

4.13E15

Tc-99 cross
section0'
(barn)

0.331

0.340

0.345

0.350

Half life
(a)

17.9

16.4

15.8

15.2

o) Number 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 configuration of the case considered.
d) Gross transmutation rate. The Tc-99 production rate in Superphénix is

about 25 kg/a.
c) 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 subasscmbly 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 subasscmblies in the inner core of a fast reactor. The gross
transmutation rate of Tc-99 in Superphénix equals 137 kg/a for case FR-B
with inventory of about 3.4 tonnes. Because the Tc-99 production rate in
Superphénix 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 MWt 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-
modcratcd subasscmbly 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-modcratcd subasscmbly in the inner core of
Superphénix 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 equilibrium with respect to Tc-99
production cannot be achieved in practice.
The work described in this chapter has been performed in cooperation with
Belgo-Nucléairc. Within this cooperation, ECN has focussed 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. Belgo-Nucléairc focusscd on hetcrogenous transmutation of Tc-
99 and 1-129 in the control rod guide tubes without adaptation of the fuel
enrichment. This means that the pins containing the long-lived fission
products were assumed to be withdrawn from the core when the reactivity
balance required this. Belgo-Nucléaire also investigated homogeneous
transmutation of Tc-99 and 1-129 in PWRs. Further results of Bclgo-
Nucléaire arc given in reference [8].

5.2 Model

The modelled PWR corresponds with a Wcstinghousc type of PWR with a
power of 900 MWC. Calculations on transmutation of Tc-99 were done for
both PWRs loaded with UO2 fuel only (cases LWR-A to LWR-D, sec 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, sec
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 k„ 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 calculations 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
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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.

5.3 Results for UO2 fuel

These cases correspond with a PYTO fully fiHcd with UO2 fcrf, where Tr-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 MW, PWR.

Table 5.1: Results for cases LWR-A to LWR-D (full UO2 core). The
enrichment of standard fuel is 3.T%.

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
C%)

4.5

5.1

6.5

8.6

Transmutc)

Tc-99
(kg/a)

23.7

37.2

63.8

91.7

Neutron flux
(cm-V)1'

2.68E14

2.61E14

2.47E14

2.33E14

Tc-99 cross
section1"
(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 M W e P W R 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 ol" I, 2, 5 ami 10.5 g u u \ 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 (114 MOX, 3/4 UO2 core). The
enrichment of standard fuel is 3.7""%.

Case

LWR-E

LWR-F

LWR-G

LWR-H

Case

LWR-E

LWR-F

LWR-G

LWR-H

Density
Tc-99

(g cm3)

1.0

2.0

5.0

10.5

Invent10

Tc-99
(kg)

181.6

363.3

908.2

1907

Enrichm
C%)

4.1

4.3

4.7

5.1

Transnf'
Tc-99
(kg/a)

4.0

6.3

11.1

17.0

Neutron Flux
(cnrV)a)

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 MW e P W R ia

about 18 kg/a.
d) One-group neutron absorption cross section averaged over Tc-99 pins.
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Figure 5.2: Geometry of cases LWR-E to LWR-H. Three quarters of an
assembly with U02 fuel and one quarter with MOX fuel are
shown.
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Figure 5.3: Relative Tc-99 transmutation rate (transmutation rate per
inventory) as a function 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 transmutation 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 arc 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 arc available for
transmutation purposes.
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6. DISCUSSION AND CONCLUSIONS

Fission reactcrs can bo ranked with respect to iheir 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 MWt 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 moderator 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 enrichment 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.
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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 ol" the reduced impact on the core coniïguraüon 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 transmutation of long-lived fission
products. Another solution which deserves attention in the 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 underground 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

4126

3633

1907

Transm
Tc-99
(kg/a)

122

101

106

64

17

Transm
T c . 9 9a)

(kg/MWea)

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 MWt and of the PWR 900 MWt. The Tc-99
production equals about 0.02 kg/MWea.
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