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^ABSTRACT
To get a considerable reduction of the radiotoxicity due to americium, a thermal neutron fluence
of 2-1022 cm"2 or a fast neutron fluence of 2-1024 cm"2 is required. Irradiation in a thermal
neutron flux leads to lower masses of 234U and precursors and of 237Np and precursors, but to
higher curium masses and much higher neutron emission rates than irradiation in a fast neu-
tron flux. Therefore, irradiation in a fast neutron flux has preference when multiple recycling
is adopted. When once-through burning is applied, irradiation in a thermal neutron flux can
be applied. Then irradiation in a HWR has preference above irradiation in a PWR or in a HTGR.

INTRODUCTION
Americium is produced in nuclear reactors in rather small quantities: 1.6 kg of 241Am and 2.0
kg of 243Am per GW<.a produced. However,241 Am is produced in much larger quantities in the
nuclear fuel cycle due to decay of 241Pu with a half life of 15 years. When spent fuel is stored
for 5 years prior to reprocessing, it contains already 10.9 kg of 241Am per GWea produced. In
the remainder of this paper, the isotopic 24lAm:243Am composition is assumed to be 10.9:2,
corresponding with an interim storage time of 5 years.
This americium contributes to the radiotoxicity of actinides in spent fuel for about 20% between
200 and 1000 years of storage. This is shown in figure 1. When the plutonium is partitioned
from the spent fuel, the contribution of americium even exceeds 90%. Because the 24lAm mass
in spent fuel equals that of 237Np (« 11 kg per GWca produced) and all241 Am eventually decays
to 237Np, the 241 Am and the 237Np equally contribute to the radiotoxicity after 200,000 years of
storage. From these data, two incentives to transmute americium can be derived [1,2]:

1. All241 Am eventually decays to 237Np, which is easily transported to the biosphere without
much absorption in the underground once released from the repository.

2. The 241 Am contributes to the radiotoxicity of the spent fuel for about 20% between 200
and 1000 years of storage. This contribution increases even up to 90% when plutonium
is partitioned from the spent fuel.

Of course, the question remains whether these reasons are sufficient to support transmutation
of americium. The first incentive implies a reduction of the risk in normal evolution scenarios,
the second one a reduction of the risk in human intrusion scenarios. In both cases, however,
a certain risk to future generations is reduced at the expense of an increase of the risk to the
present generation. This means that at the extreme, the present generation which benefits from
nuclear energy, will also have the burden of it. This enables one to decide clearly whether the
benefits of nuclear energy outweighs the drawbacks.
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Figure 1: The contribution of each actiniae element and its daughter products to the radiotoxicity
ofactinides in spent fuel as a function of the storage time. The contribution of fission products
is neglected.
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Figure 2: Main transmutation route of24iAm in a thermal neutron flux.

IRRADIATION IN A THERMAL OR FAST NEUTRON FLUX?
As mentioned above, the most abundant americium isotope in spent fuel is 241Am, and its
abundancy increases when the storage time between unloading the spent fuel and reprocessing
increases.
The main transmutation route of24t Am in a thermal neutron flux is shown in figure 2. Because
241 Am is not fissile, it is transmuted by neutron capture to 242mAm (10%) and 242Am (90%). The
first-mentioned transmutation product is highly fissile, and can therefore easily be fissioned.
The second product is also fissile, but decays with a half life of 16 hours to 242Cm (83%) and



242Pu (i7%)( Tj lc curium isotope decays to 238Pu with a half life of 163 days, and this can be
transmuted to the fissile 239Pu. The produced 242Pu is further transmuted to 2<13Pu, which decays
quickly to 243Am. This produced 243Am together with the initially present 243Am is transmuted
to 244Cm upon a neutron capture and subsequent /8~ decay. The 244Cm can be further transmuted
to the fissile 24sCm. The transmutation route of241 Am in a fast neutron flux is mainly the same
as in a thermal flux, but due to the smaller ratio of capture-to-fission cross sections, a larger
fraction of the actinides is fissioned instead of transmuted to other nuclidcs.
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Figure 3: Radiotoxicity of americium irradi- Figure 4: Radiotoxicity of americium irradi-
ated for 3 years in a thermal neutron flux. atedfor 6 years in a thermal neutron flux.
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Figure 5: Radiotoxicity of americium irradi-
ated for 6 years in a fast neutron flux.

Figure 6: Radiotoxicity of americium irradi-
ated for 6 years in a fast neutron flux.

To decide which neutron spectrum has preference for transmutation of americium, a parametric
study with the fuel depletion code ORIGEN-S [3] and accompanied data libraries [4] has been
done, and results are shown in figures 3 to 6. Figures 3 and 4 show the radiotoxicity of 12.9 kg
of americium ( 10.9 kg of 241 Am and 2 kg of 243Am) after an irradiation time of 3 or 6 years in a
thermal neutron flux with a spectrum characteristic for an UO2 fueled PWR. The flux values in
the figures are the thermal neutron fluxes (£ < 0.5 eV), and it is assumed that the total neutron



flux is 6.7 times higher than the thermal neutron flux. In figures 5 and 6, the amcricium is
assumed to be irradiated in a fast neutron flux with a spectrum characteristic for Superphénix .
Also the flux values have been increased, because the total neutron flux in a fast reactor is about
100 times larger than the thermal neutron flux in a thermal reactor. For example, the thermal
neutron flux in aPWR has a characteristic value of 4-1013 cm"2 s~', while the total neutron flux
in Superphénix has a characteristic value of 4>1015 cm"2 s~' .
The figures show that the radiotoxicity due to amcricium can be considerably reduced upon
irradiation in a thermal or fast neutron flux. The most important parameters are the flux value
and the irradiation time. To achieve a considerable reduction of the radiotoxicity, the values of
these parameters should be such that the thermal neutron fluence has a value of at least 2>1022

cm"2 (corresponding with an irradiation time of 6 years in a thermal neutron flux of MO14 cm"2

s"1 ), and that the fast neutron fluence has a value of at least 2-1024 cm"2 (corresponding with an
irradiation time of 6 years a fast neutron flux of MO16 cm"2 s"1 ). The irradiation in a thermal
neutron flux with a fluence of 2-1022 cm"2 gives about the same reduction of the radiotoxicity
as the irradiation in a fast neutron flux with a fluence of 2-1024 cm~2. From the figures, it is
difficult to decide which neutron spectrum has preference for transmutation of americium.
However, there are many other parameters which determine the effectiveness of transmutation
of americium. Examples are the total actinide mass, the mass of the mobile 237Np and its
precursors, the mass of 234U and its precursors (because the radon produced by decay of these
nuclides can give a large dose rate to the population living in the far future), the mass of the
higher curium isotopes, the a activity and the neutron emission rate of the irradiated americium.
These parameters are given in table I.
When the results of calculations 2 and 8 on the one side, and calculations 12 and 18 on the other
are compared with each other (recall that these calculations give about the same reduction of
the radiotoxicity), it is seen that the total actinide mass in calculations 2 and 8 is less than in
calculations 12 and 18, which means that a higher portion of the initially present americium has
been fissioned in calculations 2 and 8. Also the masses of 234U and precursors and of 237Np and
precursors are less in calculations 2 and 8 than in calculations 12 and 18. However, irradiation of
americium in a fast reactor leads to less curium which is an advantage because this nuclide can
hardly be recycled. The a activity of the irradiated americium show no preference for irradiation
in a thermal neutron flux or a fast neutron flux, but the neutron emission rate is about 100 higher
in calculations 2 and 8 than in calculations 12 and 18. This is probably a strong incentive to
transmute americium in a fast neutron flux when recycling of the transmutation products in the
irradiated americium is adopted.
Another parameter, which favours transmutation of americium in a fast neutron flux, is the
neutron economy. Americium irradiated in a thermal neutron flux absorbs more neutrons than
are produced, and extra enrichment is needed to compensate this. When americium is irradiated
in a fast neutron flux, the fission power is mainly due to 241 Am,242m Am, 238Pu and 239Pu and this
implies that less neutrons are required to fission a nuclide and that the overall neutron balance
is positive. In other words, americium irradiated in a fast neutron flux behaves more like a fuel.
In conclusion: to transmute americium such that a considerable reduction of the radiotoxicity is
achieved, a high neutron fluence is required. This can be obtained in two ways:

1. Once-through burning, in which americium is irradiated for a long time in a high thermal
or fast neutron flux. The irradiated americium is not reprocessed, but either repacked for
re-irradiation (if possible), or sent to final storage.

2. Multiple recycling in which americium is irradiated for a limited time followed by re-
processing and recycling of the transmutation products. In this case, irradiation in a fast



neutron flux has preference to reduce the curium production and the neutron emission rate
of the irradiated americium.

The first option seems a good starting point to buildup experience with irradiation of americium
in reactors and to achieve a reduction of the radiotoxicity without the use of fast reactors.
This seems a feasible option as long as fast reactors are not yet available. However, when
the reprocessing losses arc small, the second option is expected to yield a larger reduction of
the radiotoxicity due to the reprocessing of the irradiated americium and the recycling of the
transmutation products. This option is favourable when new fast reactors will be build. To speed
up the transmutation process, one can also consider irradiation of americium in a moderated
subassembly in the blanket of a fast reactor.

Table I: The total actinide mass, the mass of234U and its precursors (234U+P), the mass of231Np
and its precursors (231Np+P), and the mass of243 Cm till 249Cm (243Crn+up) after irradiation of
10.9 kg of241 Am and 2 kg of243 Am. Also the a activity and the neutron emission rate of the
irradiated americium after 2 years of decay are given.

Cale
number

1
2
3
4
5

6
7
8
9
10

11
12
13
14
15

16
17
18
19
20

Flux
(cm"2 s"1 )

4-1014

2-10'4

MO14

4-10'3

2-10'3

4-1014

2-1014

MO14

4-10'3

2-1013

4.1010

2-1016

MO16

4-10'5

2-1015

4-1010

2-1016

MO16

4-1015

2-1015

Actinide
mass (g)
3 years in

708
2144
5054
9515
11370

6 years in
243
624
1906
5739
9207
3 years
713

3187
7055
10740
11970
6 years

59
714

3140
8130
10700

234U+P
mass (g) :

"7Np+P
mass (g)

a thermal neutron flux
34

239
1305
4191
5113

20
127
328
633

1975
a thermal neutron flux

0.1
2.5
95

1557
3834

0.4
18

116
398
685

in a fast neutron flux
68

924
2648
3168
2308

72
343

1511
4782
7191

in a fast neutron flux
0.3
56

850
2950
3122

5
74

346
2186
4783

Z43Crn+up
mass (g)

632
1483
2064
1644
1036

233
592

1410
1815
1502

357
953

1223
874
524

41
336
866

1069
794

a activity
(PBq)

0.68
3.2
6.2
9.3

10.3

0.09
0.51

2.8
5.6
6.9

0.74
3.4
7.1
7.7
5.8

0.05
0.65

2.7
5.8
5.9

n source
(TBq)

5.9
0.78
0.06
0.02
0.01

10.6
4.8

0.63
0.03
0.02

9.2-10-3
9.4-10-3
1.2-10-2
9.5-10-3
6.2-10-3

1.9-10-2
7.8-10-3
8.6-10-3
1.1-10-2
8.7-1O-3



TRANSMUTATION OF AMERICIUM IN FISSION REACTORS
In the remainder of this paper, attention will be focussed to once-through burning of americium
in a Heavy Water Reactor (HWR), in a Pressurized Water Reactor (PWR), and in a High
Temperature Gas-cooled Reactor (HTGR), and to multiple recycling in a Liquid Metal-cooled
Reactor (LMR). For all reactor types, it has been assumed that the americium is diluted in a
neutron inert matrix. This is a necessary condition, because the radiotoxicity of the sample
is only considerably reduced when a large percentage of the initially present americium is
eventually fissioned. This cannot be achieved when americium is irradiated as pure A1ÎI2O3
with density of 10 g cm"3 , because damage to the A1ÎI2O3 matrix due to recoil and buildup
of fission products will limit the buildup to much lower values. Therefore, americium should
be irradiated at low concentrations, which can be achieved by diluting the americium in some
other matrix. UO2 cannot be used, because the buildup and fissioning of plutonium isotopes
will limit the burnup of the americium in the sample. This is a strong incentive to use a neutron
and chemical inert matrix like AI2O3. Diluting the americium in a neutron inert matrix can also
be used to control the power density in the target and to increase the relative transmutation rate
of the americium.
The power density of an americium sample irradiated in a HWR, PWR, HTGR or LMR are
shown iti figures 7 till 10. Here the americium densities are selected according to two criteria:

1. The maximum power density in the target may not exceed the average power density in
the fuel of the reactor considered.

2. The burnup in the target may not exceed the burnup of standard fuel of the reactor
considered.

The first constraint was limiting for the HWR and the LMR, which lead to americium densities
of 4'"% and 70*"% , respectively. (These percentages are the weight fractions of the Am2Û3 in
the mix of Am2O3 and A12O3 , where the AI2O3 density is 4 g cm~3 and the Am2O3 density
10 g cm"3 ). The americium density in the LMR is much higher than in the HWR, because it
is assumed that the target irradiated in the LMR will be reprocessed and that the transmutation
products will be recycled, while once-through burning is assumed for the HWR. The second
constraint was limiting for the PWR and the HTGR. This means that the burnup of the targets
when all initial americium will have been fissioned, is comparable to the burnup of ordinary fuel
of the reactor type considered. This also implies once-through burning for these two reactor
types.
The power density in the americium target reaches a maximum after 600 days for the HWR, after
1300 days for the PWR, after 1000 days for the HTGR and after 1200 days for the LMR. Clearly,
the americium is most effectively transmuted in the HWR, because of the low actinide density
in the target and the high thermal neutron flux. This flux ranges from 7.3-1013 cm"2 s"1 at BOL
to 6.5-1014 cm"2 s"1 after 1800 days of irradiation in the HWR, while these values are 3.3-1013

cm"2 s"1 at BOL and 4.5-1013 cm"2 s"1 after 1260 days of irradiation in a PWR. Reducing
the americium density in the PWR to 4W% (like in the HWR) gives almost no improvement
of the transmutation process. Then the maximum power density is reached after 1200 days of
irradiation instead of 1300 days. The thermal neutron flux in the americium sample irradiated
in the HTGR is not known, but the total neutron flux has a constant value of 1.4-1014 cm"2 s"1

during the irradiation. This value is rather low, which implies that a very long irradiation time
is required to achieve a high neutron fluence.
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Recall that the most important period with respect to the radiotoxicity of americium is between
200 and 1000 years of storage, because the contribution of americium to the radiotoxicity of
actinides in spent fuel is largest then (see figure 1 ). The radiotoxicity of the samples irradiated in
the four different reactor types is shown in figure 11. Clearly, the reduction of the radiotoxicity
is largest for the HWR (a factor of 10 to 20 between 200 and 1000 years of storage).
After about M0 5 years, the product of radiotoxicity and mobility of the nuclides determines
the risk, which implies that the mass of 237Np and precursors is most relevant. This mass is
reduced with a factor of 150 after an irradiation time of 1000 days in the HWR. This practically
means that the dose risk to future generations due to leakage of 237Np is reduced with 50%
(recall that the initial 237Np mass in the spent fuel equals that of the 241 Am, which implies that
transmutation of 237Np itself is equally important to reduce the dose risk due to leakage of 237Np).

CONCLUSIONS
To reduce the radiotoxicity due to americium, a high neutron fluence in a thermal or fast neutron
flux is required. Irradiation in a thermal neutron fiux with a thermal neutron fluence of 2-1022

cm"2 or in a fast neutron flux with a total neutron fluence of 2-1024 cm"2 gives about the same
reduction of the radiotoxicity. For these values of the fluence, an irradiation time of 6 years



in a thermal neutron flux of MO14 cm**2 s"1 or in a fast neutron flux of M0lfl cm"2 s"1 is
required. Irradiation in a thermal neutron flux leads to less 234U and precursors and to less
237Np and precursors, but to a higher curium content and to a much higher neutron emission
rate than irradiation in a fast neutron flux, This implies that irradiation in a fast neutron flux
has preference when multiple recycling is adopted. In case of once-through burning (irradiation
of amcricium without recycling), irradiation of americium in a thermal neutron flux might be a
good alternative. This can b<? achieved by inflation of americjum in a thermal reactor, or in
a moderated subassembly in a fast reaetor. When the first option is adopted, a HWR seem to
perform better than a PWR or a HTGR due to the relative high thermal neutron flux.
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Figure 11: The radiotoxicity of one gram of americium irradiated in four different reactor types
as a function of the storage time. The radiotoxicity due to fission products is neglected.
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ABSTRACT
An outline is given of the present status of nuclear data evaluation for accelera-
tor-based transmutation of radioactive waste (ATW) and accelerator-driven
energy production (ADEP, Rubbia-reactor). The importance of both interme-
diate-energy data libraries and high-energy transport codes as part of a global
calculation scheme for hybrid systems is argued. Recent progress made by the
working group on Intermediate Energy Nuclear Data is reported. As an ex-
ample of nuclear data evaluation, model calculations with the code MINGUS
are presented for the prediction of double-differential spectra and residual
production cross sections of proton-induced reactions up to 200 MeV. Pilot
evaluations for 90Zr and 208Pb have been produced.

INTRODUCTION
The increasing research on transmutation and energy production methods using a proton
accelerator coupled to a subcritical reactor [1] is attended with increasing importance of
a systematic evaluation of relevant nuclear reaction information. Feasibility calculations
for hybrid systems (these include items as neutron and energy balance, the radiotoxicity
of spallation products, damage and activation calculations) must rely on well-tested and
easily retrievable nuclear data, analogous to the situation in conventional reactor physics.
This paper addresses the provision of these nuclear data. It is evident that such a task
is quite sizeable: one has to keep track of nuclear reactions starting from ~ 1500 MeV
incident protons down to the final stages with thermalizing neutrons as well as gamma-
ray cascades for a large number of different isotopes. Along this trajectory, a whole
panoply of different nuclear models emerges, each with their own validity range. Several
high-energy transport codes exist which contain an intranuclear cascade model that is
mainly successful for the primary stages of the reaction, including the production of
several types of hadrons. For energies below 100-200 MeV, when the predictive power
of the high-energy transport codes becomes suspect, the approach should be different.
Then, the necessary information must be retrieved mainly from available experimental
data, supplemented with results from model codes based upon dedicated nuclear reaction
theories[2]. Subsequently, the data are collected and transformed into evaluated data files
[3], enabling the closest possible connection between nuclear reaction physics and practical
applications. It is foreseen that eventually a global calculation scheme for hybrid systems
consists of a combination of intra-nuclear cascade codes and evaluated data libraries for
energies up to about 200 MeV. These data libraries should then serve as input for the
current, deterministic or Monte-Carlo, nuclear transport codes. Of crucial importance



is the observation that certain parts of the accelerator-reactor system may depend more
critically on the quality of nuclear data than other parts [4]. In other words, sensitivity
studies are indispensable as a parallel area of research in the field of intermediate energy
nuclear data.
The present paper consists of two parts. First, we report on the status of Subgroup
13 on Intermediate Energy Nuclear Data (a subgroup of the NEA-KSC Working Party
on International Evaluation Coordination), The basic- purpose of this Subgroup is to
investigate (a) the most urgent data needs as requested by the applications, (b) existing
experimental data, (c) nuclear model codes and (d) methods to provide the users with
these data. The requirements for these aspects have been reported in the GLOBAL'93
conference [5]. We take this as a reference point to report which progress has been made.
Secondly, we present a specific contribution to high-energy nuclear data evaluation. We
describe the calculations we have made with our code system MINGUS and the resulting
ENDF data files for 00Zr and 208Pb, for proton-induced reactions up to 200 MeV.

INTERMEDIATE ENERGY NUCLEAR DATA
Many activities in the field of intermediate-energy nuclear data are taking place in the
frame of the abovementioned NEA-NSC subgroup with participants from NEA as well as
IAEA member countries.

- Data Needs.
One of the first tasks was to investigate the nuclear data requirements from the
point of view of applications. As follow-up of the study made in Ref. [2], Kikuchi
and Fukahori[6] have made an inquiry on type of incident particle, target nuclei
and physical quantities. For hybrid systems, the requested data comprise MCNP
and LAHET (HETC) cross section transport libraries, activation and damage cross
sections of accelerator components, double-differential light-particle cross sections
and spallation product yields for a whole spectrum of nuclides. Results of sensitivity
calculations are needed to narrow down the requests.

- Experimental data.
Currently, databases for intermediate energy experimental data are being extended.
At the NEA Data Bank, the collection of experimental high-energy data is in
progress. The subgroup has defined a list of high priority experimental data needs
and will update this list regularly.

- Maximum energy.
There is reasonable consensus about the need of neutron and proton nuclear data
files up to 100 to 200 MeV. For uniformity, Emax = 200 MeV is recommended,
although in applications the dividing energy for codes with build-in data generation
(like J JAHET) could be lower. Very few data libraries are required up to 1 to 2 GeV.

- Formats.
The subgroup has considered several format proposals for evaluated data files, all
based on ENDF rules. There is reasonably good agreement on the format from the
evaluators point of view. There is still concern on the requirements of processing and
application codes, in particular with respect to proton processing. The subgroup
will issue a report with recommendations for evaluators and code developers. For
existing evaluated data files the working group recommends reformatting.



- Evaluated files.
Los Alamos has completed (in addition to the existing 100 MeV libraries[7]) a 100
MeV neutron file on 2II. Koning (this paper) has produced 200 MeV proton files for
D0Zr and 208Pb. There are extensive medium-energy activation libraries in Obninsk
(MENDL and WIND)) of which format-conversion is recommended, The subgroup
has recommended to make pilot evaluations for Fe and Th (for neutrons and protons
lip to 200 MeV)t The working group would like to collect all existing intermediate-
enefgy data files at one central place in the recommended format. The NEA Data
Bank is invited to assist in this task.

- Code development and benchmarks.
The latest developments in the various model codes were already reported in the
NEA Code Comparison Meeting[8], Other specialist meetings are recommended
by the subgroup, in particular one on the Optical model above 20 MeV. Existing
and ongoing benchmarks (thin target, thick target and activations) are discussed by
the subgroup and relevant results will be used to redefine data and/or model code
requests. The subgroup may also define new benchmarks.

NUCLEAR DATA EVALUATION
As a contribution to the intermediate-energy data library we have created a proton pilot
evaluation to 200 MeV for 90Zr (structural material) and 208Pb (target material). These
files are completely based on model calculations by the code MINGUS[9]. First, we
describe the nuclear models that have been used in MINGUS to simulate the nuclear
reactions. Next, we discuss the procedure to store the results in a datafile.

1. NUCLEAR MODEL CALCULATIONS
For data applications, it is required that cross sections are provided over a broad outgo-
ing energy range, for all outgoing angles and different types of outgoing particles. Our
code system MINGUS gives a prediction of the whole outgoing double-differential energy
spectrum by integrating direct, pre-equilibrium and compound nuclear reaction models
in one calculation. In fig. 1, the architecture of MINGUS is displayed. For more details
concerning the various models used, we refer to [9]. Here, we wish to highlight only the
multi-step direct (MSD) model of Feshbach-Kerman-Koonin (FKK)[10], since it predicts
the smooth high-energy tail of the spectrum and is representative for the primary stages
of the intermediate-energy reaction. The FKK MSD model is implemented in MINGUS
following the prescription given in [11]. The MSD cross section is the sum of a one-step
and multi-step terms:

<Po{Ek,Çl < Eko,no) ^ daW(Ek,Sl + Eko,n0)

The first step cross section is given by

(2)
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Figure 1: Flow chart of the MINGUS code system.

and the n-step (n > 1) cross section can be written as

n <-£*„,flo) m
J dî]n-a J dEk^Ek^

fl
(3)

We use the following form for the particle-hole state density at excitation energy 2?s[12]:

x (Ex - A - APih - iB - jF)n-lQ{Ex -A-EPP-iB- jF). (4)

Here, F is the Fermi energy, B the binding energy, A the pairing energy, Epp = \p2 + h2 +
p — h]/2g is the minimum energy required to excite p particles and h holes satisfying the
Pauli principle, 0 is the unit step function, g = A/13 is the single-particle state density,
n = p + h is the exciton number and APlh = \p(p~ 1) + h(h ~ l)]/4<7 is the Pauli correction
factor. For MSD calculations, we use Eq. (4) with B —* oo. The distribution of the



particle-hole states with spin J is given by

2,7 + 1 (AH)2]
na2 (5)

For the spin cutoff factor we take a2 = 0.24n/l3 [13].
The quantities between brackets in Eq. (2) are DWBA cross sections averaged per angular
momentum. To obtain those averaged DWBA cross sections, wo first generate particle-
hole states using a spherical Nilcson model. Next, some of these particle-hole states are
grouped into excitation energy bins for each angular momentum. For each particle-hole
state, the DWBA matrix elements are computed with ECIS94, with a Yukawa potential
of range 1 fm and bound wave functions from a Woods-Saxon potential. Subsequently,
the individual DWBA cross sections are averaged (we take about 8 samples per class).
More details will be reported in [14],
Assuming that we know the level density parameters and optical model parameters, the
strength of the Yukawa interaction Vo is the only adjustable parameter in our calculations.
For the 00Zi: and 208Pb cases considered here, we find that VQ is inversely proportional to
the incident energy.
This MSD model is, together with the MSC and compound model, sufficient to explain
spectra for incident energies up to about 50 MeV. The ability of MINGUS to calculate
production cross sections for incident energies as high as 200 MeV is a result of the
inclusion of multiple pre-equilibrium processes. For sufficiently high incident energies, it is
possible that after primary emission another fast particle escapes from the excited nucleus.
This is analogous to the intranuclear cascade picture, in which also a few fast particles are
emitted before evaporation. In the present work, we use the model of Chadwick et al.[15]
for multiple MSD emission. This model is based on the idea that a highly excited particle
can escape, as opposed to further propagation through the bound configurations, with a
probability that is equal to the transmission coefficient for that particle at the emission
energy.
After the primary fast stages, MINGUS calculates multiple evaporation cross sections
until all possible outgoing channels are closed. For these calculations we used Ignatyuk's
model[16] for the total level density, In our calculations for 90Zr, we have used the
optical model of Walter and Guss[17] for neutrons up to 90 MeV, and that of Becchetti-
Greenlees[18] for protons up to 50 MeV. For the higher energies, we used Madland's
parametrization[19]. For 208Pb, we use the dispersive optical model of Johnson et al.[20]
for neutrons up to 200 MeV and the model of Liégeois and Delaroche[21] for protons up
to 200 MeV.
For both nuclei, we have used as many as possible discrete states (24 for 90Zr and 70
for 208Pb) and calculated the corresponding DWBA cross sections for inelastic scattering.
Double counting of collective and MSD contributions has been avoided. In fig. 2 some
results of our model calculations are displayed.

2. ENDF-6 PROTON DATA FILES
As mentioned in the previous section, the adjustable multi-step direct parameter Vo that
we use in the calculations can be tuned to a few experimental (p,xp) and (p,zn) data
sets, and its energy dependence can be cast into a smooth functional form. With this
functional form for Vo, we perform our calculations on a sufficiently fine incident energy
grid (steps of 1 MeV up to 20 MeV, steps of 2 MeV up to 40 MeV, steps of 5 MeV up
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for 88Y.

to 100 MeV and steps of 10 MeV up to 200 MeV). MINGUS collects the results and
transforms them automatically into an ENDF-6 file.
In table 1, we have displayed the directory of the two data files. There is a problem
for storage of proton elastic scattering cross sections because this quantity is infinite for
charged particles (the angular distribution becomes singular at zero degrees). In the
ENDF-6 format, this problem can be circumvented by using the "nuclear + interference"
expansion for the representation of the cross section. We have provisionally stored the
data according to this procedure. However, this option entails some arbitrariness in the
choice of the cut-off angle since both the Coulomb and the interference term display
singular behavior in the vicinity of zero degrees. In future evaluations, we will replace
this by the option of a renormalized Legendre expansion.
In [3], we already argued that for intermediate energies the large number of open chan-
nels no longer enables to maintain the conventional ENDF6-classification for the partial
reaction cross sections. Therefore, all non-elastic processes have been lumped in MT5,
so that MF3/MT5 now contains the total reaction cross sections. In MF6/MT5, we first
give the neutron and proton yields and subsequently the energy-angle distribution. In
combination with the reaction cross section of MF3/MT5, the double-differential (p,xp)
and (p,xn) cross sections can be obtained again. Next, we have filled MF6/MT5 with the
yields of the product nuclides. The recoils are not taken into account yet. These product
yields can be combined with the reaction cross sections to give the residual production



Table lj Directory of proton data file to 200 MeV for 00Zr and 208Pb (in ENDF-6 format).

MF
1
3
3
6
6

MT
451

2
5
2
5

Description
General information
Elastic cross section
(p,x) cross section (in this case = reaction cross section)
Elastic angular distribution
Neutron and proton yields and energy-angle distributions
Yields of residual nuclides
Photon yields and energy distribution

cross sections, Finally, photon production yields are included together with their energy
distribution.
The resulting datafile is automatically checked by the standard ENDF-utility codes
CHECKIt, FIZGON and PSYCHE [22]. Furthermore, it is succesfully processed by the
code NJOY [23] into a data set with a multi-group structure. For further steps, we will
have to await transport codes (such as an n-particle version of MCNP) that can handle
processed proton libraries.

CONCLUSIONS

This paper contains a short summary of progress by the working on intermediate energy
data evaluation, followed by a specific contribution to the intermediate-energy library.
The working group has made progress on the following items: (1) a more specific survey
of data needs for experimental and evaluated data, (2) consensus of format definition
and maximum energy of nuclear data libraries, (3) definition of work on experimental
data compilation, (4) a decision to collect starter files, (5) definition of pilot evaluation
projects, (6) recommendation of specialist meetings and benchmark exercises.
With the MINGUS code system, a pilot evaluation for 90Zr and 208Pb has been created.
As future work, we will also consider neutron evaluations up to 200 MeV, notably for E6Fe
(shielding) and 232Th (thorium cycle in energy amplifier).
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ABSTRACT

The aim of the EFTTRA collaboration between CEA (France), ECN (The
Netherlands), EDF (France), FZK (Germany), JAM and ITU (European Commission),
is to organise joint experiments for the study of materials for transmutation in
reactors. The work is focused on the transmutation of 99Tc (metal), of 129l
(compound), and of Am (in an inert matrix). Irradiation experiments are taking place
in parallel in the Phénix fast reactor in France, and in the high flux thermal reactor
HFR in the Netherlands. Examination of iodine compounds and Tc samples, following
irradiation in HFR, has started.

INTRODUCTION

The necessity to find a solution to the problem of the long-lived radionuclides present in
nuclear wastes spurred various research organisations, especially in Europe, to intensify
their programmes on partitioning and transmutation (P&T). In order to harmonise the
various programmes, and to share the costs of the experimental work, multilateral
agreements are being set up. The EFTTRA (Experimental Feasibility of Targets for
TRAnsmutation) collaboration (1) includes six partners, namely CEA (France), ECN (The
Netherlands), EDF (France), FZK (Germany), IAM and ITU (European Commission) ; a
contract between 5 of the partners was signed in October 1994, with IAM joining in
February 1995. The EFTTRA programme is concerned with the study and development of
materials for transmutation of 99Tc (metal), of 129i (compound), and of Am (in an inert
matrix). The central part of the experimental work consists of series of irradiation



experiments, taking place in parallel in the Phénix fast reactor in France, and in the thermal
High Flux Reactor, HFR Pettcn in the Netherlands.

TARGET DEVELOPMENT AND FABRICATION

A prerequisite to the irradiation of sample materials in the frame of such a research
programme on transmutation is the fabrication of these materials. By definition, they are
mostly new materials, requiring the development of specific fabrication techniques, and if
need be the measurement of their properties. For the first irradiation experiment in the HFR,
iodine compounds were produced at ECN ; the fabrication of technetium was entrusted to
ITU (2). Fig. 1 shows schematically the mini-arc melting equipment used foi the
preparation of the Tc rods. The filling operations were performed under controlled inert
(nitrogen) atmosphere ; the samples were sealed under helium in three 15-15 Ti stainless
steel cylindrical containers (2 rods of 2.5 cm length in each container).

electrode

Tc metal

casting mould-

water-cooled pedestal

Figure 1 : Schematic representation of the arc melting device for the fabrication ofTc rods.

In parallel, inert matrices for the transmutation of americium were prepared and studied out-
of-pile in CEA (3) and ITU (4). The first results led to the selection of matrices to be
irradiated in Phénix (MATINA experiment, see below).



CURRENT EXPERIMENTS

Irradiation of Tc and FQdine-CQmfiQunds.inJhe,HERXRAS Ĵ4

The irradiation of 3 technetium samples and 6 iodine samples has been performed in the
HFR in Petten (Fig, 2), in the course of 1994, The main objective was to investigate
transmutation aspects (transmutation rates, material behaviour) for these long-lived fission
products, when irradiated in a high the.vwul flux. For the present iodine experiments natural
1271 was chosen, because its transmutation characteristics are similar to that of I29l;

Selection and specification of the samples has been described elsewhere (5). The samples
have been irradiated in the HFR for a period of eight cycles, which corresponds to 193 full
power days and a thermal neutron fluence of 2.5 1025 n/m2.

Figure 2 : Position of the samples in the rig for the irradiation ofTc and iodine compounds
in the HFR

One technetium container will be sent to ITU Karlsruhe for post-irradiation examination
(PIE) ; the second container will be decladded, and each of the two enclosed technetium
rods examined by either ECN or CEA ; the last container will be replaced in the HFR to
extend the irradiation time. The iodine samples will be examined and analysed in Petten.
The results of the HFR irradiation and first results of PIE at ECN are reported in (6). The
PIE showed that there was no significant swelling of the technetium samples. However,
examination of the Pbl2 samples revealed failure of the cladding (6). The objective of the
further irradiation of one of the Tc samples for a period of 24 months in the HFR is the
study of possible long-term irradiation effects.

Irradiation of matrices in Phénix (MATINA)

The second experiment, called MATINA (3,7,8), is aimed at the study of irradiation effects



on inert matrices. The MATINA capsule, containing the candidate inert matrices for Am
transmutation (heterogeneous recycling mode), has been mounted in the Phénix reactor, and
irradiation has been started. For the MATINA experiment, the matrices are "empty", i.e.
they contain no americium, but some of them contain uranium to simulate americlum. After
2 cycles (MATINA 1), 3 pins will be removed for a first destructive analysis, and replaced
by new samples. The rest of the pins will undergo a non-destructive examination. The
irradiation will then be pursued for 2 more cycles (MATINA Ibis). The nature of the new
matrix samples to be irradiated will be discussed by the EFTTRA partners.

Irradiation of mnfricfls in the HFR (RA-S-? fl"d RAS-?)

The irradiation of candidate inert matrix materials for the heterogeneous transmutation of
americium is planned, in the HFR in Petten, for 1995-1997 ; the aim of the programme is to
investigate the behaviour of the matrices for specific thermal reactor conditions. As for
MATINA, the samples will be either pure matrices, or an oxide matrix containing fissile
materials (enriched uranium and possibly plutonium).

Irradiation of Te jn Phénix (ANTICORP 1)

The long-term irradiation of 3 Tc samples (8) is planned in Phénix from 1996 to 1999
(ANTICORP 1 irradiation). The fabrication of the 3 samples will be performed by ITU. As
a result of the good behaviour of the material during irradiation RAS-1 in the HFR, the
same casting procedure as used for the HFR samples will be applied for this fabrication. At
a later stage, however, an alternative fabrication technique, such as pressing of powder and
sintering, could be investigated.

Additional material studies

Out-of-pile studies of matrices, either already included in the MATINA experiment, or new
candidates for the fabrication of Am targets, is being pursued. Ion implantation experiments
have been started to investigate possible irradiation damage. At a later stage, compounds of
these matrices with Am will be examined for defects after 1 year storage. In parallel, Na
compatibility tests are underway both at CEA Cadarache and ITU Karlsruhe.

PROSPECTS

Contribution to ihe F,IJ Framework Programme (shared cost actions^

An EFTTRA proposal was submitted to the European Commission for participation in the
Framework Programme 1994-1998 on Nuclear Fission Safety, through the shared cost
actions in the context of the sub-chapter on transmutation techniques. The proposal is
entitled "Joint EFTTRA experiment on Am transmutation", and all EFTTRA partners will
participate. The irradiation in the HFR of a sample of Am-241 embedded in an inert matrix
is proposed.

Furthermore, EFTTRA will contribute to an other proposal, within the sub-chapter on
strategy studies, entitled "Evaluation of possible P/T strategies and of associated means to



perform them". The work of the EFTTRA group is mainly experimental, and limited to the
basic study of fundamental aspects of transmutation. The relationship with strategies must
also be taken into consideration, and likewise, the results e.g. the properties and the
behaviour of the matrix materials, may affect the development of the strategics themselves.
It is therefore intended to prepare, at regular intervals, a summary of the results obtained in
the frame of the EFTTRA collaboration, which are focused on their connection to the
strategies.

In the frame of the SPIN research programme on P&T (9), CEA is preparing an irradiation
experiment in the Osiris thermal reactor, called ACTINEAU (7,8,10). This comprises one
EFTTRA pin containing an inert matrix with 20% Am. The irradiation of the EFTTRA pin
should start in 1997.

The irradiation in Phénix or the HFR of samples of inert matrices, which could be selected
from the results of the MATINA experiments or the out-of-pile studies, and containing a
certain amount of americium, will be the next step of the EFTTRA programme,

EXTENSION OF EFTTRA AND EXTERNAL COLLABORATION

The foundation of a collaboration of the type of EFTTRA focused on the production of
tangible material data, involves a fair sharing of the (mainly) experimental work, with each
partner bearing its own costs. This should apply to any new collaborator, whose
contribution is expected to include experimental activities. Such a collaboration may imply
that the number of parties cannot increase indefinitely.

With the above concern in mind, the EFTTRA partners have to evaluate proposals for
extension, with potential additional partners who have shown their interest for a
participation in EFTTRA. With the willingness to widen the basis of the international
coordination of the P&T research programmes while keeping the size of EFTTRA
manageable, another type of collaboration besides full membership can be envisaged : other
groups, e.g. in Russia, could organise cooperation in their geographic area and, as a group,
be associated to EFTTRA. On a regular basis, general meetings with the full EFTTRA
partners and the associated groups or laboratories could take place, to compare results,
exchange information, and prepare complementary programmes. It would allow a large
number of organisations, from all over the world, to be involved, which would be of general
interest and value.

CONCLUSION

The ongoing irradiation experiments, together with the related post-irradiation
examinations, constitute the first phase of the EFTTRA collaboration. The results of these
first studies will contribute to the design of the next experiments, mainly aiming at the
definition of the matrix materials most suited to the transmutation of americium according
to the heterogeneous recycling mode. The eagerness of the EFTTRA partners to cooperate
with all the groups or institutions engaged in P&T research, and those establishing
strategies, as shown by its proposed participation in the cost shared actions programme of
the European Commission, must be underlined.
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Abstract

Separation of the actinide elements americium and curium from High-Level Liquid Waste

(HLLW) is difficult due to the similarity with the lanthanides. Compounds based on

functionalized resorcinarenes represent a new class of ligands for the selective extraction of

trivalent actinides. Functional groups with a great variety of ligating units and donor atoms

can easily be introduced. Ligands with monodentate functional groups are too rigid positioned

to achieve complexation. The co-ordination requirements of the encapsulated cation are better

fulfilled by compounds with bidentate ligating groups. These ligands have promising prospects

towards the selective extraction of actinides.

Introduction

The removal of the highly radiotoxic elements from the High-Level Liquid Waste (HLLW)

at the back-end of the reprocessing step in the nuclear fuel cycle is an important subject of

many studies. The alpha-toxicity of the HLLW is mainly due to the trans-plutonium elements

americium and curium, although the total volume of these elements is small. In the long term

the alpha-toxicity predominates the total radiotoxicity of the HLLW and remains above the

level of natural uranium ores for more than one million years. Similarly, the heat production

(energy-emission) in the HLLW will be predominated by alpha decay. Separation of these

trans-plutonium actinides can lead to differentiation in the radioactive nuclear wastes and their

subsequent handling, treatment, and storage.

Separation of the trivalent actinides (americium and curium) as an extra step in the PUREX

process is difficult. In recent years complementary processes like TRUEX and DIAMEX have

been developed. The general problem of these processes is the co-extraction of the trivalent

actinides and the lanthanides, a group of fission products which is about 50 times more

abundant in the spent fuel. Preventing of the co-extraction requires ligands with a high

selectivity for the actinides over the lanthanides in the extraction process. To reach the



required level of selectivity is a challenge due to the similarities in charge, radius and

electronic, co-ordination, and physical properties of the actinides and lanthanides.(7J

In this study we introduce a new approach towards the design of ligating molecules which

possess the required preference for trivalent actinides with respect to the lanthanidcs. These

maeroeyelie ligands are derived from functionalizcd resorcinarene^based compounds/ The new

ligands will be used in a Supported Liquid Membrane (SLM) extraction facility.^;

Macrocyclic moleculesfj,)

It is known that appropriately functionalized macrocyclic organic molecules are capable of

selectively complex and extract metal cations. Many of these metal complexing ligands are

based on calix[n]arènes. /-Butylcalix[4]arene with four tetraethyl ester groups (1) is a very

good complexant for sodium cations.^) In SLM extraction experiments a very h igh selectivity

of sodium over potassium cations has been reached. A second example is acalix[4]arene, with

a crown ether bridge, in the 1,3-alternate conformation (2).(5) This ligand is able to selectively

and quantitatively remove small quantities of cesium from aqueous solutions. The larger

members of the calixarene class, like the calix[6]- and the calix[8]arenes, are probably too

flexible to be suitable as molecular building blocks for selective ligands. However, complexes

of calix[81arenes with two europium cations are known.(6)

OB

tetraethyl ester calix[4]arene
1

1,3-alternate calix[4]crown-6
2

Similar to the calix[n]arenes, a large number of functional groups can be introduced on the

resorcin-based tetrameric compounds. However, these resorcinarenes have the major advantage

that the molecules can be rigidified in the bowl-like conformation.^,) After bridging of the

eight hydroxyl groups in the resorcinarene (3, called an octoï) a molecule with an enforced

concave cavity (4, cavitand) is formed (see Scheme 1). In the synthesis of the cyclic tetramers

and the subsequent reaction steps to form the cavitand, the introduction of functional groups

(on positions L)(8) and side-chains (R-groups)(9,) can be controlled.



The resorcin-based rigidified tetramers (cavitands) are used as a platform to introduce

functional groups with metal cation ligating abilities. Due to the rigidity of the platform these

functional or ligating groups arc already favourably positioned towards binding. The four

ligating groups form a bowl-like cavity in which the metal cation is completely surrounded

and encapsulated. The rigidity of the platform and the preposition of the functional groups

make it possible to obtain selectivity based upon very small differences in cation properties

(required for lanthanidc and actinide group separation).

HO OH

HO

Bridging

OH

Resorcinarene
(octol) 3

Enforced concave cavity
(cavitand) 4

Scheme 1. Synthesis of the cavitand by bridging the hydroxyl groups of the octol.

Ligating groups

In the DIAMEX process functionalized diamides/ZO,) and in the TRUEX process

functionalized carbamoylmethylphosphine oxides (CMPO's)C7/j are used for the extraction of

the trivalent actinides. These are both neutral ligands with two donor atoms which extract the

metal cation accompanied by three anions (in the acidic waste stream normally NO3'). The

ligands have to fulfil the remaining co-ordination requirements of the cation-anions adduct.

In the species Am(NO3)3 six of the nine co-ordination sites (in the first co-ordination sphere)

are occupied by the anions, leaving only three sites available for co-ordination by the ligands.

This means that the potential bidentate ligands will act as monodentate ligands in the

Am(NO3)3.(L)3 complexes. In these systems the influence of the ligands on the extraction is

limited. Increasing the number of co-ordination sites occupied by donor atoms of the ligand(s)

allows a greater control of the extraction and, consequently, enhances the selectivity.

In general two distinct and simplified systems can be distinquished: 1) the cation (An3+) forms

an adduct with the anions (A') and this adduct is complexed by the neutral ligands (L)

resulting in the extracted (AnA3.Ln) complex or 2) the cation and anionic ligands (L') form a

(AnL3) complex which is extracted. In some extraction systems the extracted complexes of the



actinicles and the lanthanidc cations arc (iif{crcnt.( 12) With small mono- and bidcntate llgands

it is not possible to take advantage of these differences and to utilize them to control the

extraction process. Applying the larger ligands based on macrocyclic molecules allows such

a control of both the extraction process and the extracted complex.

3 steps

1. Cycllzotlon
2. Bromlnatlon
3. Bridging

4, L= Bf

Scheme 2. Synthesis of the tetrabromo cavltand (R= C5Hn or CgHl9.).

The functional groups attached to the resorciri platform will be derived form the smaller mono-

and bidentate ligands described in literature. From other studies it is known that ligands

(containing e.g.) l,3-dicarbonyl,f/5J (dOamides.f/OJ phosphatefNJ and phosphine oxidef/7)

moieties can complex and extract trivalent actinide cations from aqueous solutions. The first

approach in this study is to compare the properties of the new ligands with known ligands

having the same functional groups. In ligands based on resorcinarenes the side-chains of the

functional groups are less important than in the case of the small ligands. The properties, like

e.g. the solubility, are controlled by the side-chains (R) at the 'lowcr-rim' of the resorcinarene.

Only the influence of the side-chains on the encapsulation of the cation and strength of the

donating groups should be considered.

4, L = OH

- M

L =
N

o
o=p-

-OEt

o
I

oa

i

Scheme 3. Tetrahydroxy cavitands functionalizcd with monodentate
ligating groups (R= CSHU or

Synthesis

The precursor of the resorcinarene based ligands is the tetrabromocavitand. This compound

can be synthesized in three steps starting from resorcinol (see Scheme 2). In the first step

resorcinol reacts with an aldehyde to form the cyclic tetrameric product (octol 3, L= H).

Depending on the aldehyde used in this reaction, both (functionalized) aliphatic and



(functionalized) aromatic ones arc possible, molecules with many different side-chains can be

formed. In the next step octol (3, L= H) is brominatcd (3, L= Br) and subsequently the eight

hydroxyl groups arc connected by méthylène units (bridging of the octol) resulting in the

formation of a rigidified molecule (cavitand 4, L= Br). The tetrabromocavitand (4, L= Br) was

used as starting compound in the synthetic routes towards Iigands with four mono- and

bidcntatc ligating groups.

Monodcntatc groups

In the first approach the bromo atoms of the cavitand were substituted with hydroxyl groups

(4, L= OH). On these hydroxyl groups a variety of functional groups can be introduced. Our

first objective was to synthesize cavitand-based ligands with monodentate functional groups

(see Scheme 3). We have synthesized ligands with diethylamide (4a), diethylphosphate (4b)

and ethyl ester (4c) functional units. The amide and phosphate based ligands are comparable

with the amides and tributylphosphate (TBP), respectively, which are used in existing

processes.

Figure 1. Energy minimized structure (gas phase) of an encapsulated trivalent

cation in a functionalized cavitand (4, R= CH3) with four 1,3-dicarbonyl groups

(L= CH2C(O)CH2C(O)CHj).

To our disappointment ligands 4a-c with monodentate functional groups showed no complex

formation with the trivalent lanthanide neodymium, as followed from 'H NMR experiments.



Neodymium was used as non-radioactive model for amcricium because of the similarity in

Ionic radius//) The explanation for the absence of complex formation may be the rigid pre-

positioning of the donating atoms. The donating oxygen groups in ligand 4b are relatively

fixed while (single) TBP-molecules are completely flexiDle. It seems that ligands with

monodentate ligating groups are not able to fulfil the co-ordination requirements of the

trivalent cations; in these ligands the rigidity of the donor atoms is a disadvantage. This leads

to the conclusion that Jigands with rigid Iigating groups can only have comparable, or

improved, complexation properties if they are able to completely fulfil the co-ordination

requirements of the cation.

OEt

CI

(EtO)2POCH3

n-BuLJ

THF, -78°C

P(OEt),

OEt
OEt

OEt

io=i OEt

-J 4

4L

r CIC(O)CH2CI

CI

r

OEt
-OEt

P(OEt),
NH

Scheme 4. Synthesis of cavitands (R= C5Hn or CgH,g) with bidentate ligating groups.

Bidentate groups

The introduction of a ligating group with two donor atoms, on the four positions of the

resorcinarene platform, results in a ligand with eight donor atoms (see Scheme 4). All these

donor atoms are prepositioned towards the (first sphere) co-ordination sites of the cation. This

allows a very tight control of the complexation and, thus, the selective extraction of actinides.

In Figure 1 an energy-minimized computer structure of a model complex of a resorcin ligand



and a trivalent cation is shown. In this energetically favourable conformation the cation is

completely encapsulated by the ligand and all eight oxygen atoms arc directly co-ordinated

to the (surrounded) cation. This illustrates the possibilities of cavitands functionalized with

bidentate ligating groups.

Reaction of tetraester 4c with lithiated diethylmethylphosphonate gave compound 4<1 with

bidentate iigating groups, which are related to the carbonylmethylphosphatcs (CbMP's), In

computer simulations of complexes with this compound and trivalent cations, its structure is

similar to the complex shown in Figure 1, Ligand 4f was synthesized in two steps from the

hydroxycavitand (4, L= OH) via compound 4c and has the same functional units as ligand 4d.

The only difference is the spacer between the carbonyl group and the resorcin platform

(-OCH2- versus -O-). In computer simulations the length of the spacer has no influence on the

complexation, as can be concluded from the structure of the complexes and the distances

between the cation and the donor atoms. In complexation and extraction experiments not only

size compatibility is important, but also a certain degree of flexibility. The influence of the

spacer has to be determined from these experiments.

A second route is based on the aminomethyl cavitands (4g, L= CH2NH2), which was obtained

after substitution of the bromo by cyano groups and subsequent reduction. In a two-step

reaction ligand 4k with bidentate carbamoylmethylphosphate (CMP) related units was

synthesized. In all these synthetic pathways the side groups of the ligands (e.g. OEt in these

cases) can be replaced by several other groups by changing the reagents in the reaction. Also

functional units related to the carbamoylmethylphosphine oxides (CMPO's) can be prepared

by following these routes.

Stability of ligands

Preliminary results show that the resorcin platform is stable under extraction process

conditions: aqueous solution of 3N nitric acid and high gamma radiation. The cyclic tetramer

is not affected by a dose rate of 5-6 Mrad/h (50-60 kGy/h) and a total dose of 190 Mrad

(1.9 MGy). Testing of the stability with respect to alpha emitting isotopes is in preparation in

the ECN facilities.
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ABSTRACT
The fuel depletion code ORIGEN-S is often used for transmutation studies. It uses three different
working libraries for actinides, fission products, and light elements, which contain decay data,
cross-section data and fission product yields. These data have been renewed with data based
on the JEF2.2 and the EAF3 evaluated files. Furthermore, data for 201 fission products have
been added to the libraries. The new data libraries are particular suitable for parameter studies
and other introductory calculations. For more accurate calculations, it is advised to regularly
update the cross sections of the most important actinides and fission products during the burnup
sequence.

INTRODUCTION
For a quick survey of Partitioning and Transmutation (P&T) strategies, parameter studies are
useful to determine the influence of neutron spectrum, flux level and irradiation time on the
transmutation rate. Often, these studies consist of a sequence of burnup calculations with the
code ORIGEN-S [1]. The accuracy of these calculations depends to a large extend on the data
in the accompanied libraries. In this paper, new ORIGEN-S data libraries are described based
on the Joint Evaluated File (JEF2,2) and the European Activation File (EAF3) [2],
The code ORIGEN-S uses three different libraries in ASCII format: one for light elements,
one for actinides, and one for fission products [3], These three libraries can be coupled and
converted to binary format by the code COUPLE-S [4], The cross sections in the ASCII libraries
are given in three energy groups for thermal reactors (HTGR, LWR and MSBR), and in one
energy group for the fast reactor (LMFBR). To collaps the three-group data into one group,
spectral parameters named THERM, RES and FAST are used, which can be given in the input
of COUPLE-S or ORIGEN-S.
Each nuclide in the libraries contains a decay-data record and four cross-section records (one
for each reactor type). The first record type contains half lives, branching fractions, recoverable
energy per decay, and radioactivity concentration guides, and the second one contains cross
sections, isomer ratios (measures for the chance that a metastable nuclide is produced after an
(n,y) or (n,2n) reaction), and fission-product yields for five actinide isotopes. Furthermore,
some data is contained in the source codes of COUPLE-S and ORIGEN-S itself.
The decay-data records in all libraries have been updated with data from the JEF2.2 file [5],
The cross sections for the LWR and the LMFBR have been updated with data from the JEF2.2
file, and from the EAF3 file for nuclides not present in JEF2.2 [6,7]. In total, cross sections
of 517 light elements, 65 actinides and 319 fission products have been updated. Furthermore,
201 fission products have been added to the libraries. In summary, one can say that these new
libraries contain better and more consistent data for more nuclides than the old libraries.



UPDATE OF CROSS SECTIONS
The cross sections of the nuclides from the JEF2.2 file have been taken from a 172-group library
made by ECN, which contains data for about 275 isotopes in AMPX master format. These
nuclides have been divided into two groups: one for which resonance shielding has been applied
(« 50 nuclides), and one for which the cross sections at infinite dilution have been used ( « 225
nuclides).
The first group has been used to calculate the neutron spectra and the pin-cell averaged cross
sections of the LWR (a French PWR of the type N4) and the LMFBR (Superphénix ) as a
function of burnup, The second group contained 225 nuclides, and the cross sections of these
nuclides at infinite dilution have been collapsed with the neutron spectra at average burnup to
three groups for the LWR and to one group for the LMFBR,
To update the cross sections of nuclides not present in the JEF2.2 file, the point-wise cross
sections in the EAF3 file have been integrated to a 172-group library, and further collapsed with
the neutron spectra at average burnup to three groups for the LWR and to one group for the
LMFBR. This has been done for about 325 different nuclides in total.
The isomer ratios in the ORIGEN-S libraries have been updated by the one-group cross sections
from the EAF3 file for production of metastable nuclides after an (n,y) or (n,2n) reaction divided
by the total one-group (n,y) or (n,2n) cross sections. Because the (n,y) isomer ratio of 241Am
for the LMFBR was considered too large (& 0.5), its value has been decreased from 0.5 to 0.15
to be in better agreement with experimental results [8],

UPDATE OF OTHER DATA
A special program named ORSUPD has been written to update the decay data, and the fission-
products yields in the ORIGEN-S libraries. All these data have been taken from the JEF2.2
file.
The decay data of each nuclide include the half life, the branching fractions (fractions for /}~
decay to a metastable state, /3+ decay, y3+ decay to a metastable state, a decay, isomeric transition
and spontaneous fission), the recoverable energy per decay, and the fraction of this energy that
comes from y rays. The decay-data record also contains the radioactivity concentration guides
for ingestion and inhalation, but these Jata have not been updated, because the radiotoxocitity
conversion factors are now defined by the ICRP.
For each reactor type, the ORIGEN-S libraries contain fission-product yields for five actinides.
For the LWR these are 233U, 23SU, 238U, 239Pu and241 Pu, and for the LMFBR these are 235U, 238U,
239Pu, 240Pu and 24lPu. Because the JEF2.2 file contains fission-product yields at two energies
(0.0253 eV and 0.4 MeV), the thermal values have been used for the LWR, and the fast values
for the LMFBR. For some nuclides, no yields at thermal energy are available, and the fast values
have been used. This update implied that the number of fission products in the library had to be
increased with 201. Of course, also the decay data and, if available, cross sections have been
given for these extra fission products.
Finally, the energy released per fission and per neutron capture reaction have been updated
for 24 actinides and 56 nuclides, respectively. These data are used to calculate the neutron
flux as a function of the specified power, and are given in DATA statements in the source
codes of ORIGEN-S and COUPLE-S. For all other nuclides, the default values for the energy
released per fission and per neutron capture apply. These values are 200 and 5 MeV, respectively.

VALIDATION
Among other test runs, the libraries have been validated by calculations on the NEA burnup
credit criticality burnup benchmark, which covers the prediction of the isotopic composition
of spent fuel. All necessary data like geometry, operating history, specific power and initial



composition are given for three different fuel samples with exit burnup values of 27.35, 37.12
and 44.34 GWd/tU [9]. Here, some results of the calculations on the fuel sample with highest
burnup will be given.
The calculations can be divided into two parts. First, the values of the spectral parameters
THERM, RES and FAST have been calculated for the fresh fuel to collaps the three-group
libraries into one group, and secondly, burnup calculations have been done with the ORIGEN-S
code with the following libraries applied:

1, The original libraries as present in the SCALE4.1 system (noted "Old data" in table I),

2, The new libraries with only the cross sections updated (noted "New xsec" in table I).

3, The new libraries with both the cross sections and the other data updated (noted "New
data" in table I).

Table I: Results of the burnup credit criticality benchmark part I-B on PWR UO2 fuel with
burnup of 44.34 GWdltU. The spectral parameters THERM, RES and FAST had values of 0.54,
0.25, and 2.00, respectively.

Nuclide

U-234
U-235
U-236
U-238
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242

Np-237
Am-241
Se-79
Sr-90
Tc-99
Sn-126
Cs-135
Cs-137

Exp.
(mg/gHM)

0.12
3.54
3.69
824.9

0.2688
4.357
2.543
1.02

0.8401
(mCi/gHM)

3.31E-04
1.31

6.49E-05
65.8

1.35E-02
2.20E-04
4.95E-04

109

Old data
(mg/gHM)

0.093
3.21
4.03
824
0.28
4.32
2.18
0.856
0.596

(mCi/gHM)
4.05E-04

0.938
4.04E-04

69.4
1.62E-02
8.61E-04
4.46E-04

112

Diff.
(%)

-22.5
-9.3
9.2
-0.1
4.2
-0.8

-14.3
-16.1
-29.1
(%)
22.4
-28.4
523
5.5
20.0
291
-9.9
2.8

New xsec
(mg/gHM)

0.124
3.04
3.65
825

0.228
3.71
2.28
1.03
0.89

(mCi/gHM)
2.91E-04

1.17
4.57E-04

79.2
1.49E-02
6.51E-04
4.70E-04

110

Diff.
(%)
3.3

-14.1
-1.1
0.0

-15.2
-14.8
-10.3
1.0
5.9
(%)

-12.1
-10.7
604
20.4
10.4
196
-5.1
0.9

New data
(mg/gHM)

0.124
3.06
3.66
825

0.227
3.71
2.28
1.03

0.889
(mCi/gHM)
2.91E-04

1.17
3.71E-04

69
1.57E-02
1.O9E-O3
4.76E-04

110

Diff.
(%)
3.3

-13.6
-0.8
0.0

-15.6
-14.8
-10.3
1.0
5.8
(%)

-12.1
-10.7
472
4.9
16.3
396
-3.8
0.9

The effect of the cross-section update can be seen from columns 4 and 6. The new cross
sections give slightly better results than the old ones. This is especially so for the higher
plutonium isotopes, 237Np and 24IAm. Also the concentrations of the fission products are
in better agreement with the measurements. Apparently, the large discrepancies between the
measurements and the calculations for 79Se and 126Sn are not due to the cross sections used.
The effects of the update of all the other data follows from columns 6 and 8. For the actinides,
the differences between these two columns are negligible. For the fission products, however,
the update of the half lives and the yields has a significant effect on the nuclide activities.
Although the differences from table I between the calculations with the old library and the
new one seem not very large, they become much larger when quantities like the spontaneous



fission rate of the irradiated fuel are calculated. For example, the spontaneous fission rate in
the calculation labeled "Old data" is about 50% higher than in the calculation labeled "New data".

CONCLUSIONS and SUGGESTIONS
In conclusion, three new data libraries for the ORIGEN-S fuel depletion code have been made
based on the JEF2.2 and EAF3 files. This update comprises cross sections, isomer ratios,
fission-product yields, decay data, branching fractions, and the recoverable energies per fission
and per neutron capture, Of all these data, the çross-seçtion update had the largest influence on
the nuclide concentrations. Furthermore, the existing libraries have been extended with about
200 fission products and some metastable nuclides. The strength of these libraries is due to the
completeness and the consistency of the data: the JEF2.2 file has been used for the updates as
much as possible.
The new libraries are very useful to use in conjunction with ORIGEN-S as a stand alone module,
e.g. for parameter studies. However, for more accurate results, the cross sections of the most
important actinides and fission products should be updated during the burnup sequence, to
account for the burnup dependence of the cross sections of these nuclides. In that case, it is
advised to use ORIGEN-S within the SCALE system, to regularly update the cross sections
during the burnup sequence.
A very useful extension would be to create a direct link between the EAF3 library (or the newer
EAF4 file which has been released in the summer of 1995) and the code COUPLE-S. From the
EAF4 file, a multi-group library can be made in any arbitrary group structure, and the collapsing
of such multi-group library to one group would take only some tens of seconds. COUPLE-S
can subsequently be used to update the data in the binary ORIGEN-S library with the one-group
data obtained from the EAF4 file. In this case, the cross sections of almost all nuclides in the
ORIGEN-S libraries can be updated during the burnup sequence, and the burnup dependence of
all these cross sections can be fully accounted for. This is expected to increase the accuracy of
burnup calculations considerably.
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ABSTRACT
The design of a transuranics burner utilizing a molten salt fuel and a graphite moderator is
discussed. The equilibrium fuel composition including the fission products is determined. Also,
the fuel temperature reactivity coefficients are discussed. Negative reactivity coefficients can be
obtained for fuel volume fractions larger than 7%. Overall, the molten salt reactor will be able
to burn transuranic material at a rate of 1.2 kg/MW0«y and in about ten years time an amount
equal to the transuranic inventory of the burner will be burnt.

INTRODUCTION
Many ways may be pursued to decrease the growth of transuranic material; Mixed Oxide fuel is
being implemented in current Light Water Reactors, advanced Light Water Reactors which can
operate on a full MOX core are being designed, and Fast Reactors are being developed which
effectively consume transuranic material. In any case, at the end of the nuclear era, a large
inventory of transuranic material may still exist. Since there is public concern on these matters,
a possible solution is sought for now. One solution is to operate dedicated burner reactors at
the end of the nuclear era to reduce this transuranic inventory [1]. How should these burners be
designed, what is a good burner reactor?

First, the burner reactors should be as safe as or even safer than current reactor designs. Second,
a burner reactor should consume as much transuranic material as possible in as short a time as
possible. How does a reactor consume as much material as possible? The highest transuranic
burning rate is accomplished when no fertile material (that is either U-238 or Th-232) is present
in the fuel because out of this material, new transuranics are being formed. Then, the transuranic
burning rate can be easily calculated to be 1.2 kg/MWe-y, because every fission gives 200 MeV
and one transuranic atom less.

What influences the time to reduce the transuranic inventory at the end of the nuclear era?
A logical parameter to quantify how fast burner reactors burn the transuranic inventory at
the end of the nuclear era is the time to burn an amount of transuranic material equal to the
transuranic inventory of the reactor, named the Inventory Transmutation Time [2], For instance,
the Inventory Transmutation Time for the Advanced Liquid Metal Reactor is equal to 42 years;
the burning rate is about 60 kg annually and the transuranic inventory is about 2600 kg for a
155 MWe reactor [2]. So, it will take some hundreds of years to achieve a high reduction, say
with a factor of 100, of the transuranic inventory using the ALMR. Of course, the ALMR is not
a rapid burner of transuranic material because two third of the fuel is U-238. To obtain a short
Inventory Transmutation Time, one needs to remove as much fertile material from the fuel as
possible and one needs to reduce the transuranic inventory of the reactor. This last critérium
leads to a high specific power, which results in most cases in a high power density.



Fertile material plays an important role in the safety of nuclear power plants; neutron absorption
in the fertile material leads to a replacement of the fissioned fissile material, thereby reducing
the change in reactivity as a function of burnup. Another feature of the fertile material is the
increased neutron absorption with higher temperatures due to the Doppler effect. This leads to a
negative fuel temperature coefficient of reactivity, which is of the utmost importance for safety.
So, how can we design a fast burner of transuranic material, which is just as safe as reactors
with fertile material?

The large change of reactivity as a function of burnup can easily be reduced by reducing the cycle
time. Most effective, however, is to operate with continuously refueling. Several current reactor
concepts incorporate this refueling strategy: the Canadian Deuterium Uranium (CANDU)
reactor and the High Temperature Reactor according to the German SIEMENS concept are two
examples, and are currently being studied for there transuranic burning capabilities by ECN.

Another physical effect should be responsible for a negative fuel temperature coefficient of
reactivity when no fertile material is present, In this paper, we direct our attention to the Molten
Salt Reactor. For this reactor type, the fuel temperature coefficient of reactivity might become
negative due to the fuel expansion effect. The Molten Salt Reactor operates on a molten salt
fuel, which is being pumped through the reactor core which consists of a graphite block with
fuel channels in it. When the fuel temperature increases, the fuel is expanded and is pushed out
of the reactor core. When the reactor core is overmoderated, a smaller fuel content will lead to
even higher overmoderation, which therefore leads to a negative fuel temperature coefficient of
reactivity.

The molten Salt Reactor has been developed by Oak Ridge National Laboratory, and has been
studied from the beginning of the nuclear era. In 1960, the Molten Salt Reactor Experiment
(MSRE) was started to proof that a safe, reliable, and maintainable molten salt reactor could be
operated. The experiment was a 8 MW t , graphite-moderated molten salt fueled reactor, which
operated on U-235, U-233, and Pu-239, from 1964 to 1969. The experiment was stopped in
1969 because it had provided all the requested information, and the funds were to be used for
the development of the Molten Salt Breeder Reactor.

In recent years, the molten salt reactor has gained interest from scientists outside the US.
Especially, the breeding capabilities and the operation on thorium has been studied as an
alternative to the fast reactor technology (see for instance [3]). Very recently, some proposals
have been made to use the molten salt reactor as a burner of transuranics (see for instance [4].

In this paper, we will direct our attention to the fuel temperature coefficient of reactivity for
a reactor which is completely fueled (continuously) with transuranic material, the Molten Salt
Transmuter.

SYSTEMS DESCRIPTION
Core
The core of the Molten Salt Transmuter consists of two regions: The fuel region and the radial
graphite reflector. An axial reflector is not considered. The radius of the fuel ring is varied
between 150 cm and 400 cm whereas the reflector thickness is always 50 cm. The core height
is determined during this study. The core consists of graphite with fuel channels with a radius
of 1.7 cm.



Materials
The most important materials arc graphite, Hastclloy N, and the fuel salt. As fuel salt, we used
TRUFa-NaF-ZrEj, with mole fractions x:3,5:2.4 for TRUF3:NaF:ZrF,|. For core calculations,
the density of the salt is needed as a function of the relative TRUF3 content. To determine the
temperature coefficient, the density as a function of the temperature is needed, In reference 5, a
method is presented to calculate the density of a salt composition. Assumed was that the density
in a restricted temperature range important for reactor operation is linear in temperature. Using
this method, we calculated the density of the fuel salt as a function of temperature.

Cooling
The average temperature increase of the coolant from inlet to outlet is 140 K. The heat capacity
Cp is 1.4 Jg^K""1, and the density is 3.3 g/cm3. So, the maximum energy production per unit
of coolant volume is 647 J/cm3 and for a core height of 4 meters and a maximal flow speed of
3 m/s, the maximum power density is 0,49 GW/m3, which is the value presented by the MSBR
research group [6]. For this study, the maximum power density is chosen as 1 GW/m3 counting
on new developments.

CALCULATIONAL METHODS
Neutron Balance
The objective of this study on the molten salt transmuter is to obtain the value of the output
parameters (critical core size, critical power, salt power density, the inventory transmutation
time, and the temperature reactivity feedback) as a function of the three input parameters (total
flux, fuel volume fraction, and the transuranics content of the salt. The critical core size is
determined from the neutron balance equation, describing neutron production and loss.

Calculation of Fission Product Densities
The fission products are treated independently from the actinides to simplify the calculational
method. The fission products are treated in the calculation of the critical core size as one isotope
with a microscopic capture cross section with a (1/v) energy depend :nce, with v the neutron
speed. This method can be used as long as the isotopic composition of the fission products is
not important.

ORIGEN-S is used to study the buildup of fission products during reactor operation; it contains
data for about 800 fission products [7,8]. Continuous reprocessing of the fission products is
assumed in which all fission products are separated from the actinides. Then, ORIGEN-S solves
the equation for production and loss of each fission product.

Calculation of the Actinide Densities
The SCALE-4.1 code system [9-12] and the code EQUI [2] were used to calculate the actinide
densities. The SCALE-4.1 code system calculates the neutron spectrum and the corresponding
microscopic cross sections for an infinite lattice of fuel "pins". These "pins" consist of a graphite
cylinder with a central hole filled with fuel salt. EQUI calculates the actinide densities based on
the .licroscopic cross sections. These calculations provided the ratio of macroscopic capture
cross section and fission cross section of all actinides. Furthermore, cell-averaged cross sections
were determined, which were used to determine the critical core size.



In figure 1, the flow diagram of the actinide density calculations is shown. The calculation starts
with estimated one-group cross sections for the actinides and the (l/v)-pseudo fission product, a
fixed flux level, and a fixed aFP dependent on the flux level. In EQUI, the actinides equilibrium
densities, N/tCf are calculated based on the estimated actinide cross section data, the total flux
level and the feed composition of transuranic material, which is spent fuel from once-through
LWRs. These densities and the density of the (l/v)-pseudo fission product, which is calculated
from the microscopic cross section, the macroscopic fission cross section and the aFP, are
used in the cell calculation controlled by the CSASlX-module [9]. This module generates the
input for the BONAMI, NITAWL and XSDRN codes [10-12]. This set of codes generates
one-group cross sections, aA0 and o\/v (the microscopic one-group absorption cross section of
the (l/v)-pseudo fission product), which will be used to recalculate the actinide densities with
EQUI and the density of the (l/v)-pseudo fission product. This process continues until the ratio
of S ^ c and S/ from step to step changes less than 0.05%. The cross section of the (l/v)-pseudo
fission product is determined every step from which a new input density for the (l/v)-pseudo
fission product is calculated. The nuclear data is based on the JEF2.2 data, generated into a 172
fine-group data file by NJOY91 [13],

EQUI

CORE

CALCU-

UT1ONS
Hell.
°AC "l/v

CHECK 1 /

°AC "in

Figure 1: Flow schedule for the calculations on the molten salt transmuter.

Core Calculation
The critical core size is calculated with
XSDRN in the direct buckling search. In XSDRN, the core height is adjusted to obtain a critical
core. The core radius is varied by hand depending whether a critical core is obtained between
150 cm and 400 cm.

Calculation of Reactivity Coefficients
Temperature increase will lead to expansion of both the graphite and the fuel salt. Fuel expansion
reduces the in-core fuel amount and the fuel-moderator ratio. Graphite expansion will be a very
small effect compared to the fuel expansion effect because the graphite expansion coefficient is
small (1.3 -lO^K-1).

The effects of a fuel temperature increase from operating temperature (908K) to a temperature
of 1000 K have been determined with a direct calculation of the temperature effect and with
a direct calculation of the fuel density decrease. The influence of these effects on the infinite
multiplication factor were determined and do not include the effect of increased neutron leakage,
which might be important especially for the fuel density effect.



DESIGN OF THE TRANSMUTER
Flux Dependence
In this section, the results of a variation in flux level are presented. The other input parameters
were constant. The TRU fraction in the salt was 20%, the fuel volume fraction was 2.3%, and the
mean residence time was 10 days. Furthermore, it was assumed that the out-of-core residence
time could be neglected for the actinides.

In figure 2, the relative masses of the actinides are shown for three flux levels. The higher
actinides, activation products of short-lived isotopes, increase with flux level, whereas the
plutonium isotopes decrease with flux level.
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Figure 2; Relative isotopic mass of some actiniae isotopes for three flux levels.

The lower content of the absorbing plutonium isotopes (Pu-239, Pu-240, and Pu-241) causes
a spectral softening because these isotopes have high thermal cross sections. Also, it causes
a decrease in selfshielding for these isotopes. The microscopic one-group absorption cross
sections increase due to the higher thermal flux.

The power density increases with flux level and is for fluxes higher than 1015 cm"2s~1 higher
than the limit of 1 GW/m3.

In figure 3, the fuel temperature reactivity feedback coefficients are presented as a function of
the total flux level. The Doppler coefficient is negative and its absolute value is increasing with
flux. It is negative due to the increase in absorption in the fissionable Pu-242 and Cm-244 in
particular. The absolute value increases with flux level due to the increased influence of Cm-245.
This isotope has a much lower increase of resonance absorption with increasing temperature
than the plutonium isotopes it is replacing. The temperature reactivity coefficient for the fuel
density is positive, and for low flux increasing with flux, and for higher flux values decreasing
with flux. The differences are too small to come up with a clear reason for this behavior, because
too many isotopes have changing densities. The total reactivity coefficient is positive for low
fluxes, and negative for flux values higher than 1014 cm~2s~1.

In conclusion, for a fuel volume fraction of 2.3%, the total flux should be in the range from 10
cm"2s~1 to 1015 cm~2s~1, where the largest reactivity feedback is at 1015 cm~2s"1.
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Figure 3: 77jé Doppler coefficient, the fuel expansion reactivity coefficient, and the total fuel
temperature reactivity coefficient as function of flux level.

Fuel Volume Fraction Dependence
For a total flux value of 3-1016 cm~2s"1, a transuranics fraction of 20%, and a mean residence
time of 10 days, the dependence of the burner performance on fuel volume fraction has been
studied. The fuel volume fraction has been changed by varying the pitch between fuel cells,
while maintaining the same radius for the fuel channels of 1.7 cm. In the following graphs, the
results are presented. In figure 4, the relative masses of some of the most important actinides are
presented for three fuel volume fractions. The relative mass of the plutonium isotopes increases
with increasing fuel volume fraction due to the decreased cross sections caused by spectrum
hardening. Therefore, the feed composition is more important.

In figure 5, the fuel temperature reactivity feedback coefficients are presented as a function of
the fuel volume fraction. The Doppler coefficient is negative and its absolute value is increasing
with fuel volume fraction. This is caused by the decrease of the resonance escape probability
with reduced moderation, which leads to an increased influence of the resonances and thus the
Doppler effect.

Three regions can be seen in the graph of the temperature reactivity coefficient for the fuel
density as a function of the fuel volume fraction. Below a fuel volume fraction of 2%, the
temperature reactivity coefficient is negative, which means that the reactor is overmoderated.
For fuel volume fractions between 2% and 7%, the temperature reactivity coefficient for fuel
density is positive, which means that the reactor is undermoderated. And for fuel volume
fractions larger than 7%, the reactivity coefficient is negative. In this case, we can not speak of
overmoderated, because the reactor behaves effectively as a fast reactor.

The temperature reactivity coefficient for the fuel density is increasing for low fuel volume
fractions due to the decreased influence of the absorptions in graphite. That it is decreasing for
higher fuel volume fractions shows that the reactor more or less is operating as a fast reactor.
A decrease in fuel density leads to an increased thermalization and a softer spectrum. A softer
spectrum leads to a decrease in the infinite multiplication factor due to the decrease in the
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Figure 5: The Doppler coefficient, the fuel expansion reactivity coefficient, and the total fuel
temperature reactivity coefficient as function of fuel volume fraction.

number of fissions per absorption for both the fissile and the fissionable isotopes. The total
temperature reactivity coefficient is always negative, with its maximum at 4%, for which the
reactivity coefficient is almost zero.

CONCLUSION
The main concern for this design is safety. At startup, the reactor is overmoderated due to
the small transuranics salt fraction, but at equilibrium, the reactor will be undermoderated for
fuel volume fractions between 1% and 7%. For fuel volume fractions smaller than 2%, the
equilibrium critical reactor power and reactor volume is very large, which seems not practical.
So, the fuel volume fraction should be larger than 7%.



The Molten Salt Transmuter operates at a maximum power density of 1 GW/m3. No fertile
material needs to present to obtain a safe reactor. Therefore, the transuranic burning rate is
1.2 kg/MWe-y , The transuranic inventory of the Molten Salt Transmuter at a thermal reactor
power of 1600 MWt, is about 7000 kg. Therefore, the time to reduce an amount equal to this
transuranic inventory is about 10 years; the Inventory Transmutation Time is about 10 years,
which is a significant reduction compared to about 42 years for the ALMR.

At the end of the nucicar era, the Molten Salt Transmuter is able to reduce the tfansufanic
inventory with a factor of 100 in about 70 years.
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ABSTRACT

Irradiation tests of the transmutation of the fission products technetium and iodine have
been performed in the High Flux Reactor at Petten. Samples of technetium metal and
of three different metal iodides (cerium triiodide, sodium iodide and lead diiodide) have
been irradiated during eight reactor cycles (192.95 full power days). The calculated trans-
mutation rate is about 4.5 % for technetium and about 3 % for iodine. Subsequently,
post-irradiation examination has been performed to investigate mateiial behaviour during
irradiation and to evaluate calculational approaches. Preliminary results show differences
in the relative transmutation rate between calculations and experiment, possibly due to
uncertainties in the resonance capture cross section.

INTRODUCTION

Transmutation is a potential technique for the management of actinides and selected long-
lived fission products in the wastes arising from reprocessing of spent nuclear fuel. In terms
of radiotoxicity, only the alpha-emitting actinides need to be considered but in terms of
long-term risk, the contribution of the beta-emitting fission products technetium-99 and
iodine-129 cannot be neglected. This is due to their high mobility in certain geologi-
cal environments as a result of which they can migrate easily away from underground
repositories and, hence, eventually reach the biosphere.

Transmutation of technetium and iodine seems to be a possible solution to reduce the
risk-during-storage as they can be converted by neutron capture into stable isotopes, the
noble metal ruthenium-100 in case of Tc-99 and the noble gas xenon-130 in case of I-
129. However, in the technical realisation some serious problems are encountered. It has
been shown that transmutation of Tc-99 and 1-129 in fission reactors such as present-day
LWR's will be difficult because of the extreme long transmutation half-lives and the large
inventories required (1). Special-purpose high-flux reactors seem more promising, but
such devices are not available at present. From the point of view of target fabrication, the
selection of target materials is far from trivial. The material requirements with respect



3
10.4

1.45
0.98

192.95
~970

2
1.3

72.84(2)
73.10
1.60
Ô.6Ô

192.95
~710

2
1.7

84.72(9)
84.66
1.60
0,60

192.95
~710

2
1.6

55.03(18)
55.06
1.60
0.50

192.95
~710

Table I: Teat matrix and experimental conditions for the RAS-1 experiment

material Tc Od3 Nal Pbl2

number of samples
sample mass (g)
initial iodine content found (%)

theoretical (%)
capsule volume (cm3)
sample volume (cm3)
irradiation time (full power days)
irradiation temperature (K)

to stability and compatibility are high because long irradiations are unavoidable, also for
high flux reactors.

To investigate the technological aspects of the transmutation of Tc-99 and 1-129, three
technetium and six iodine samples were irradiated in the High Flux Reactor at Petten
in 1994. The goal of this experiment (code name RAS-1) was the study of the materials
behaviour as well as the verification of theoretical approaches with respect to transmuta-
tion rate. The experiment was preceded by a careful selection of the materials of which
a preliminary report was presented at the GLOBAL'93 conference (2). The work is part
of the Dutch RAS-programme (3) as well as the European EFTTRA-collaboration (4).

EXPERIMENTAL DETAILS

Samples

The three technetium targets were purchased from the European Institute for Transura-
nium Elements (ITU) in Karlsruhe. Each target consisted of two casted metallic rods
of 25 mm length and 4.8 mm diameter, of which the preparation has been described in
reference (5). The ruthenium content of the material was less than 1 ppm. The rods were
encapsulated in a 15-15 Ti stainless steel tube which was closed by 316 stainless steel
plugs. The tubes had an outside diameter of 6.55 mm and an inside diameter of 5.65 mm,
leaving a substantial gap between sample and cladding. The capsules were filled with
helium.

The iodine targets were fabricated at ECN. Three different metal iodides were selected
on the basis of an analysis of their neutronic and physico-chemical properties: cerium
triiodide (Cel3), sodium iodide (Nal) and lead diiodide (Pbia). This test matrix differs
slightly from the one presented in reference (2)'. sodium iodide has been included instead
of yttrium iodide (YI3). The reason for this is the fact that although YI3 has very
good properties, its preparation is difficult, like that of Cel3. These rare-earth, trihalides
easily form oxy-iodides and can only be purified by high-temperature sublimation prior
to use. Such laborious treatments are not likely to be included in industrial schemes for
partitioning and transmutation.
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Figure It The capsule for irradiation of the metal iodides

The metal iodides were purchased from Cerac and purified before use. The samples were
encapsulated in 15-15 Ti stainless steel tubes which were provided by CEA-Cadarache;
the dimensions as given in Figure 1. The iodide samples contain the naturally occurring
isotope 1-127 because it was not possible to obtain and prepare samples containing 1-129.
Since the transmutation process of 1-127 is more or less identical (it is transmuted to
Xe-128) and the primary goal of the irradiation is the study of the material behaviour,
this is not considered to affect the results from the experiments.

Irradiation conditions

The samples have been irradiated in the HFR-Petten in the central in-core position C5.
Details of the irradiation facility and the sample holder have been described in reference
(2). The total neutron fluence rate calculated for the C5 position was about 9xl01 8

m~2s~1 with a thermal component of 1.5 XlO18 m"2s~1. For the 8-cycle irradiation period
(192.95 full power days), the total neutron fluence was 1.5 xlO26 m~2 and the thermal
neutron fluence was 2.5xlO2S m~2. Based on these data, the transmutation rates were
calculated as about 4 % for the technetium samples and about 3 % for the iodine samples.

The neutron fluence was also monitored by means of gamma-scan wires and fluence de-
tector sets which will be analysed after the irradiation. The analysis of the gamma-scan
wires has recently been completed (6). An example is given in Figure 3 where the activi-
tity of 60Co, formed through thermal neutron capture in 59Co, is plotted as a function of
the axial position in the sample holder. The samples were located at the 150 to 250 mm
level in the sample holder. From the figure it is clear that a dip in the thermal neutron
flux occurs in this region, due to neutron capture in especially the technetium rods.

The temperature in the sample holder was measured by nine thermocouples positioned
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Figure 2: The capsule for irradiation of technetium
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close to the samples. During the 8 irradiation cycles the temperature varied due to
variations in the gamma heating (see Figure 4) but the temperature always exceeded
410°C (the melting point of Pbl2).

POST-IRRADIATION EXAMINATION

At present, post-irradiation examination of the samples is being performed in the hot-cell
laboratory of ECN. Some preliminary results will be communicated here. Additional work
on the technetium and iodine samples will be performed at ECN in the coming months,
whereas complementary studies on irradiated technetium targets will be performed at
JRC-ITU and CEA-Cadarache in the future.
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Figure 5: X-ray pictures of the samples; top, Cel^; middle, Nal, bottom,

Non-destructive testing

From neutrographic measurements of the sample holder, it was observed that no significant
swelling of the technetium rods had occurred. These targets could be dismantled easily.
However, during the dismantling, it became clear that the capsules containing lead iodide
had undergone considerable swelling during the irradiation as they could not be removed
from the sample holder by standard methods. After they had been removed mechanically,
a distinct blackening of the aluminum of the sample holder near one of the Pbl2 capsules
showed that leakage had occurred. Visual inspection showed a small hole in the cladding.
The deformation of the cladding was confirmed by X-ray analysis (Figure 5) from which
it can be seen that the swelling only occurs in the region where the molten salt is located.
We therefore conclude that reaction between salt and the cladding is most probably the
cause of this effect. The X-ray photographs of the cerium and sodium iodide samples did
not show evidence for interaction between salt and cladding.

Destructive examination

The results of the destructive testing which are available to date, are restricted to the
technetium samples. We studied a single 25 mm pellet recovered from one of the three
Tc-samples. The other pellet from this target will be shipped to CEA-Cadarache.

Diameter measurements of two rectangular directions yielded for the top of the pellet (4.82
± 0.02) mm and for the bottom (4.83 ± 0.03) mm. When we compare these numbers to
the average pre-test measurements, (4.81 ± 0.02) mm, we can conclude that no significant
swelling of the pellet has occurred at a burn-up of 4.2 %. This contradicts the suggestion
(5) that technetium metal could exhibit anisotropic swelling under neutron irradiation
because it has a hexagonal crystal structure.

The relative ruthenium concentration as a function of the radius has been measured by
electron-probe microanalysis (EPMA) on a sample that has been cut at 5 mm from the
top of the pellet. The results, normalized to the measured concentration in the center
of the pellet, are shown in Figure 6. It can be seen that a sharp decrease of the Ru-
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concentration occurs in the outer 50 um of the pellet after which the concentration levels
off to a constant value. This effect is due to the contribution of self-shielding of epithermal
neutron capture, as already predicted in our pre-test calculations (2). However, the
calculated curve in Figure 6 is the result from a more recent study using the collision-
probability code ROLAIDS-CPM in connection to the SCALE 4.1 system and has been
normalized to the calculated concentration in the center of the pellet. These codes describe
the radial distribution of resonance absorption rates much better and, moreover, the real
irradiation conditions and sample geometry have been used in the calculation. From the
figure it can be seen that the general trend in both curves is the same but that the relative
absorption rate in the rim of the pellet is underestimated in the calculations. This is
probably due to uncertainties in the resonance range of the neutron-capture cross-section
of "Tc .

CONCLUSIONS

Based on the information presently available from pre- and post-test examinations, we
come to the following preliminary conclusions:

• Metallic technetium in the form of casted pellets shows no significant swelling under
neutron irradiation. However in the present experiment a relatively low burn-up was
reached (~ 4.2 %) and high burn-up studies are required to support this conclusion.
It should be mentioned that one of the three technetium samples from the present
experiment is being refabricated and will be re-irradiated for a period of at least
two years to obtain a burn-up of about 15-20 %.



• Near the rirn of the pellet, the relative transmutation rate as calculated by the
ROLAIDS-OPM and SCALE codes is considerably lower than the experimental
one, possibly due to uncertainties in the resonance range of the neutron-capture
cross-section of 09Tc. Measurements of the absolute Ru-concentration are underway
for further verification of the computational approach.

• Lead iodide is not compatible with 15-15 Ti stainless steel as evident from the
failure of at least one Pbl? target. Up to now, there is no evidence that sodium
iodide and cerium iodide reacted with the cladding. During the preparation of the
cerium iodide targets, serious difficulties were encountered which make this material
not very suited for transmutation on a large scale. As a result, sodium iodide seems
to be the best candidate from the materials considered here, also from the point of
view of compatibility with reprocessing technology.
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THERMO CHEMICAL AND THERMOPHYSICAL DATA
FOR ACTINIDE AND LANTHANIDE COMPOUNDS
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ABSTRACT

After a short discussion of the procedures, some examples of thermodynamic evaluations
are given. The application of the assessed data on practical problems in the nuclear field
is demonstrated.

INTRODUCTION

At the Netherlands Energy Research Foundation ECN, an ongoing programme on the
evaluation of the physico-chemical properties of reactor materials and fission products
has been maintained since 1985 (1, 2). During this period of ten years, the programme
has resulted in an internally consistent database for more than 600 compounds of about
30 elements relevant to the modelling of uranium fuel in LWR's and LMR's. Such models
have given valuable insight in the behaviour of fuel during normal and off-normal operation
conditions (see e.g. (8,4))-

In the frame of the Dutch programme on transmutation of actinides and fission products,
critical assessments of the properties of the actinidc elements, oxides and halidcs have
been started in order to extend the database in the field of actinide fuels. Thus, the
chemical behaviour of the actinide fuels in the various stages of the fuel cycle can be
evaluated. For example, the interaction of fuel and coolant or the effect of high burn-up on
possible chemical interaction in the fuel pin can be analysed by means of multi-component
equilibrium calculations or phase diagram modelling. But also pyrochemical reprocessing
techniques can be evaluated using thermochemical models.

Except for uranium and thorium, thermochemical data for actinide compounds are scarce
and empirical correlations are generally needed to estimate missing information. Due to
similarities in their chemical properties, the lanthanides are often used for this purpose.
Moreover, the lanthanides form an important group of fission products which have to
be separated from the trivalent actinides during the reprocessing phase. Therefore, the
lanthanides have been included in this work.

PROCEDURE AND EVALUATION TECHNIQUES

Figure 1 shows a diagram of the computer codes developed at ECN for the evaluation
procedure of thermodynamic properties of inorganic compounds. Details of the procedure
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Figure 1: Flow diagram of the ECN computer programmes used in the assessment of
therrnochemical properties,

can be found in ref. (2). In short, the procedure is as follows. After all literature data
have been collected, the heat capacity of the condensed and gaseous states of the species
in a specific system arc established first; in many, but not all cases, values for the entropy
can be derived. Next the the enthalpies of formation at 298.15 K is calculated from
chemical equilibrium studies and/or calorimetric measurements. The recommended values
are stored in the database together with crystal structure data and an explanatory text.

In the subsequent text, some examples of the evaluations are given, followed by the
demonstration of the use of the data in practical problems in the nuclear field.

EXAMPLES

Np, element

Neptunium metal has an orthorhombic crystal structure at room temperature, isostruc-
tural with a-U. Upon heating it undergoes two solid-state transformations. At (553 ±
5) K it transform to /3-Np which has a distorted tetragonal close-packed cell. Further heat-
ing yields a body-centered cubic modification, which is stable above (850 ± 3) K. The
melting point of neptunium is T/Ua = (913 db 3) K. All these values have been selected
from the concordant measurements listed in Table I.

Sandenaw (5) measured the low-temperature heat capacity of impure a-Np from 8 to
320 K by adiabatic calorimetry and obtained S°(298.15 K) = 50.38 J-mol"1^"1 . Lee et
al. (6) measured the heat capacity of a-Np of a higher purity but the difference with the
results by Sandenaw is small. The standard entropy derived by Lee et al. (6) is selected
here:

S°(298.15 K)= (50.45 ± 0.40)

The high-temperature heat capacity of Np is poorly known. Eldred and Curtis (16)
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Table I: The transition temperatures (in K) and enthalpies (in kJ"mot~x) of Np(s).

authors a —> (3 (3 —> 7 7 —> 1
Tir* A(r,H° T<r, A<r,H° T /M. A/u<H°

Westrum and Eyring (7)
Zachaiiascn (8) 551 db 5
Lee et al. (9) 553 db 5
Evans and Mardon (10) 8.37
Wittenberg et al. (11) 553 5.61
Cort (12) 551 ± 2
Foltyn (i$; 555 4.73
Gibson and Haire (14) 555 ± 4 6.6 db 0.7 851 ± 4 3.9 ± 0.4 913 ± 4 4.2 ± 0.4
Gibson et al. (14) 554 ± 5 849 ± 5 912 ± 5

selected values: 553 ± 5 4.7 ± 0.5 850 ± 3 3.0 ± 0.5 913 ± 3 3.2 ± 0,5

reported C° = 31.64 J-mol'^K"1 for the temperature range 302 to 372 K, Evans and
Mardon (10) measured the heat capacity from 333 to 480 K. The results are in fair
agreement and aie compatible with the low-temperature results. The combined data
have been fitted to the linear equation:

C^a-NpJ/J'mol-^K-1 = 14.2044 + 51.737 10"3(T/K)

which has been constrained to G°p = 29.63 J-mol"1^"1 at 298.15 K derived from the
Iow4emperature results. In absence of experimental data for the other phases we have
estimated the following values:

' - 1C°(7-Np) = 36
C°(liquid-Np) = 46 J-mol'

Wittenberg et al. (11), Foltyn (IS) as well as Gibson and Haire (14) have measured the
enthalpies of transformation and melting by DTA, as summarized in Table I. Although
the transition temperatures in these studies are in fair agreement, the corresponding
enthalpies deviate considerably. The results by Foltyn (13) are selected here since careful
calibrations of the calorimetric sensitivity were performed. The uncertainties have been
estimated by the present authors.

The enthalpies of fusion of the actinide trichlorides

Enthalpies of fusion of the lanthanide and actinide chlorides are of considerable interest in
the thermodynamic modelling of the electrorefining process of the Advanced Liquid Metal
Reactor (ALMR). Whereas the enthalpies of fusion of most of the lanthanide chlorides
have been measured, notably by Dworkin and Bredig (17) and by Gaune-Escard et al.

) the enthalpies of fusion of the actinide chlorides are poorly known, or even lacking.
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For UCI3, for instance, only an estimated value is available (19), whereas inconsistent
experimental data are available for PuCfo (20, 21) and AmCl3 (22).

We have measured the enthalpy of fusion of UCI3 in a Mettler DTA apparatus, in a
molybdenum cup which was contained in a closed stainless steel cup in order to avoid any
oxidation. The temperature and the enthalpic sensitivity of the apparatus were calibrated
with In, Al, Pb and Ag; heating rates of 10 K'min"1 were used. As results we obtained
T /Ua = (1117 ± 1) K and A/H° / u , = (47.5 ± 1.0) kJ-mol"1. The latter value is in good
agreement with the value 46.4 kJ-mol"1, estimated by Rand and Kubaschewski (19) at a
somewhat lower temperature of fusion, 1110 K.

Phipps et al. (20) measured the vapour pressure of PuCl3(s,l). A reinterpretation of their
data by Rand (23) yielded Tfua = 1040 K and A/H0/,,, = 44.4 kJ-mol"1. These results
enable us to estimate the enthalpy of fusion of AmCl3. As can be seen in Figure 2,
the entropies of fusion of isostructural compounds show a simple linear relationship as a
function of the temperature of fusion. This gives for the enthalpy of fusion of AmCl3 at
T / u a = 991 K (24) the value A /usH° = (42 ± 2) kJ-mol"1, which is much lower than the
value 48.1 kJ^mol"1, determined by Kohl (24) in a DTA apparatus.

The gaseous lanthanide trihalides

In the foregoing sections only condensed compounds were treated for which the data are
generally derived from calorimetric measurements. For gases a different approach is re-
quired. The thermal functions of gases are normally obtained from molecular parameters
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and spectroscopic data via statistical-mechanical calculations. As input parameters of
these calculations, data arc required on the structure, vibrational frequencies and elec-
tronic states of a molecule, which are normally obtained from spectroscopic or electron
diffraction experiments.

In recent years we have attempted to systematically analyse the vibrational properties of
the lanthanide trihalides by high-temperature infrared spectroscopy (25-27). As the radii
of the M3+ ions and the bond lengths in the lanthanide trihalides gradually decrease going
from La to Lu due to the well-known lanthanide contraction (28), a similar variation in the
vibration frequencies is expected. In Figure 3 the values for the asymmetric stretching
frequency 1/3 are plotted as a function of the lanthanide atom. It can be seen that 1/3
gradually increases through the lanthanide series. The other fundamental frequencies
show a similar trend. It is thus possible to predict the vibrational frequencies of the other
lanthanide trihalides with a high accurary.

APPLICATIONS

Thermochemical calculations of fission product release from sodium pools

Thermo chemical calculations are extremely useful for the estimation of fission prod-
ucts/fuel compound release in the case a severe nuclear accident. The present example
is specific for the source term calculation for the sodium-cooled Advanced Liquid Metal
Reactor (ALMR) (4). Calculations of the release to the gas phase require knowledge of:

1. the chemical form of certain sodium-compounds,

2. activity coefficients of fission products (solute) in sodium (solvent).

The release of a compound i is determined by the vapour pressure p,- of this compound
above the sodium pool:

Pi = liXiPÎ
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Figure \; Calculated vapour pressure of Sr above sodium (see text),

where pi is the vapour pressure of the pure component i and X{ is the mole fraction in the
liquid sodium phase. The activity coefficient 7; can be extracted from vapour pressure or
solubility measurements, but also from phase diagram evaluations. Unfortunately, vapour
pressure measurements of sodium-fission product systems are scarce.

The activity coefficient (with respect to the solid phase of i) can be directly calculated
from the solubility in a saturated solution:

7." = »,•

The excess chemical potential fif (= RT\n~/i) can then be used to calculate the coefficients
of the Redlich Kister equation for the integral excess Gibbs energy, which is used for
further thermochemical calculations.

As an example we will give the vapour pressure of Sr and Pu above sodium. At 773 K
up to 60% strontium dissolves in sodium, and above the melting point (1041 K) Sr and
Na mix in all proportions. Pelton (29) performed a phase diagram evaluation of Na-Sr
system and found the follov/ing expression for the integral excess Gibbs energy:

GE/{ J-mol-1) = (8352 - 1061a:sr - 4272a;|r)

which for dilute solutions of Sr in Na corresponds with:

/xfr = 8-3 kJ-mol"1

In Figure 4 the importance of the excess chemical potential is demonstrated. The stron-
tium vapour pressure was calculated for a dilute solution of Sr (xs r = 7.8 • 10~6) in liquid
sodium. It is clear that the ideal mixture assumption (7sr = 1) severely underestimates



the partial Sr-prcssurc. The vapour pressure of pure Sr, however, is much larger; it ranges
from 0.4 to 1200 Pa in the specified temperature range.

The situation is very different for the actinides and their oxides, which have a very
h'mited solubility. No solubility data of elemental Pu in sodium were found in litera-
ture. For P U O Ï the solubility at 1073 K is 0.02 w.p.p.m. (30) (which corresponds with
pf'ttOj ~ ^85 kJ-mol"1) Considering the relatively large amount of Pu present in the
ALMR module, it seems correct to assume that plutonium cannot dissolve completely in
the sodium pool. In that case, we have to consider a saturated solution of Pu in Na, and
the partial pressure of Pu is equal to the vapour pressure of pure plutonium.

Pyroprocessing

In the pyroprocessing of the metallic fuel of the ALMR, the actinidcs are separated from
the fission products by electrorefining using a molten cadmium anode and a molten salt
electrolyte. The equilibrium distribution between the salt and the cadmium of two ele-
ments that form trivalent chlorides, is determined by the reaction:

UCl3(salt) -(- Pu(cadmium) = U(cadmium) + PuCl3(salt)

The equilibrium constant K for this reaction is:

where a is the activity of a compound in the salt of metal, R is the gas constant and T is
the absolute temperature. The separation factor of plutonium versus uranium SFpu can
now be expressed as:

where 7 is the activity coefficient.

From the data in Table II which have been obtained by critical assessment of the available
literature, we obtain SFpu = 4.5 which is in reasonable agreement with the experimental

Table II:

compound

Thermodynamic data for

7(Cd)

the U-Pu-Cl and the U-Ce-Cl

7(salt)

systems at 773 K.

RT

U 75 0
13UC13 5.8 lu" 3 -107.4

Pu 1.38 10-'1 0
PuCl3 6.6 1(T3 -121.7
Ce 9.76 lO-9 0
CeCl3 1.5 lu" 3 -134.9



value 1.88 ± 0.09 (SI). For the lanthanides the agreement between calculated and exper-
imental separation factors is much -worse. For example, we calculate SFca = 440 whereas
the experimental value is 45 ± 6 (81), Relatively large uncertainties in the thermochemical
data for the lanthanide trichlorides are most likely the origin of this discrepancy.
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Abstract

The economic consequences of retrievable storage have been investigated by comparing two
extreme options of retrievable storage. In one option the storage facility is kept in operation,
using minimal backfill of the storage galleries. In the other option the storage facility is
completely backfilled, sealed and abandoned. In the second option construction of a new mine
will be necessary in case of retrieval. The point in time has been determined when the second
option will be cheaper than the first. This has been done for clay, granite and rocksalt as host
formation, and both for vitrified waste and spent fuel.

Introduction

Retrievability of radioactive waste, stored in the deep underground has received increasing
attention during recent years. In The Netherlands, retrievability is mandatory for all high toxic
waste stored in the underground. In this study waste is considered to be stored retrievable in
a geological formation if the waste can be brought back to surface from this formation without
hazard of radiation exposure and by technological means as existing today.
Two options of retrievable storage have been considered. One option is storage in galleries
in an underground mine, with only the actual storage galleries backfilled as a minimal safe-
guard. The remaining part of the mine, the main galleries, the infrastructure and the shafts,
are kept in operation. The other option is storage in an underground gallery system and
complete closure and abandonment of the repository once all the waste has been stored. In this
second case a new mine has to be developed once retrieval becomes imperative. After storage
of all the waste, the first option requires yearly operating cost, the second option requires
capital expenditure for mine development in the far future. It is obvious that there will be a
point in time when the second option becomes cheaper. The objective of this study is to
determine this break even point for three different host formations as found within the
European Union, viz. argillaceous formations, crystalline formations like granite, and saliferous
formations.
Due to the decay heat generated by the waste, the temperature of the repository will rise. It
is expected that this elevated temperature will be one of the major obstacles for proper
retrieval. The high temperature itself can make it impossible to approach the waste because
it is detrimental for man and machine. Moreover the high temperature will cause high creep
rates in rock salt and the heating and cooling may trigger instability or rockburst, especially
in unsupported rock formations. In order to assess the magnitude of this obstacle the
distribution of temperature rise in time and space has been determined for the selected host
rocks and the selected waste types. Based on rock mechanical principles the stability due to
this temperature rise at the moment of retrieval has been assessed. The above mentioned work
has been reported in [1].

S P



Waste and geological boundary conditions

Waste
The amount of waste, is assumed to originate from a hypothetical 20 GWe reactor park
consisting of standard LWR 's, operating for a 30 year period. A pre-cooling and interim
storage period of 33 years has been assumed. The scope of the study is restricted to high level
waste only, available in two alternative forms: all the waste resulting from vitrification of the
reprocessed fuel, or all the spent fuel directly stored.
In order to enable proper retrievability the waste packages should not be damaged, by pressure
from the host rock, corrosion or other processes. Furthermore the radiation level at the
moment of retrieval should be such that labour in the immediate vicinity of the package is
possible. For the purpose of this study it has been assumed that a thick-walled container
similar to the German Pollux container [2] satisfies these requirements for retrieval. It should
be noted that these requirements can be met for a few centuries at the best and provisions for
retrievability as defined for this study only make sense for a period of up to 300 years, which
is a widely used design limit for corrosion resistance of overpacks. The costs of the overpack
and the handling of the waste before it is packed have no influence on the break even point.
In this study the costs are determined from the point where the waste is delivered on the
repository site in an overpack suitable for road and rail transport and suitable for final
disposal. Since no handling of radiating waste takes place on the repository site, no provisions
have been made for additional security and decontamination facilities. It should be noted that
these costs of handling and packing the waste are a significant part of the total cost of the
back end of the waste cycle.

Geology
For the three host formation types no specific site has been chosen. As argillaceous formation
a clay layer equivalent to the Belgian Boom clay has been chosen. The top of the clay layer
is at 200 m below the surface and the thickness is assumed to be 150 m. As crystalline
formation a granite formation has been chosen with sufficient depth and area, with the top of
the formation at the surface. At a depth of 550 m a zone free of major fractures and faults
large enough to accommodate the repository is assumed to be available.
As saliferous formation a dome type formation of rock salt has been chosen with the top of
the dome at 300 m below the surface and sufficient area to accommodate the repository at a
depth of 800 m below the surface. The selected host rock formations are representative for the
situation in one or more member states of the European Union [3].

Mine layout choices

The layout of the underground part of the repository is based on storage of the waste
packages in blind disposal galleries. A proper length of backfilled gallery is created between
each package to facilitate individual retrieval and to avoid overlap of areas of extreme
temperature. The blind disposal galleries are accessible from a central infrastructure and shaft
area by means of a main gallery system. The evaluation of the development cost is based on
the following mining methods: For granite the development will be done by drilling and
blasting, with loader and wheel truck underground transport. For rock salt the mine will be
created by roadheaders with loader and truck transport. For clay a purpose designed backhoe
operating from within a shield, and combined with a semi automatic segment erector will be
used for excavation. The mined clay and the concrete lining segments will be transported by
narrow gauge rail equipment. For the repository in granite and rocksalt two parallel main



galleries are connected at regular intervals with cross galleries from which the blind disposal
galleries are driven. For the repository in clay the layout is chosen such that longer straight
tunnels can be driven which reduces the cost of assembly and disassembly of the excavation
machine.
For the repository in clay and granite the complete underground facilities will be finished
before emplacement takes place. For granite this procedure ensures that no blasting will be
done once the radioactive waste is present in the mine and for clay the logistic problems of
clay transport to the surface and transport of the concrete lining segments underground are
separated from the waste transport, For a repository in a salt dome the mined salt will be used
as such as backfilling medium, and in order to avoid unnecessary shaft transport of the salt,
the emplacement will commence during the development of the mine. Special precautions will
separate the transport of waste and mined salt.
The access to underground workings is by means of two shafts which are used for personnel
transport, transport of waste, equipment and mined material, and for ventilation. The heaviest
load to be transported is the 60 tonnes waste container on its transport vehicle estimated at
25 tonnes. The hoist capacity of the waste transport shaft will be 85 tonnes. The other shaft
will be designed for a 25 tonnes capacity.
Salt and granite are stable to very stable rock types and apart from local support and
stabilizing measures as usual in normal mining, no special support will be required. For a
repository in clay it has been assumed that all underground workings have to be lined with
concrete, capable of withstanding the rock pressure. This concrete lining also serves as a
barrier for groundwater. For rocksalt only relatively small amounts of water are present as
brine pockets, and no special costs for pumping are provided. In a repository in granite, the
planning and layout has to be such that mine water is accounted for. The water will be
collected in sumps and pumping stations
will be provided to remove the water to the
surface.
The storage procedure for the waste is such
that the storage gallery is backfilled
immediately after emplacement of a
container. This guarantees a gradual flow of
the decay heat into the surrounding rock and
isolates the heat source from the ventilation
air stream. The ventilation capacity will be
such however, that an acceptable working
climate can be maintained in the mine
building and that ample ventilation air is
available for local cooling if required in case
of retrieval.

Retrieval method

A feasible method of retrieval had to be
selected for the purpose of this study. As
criteria for the selection the following events
which could possibly prevent or complicate
the retrieval have been used: The high rock
temperature, the occurrence of high pressure
gas pockets, the stability of the rock at

Figure 1. Selected retrieval method



sudden cooling, leakage of a waste container and related radiation protection.
The method found most feasible in view of the above mentioned events is the following:
The container is approached using the original storage gallery by means of an ordinary road
header. Once the head of the container has been made free, a special drilling tool removes the
backfill around the upper part of the container. After that the container is pulled on a transport
vehicle. A schematic representation of the method is given in Figure 1.
For this method a special drilling device has to be developed, however al the components of
this device can be considered as proven technology. The container has to be placed on a small
console and after the removal of the surrounding backfill it can be easily hauled on a transport
vehicle. The complete operation can be executed from within a closed cabin,

Temperature rise

The temperature rise in the repository due to the decay heat of the waste has been calculated
for an isolated container and for the complete field. This latter calculation accounts for the fact
that the containers are successively placed in a relatively long period. These calculations have
been executed with a program based on analytical relations. In this program the containers are
treated as line sources, the heat generation of which can be described as a summation of
exponentially decaying power sources. The resulting maximum temperatures for the six
storage options considered, are represented in Table I. In this table the maximum temperature
at the container wall for a single container and for a container stacked in a typical repository
pattern has been given. For the repository also the temperature in the rock between two
adjacent storage galleries has been given. The initial rock temperatures used in the calculation
were, 18 °C for clay, 27° C for granite and 36 °C for rock salt.

Table I Maximum temperatures for an isolated container and for a complete repository

Vitrified waste Spent fuel

container repository between container repository between
galleries galleries

clay
granite

rock salt

128

89

83

°C

°C

°c

159
124

117

°C
°C

°C

91
88

90

°C
°C

°C

87e

64

65

' C
°c
°c

115

110

106

°C

°C

°C

86
92

93

°C

°C

°C

For granite and rock salt the temperature has also been determined with the aid of the finite
element method, using a simplified 2-dimensional model. These temperatures have been used
in a subsequent analysis of the stability of the gallery at the moment of retrieval. Since the
temperature can be controlled by several design parameters such as the spacing of the galleries
and the spacing of the container in each gallery as well as the amount of waste stored in each
container, and since ore production mining at rock temperatures up to 120 °C has been
reported, it is unlikely that the temperature will be a major obstacle for proper retrieval.

Stability assessment

When the heat generating waste is stored in a gallery in a rock salt repository the thermal
expansion of the salt will cause increasing compressive stress in the salt. Due to the visco-
plastic behaviour of rock salt, the high compressive stress will vanish in the course of time.



When the waste is retrieved the salt will experience a sudden drop in temperature, Due to this
temperature drop, thermal compression of the salt will occur and this compression may cause
tensile stress to build up around the gallery. Since the tensile strength of rock salt is very low,
cracks might develop and collapse or rockburst may occur. In granite which behaves almost
purely clastic, the high compressive stress which builds up due to thermal expansion may
cause instability or rock burst which may form a potential danger at the moment of retrieval.
For a repository in clay the stability of the mine is guaranteed by the concrete liner. If the
possible additional compressive stress on the liner due to thermal effects is incorporated in the
design, the stability at the moment of retrieval will be guaranteed.
In order to assess the risk of instability in granite and rock salt, a finite element stress analysis
has been made of the process of storage and retrieval of heat generating containers in these
geological formations. The results are illustrated in Figure 2, and 3 where the ratio of an
actual to an allowable stress quantity is given for granite and rocksalt. For zones where this
ratio exceeds unity, damage may occur.
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Figure 2. Ratio of actual stress to peak
strength for granite.

Figure 3. Ratio of actual to allowable
octahedral shear for rock salt.

It can be seen that for granite, local zones develop in which the risk of fracture becomes
unacceptably high. Because of the good quality of the rock it is expected that the cost of
supporting these local zones will not exceed the cost as spent in normal mining practice for
support measures which have been used in the planning. For rock salt small zones with high
possibility of fracturing occur relatively soon after retrieval, however due to the high creep
rate these zones vanish within very short time and it is not expected that the instability of the
rock will be a major obstacle for proper retrievability.

Cost evaluation

The construction cost of the underground facilities, the cost for storage and retrieval and the
cost for re-mining have been determined such, that changes in the design can easily be
incorporated and the financial consequences determined. The method incorporates a mine
planning, including variable cost calculations and the project plan. In this latter part the
expenditure as determined in the mine planning is placed in the proper time scale to determine



the actual cash flow which is required for the correct allocation of the capital,
In the mine planning all activities required for the underground operation are broken down
into elementary cost centres. For each cost centre the unit cost and unit time have been
determined based on the labour involved, and the machines and utilities required. For example
the cost of driving one meter of gallery in rock salt is determined from the cost and the
performance per hour of the roadheader and the cost of transport of the mined quantity of salt.
The unit machine cost is determined from cost of fuel and lubricants, maintenance and the
personnel cost. The relocation of the machines, the waiting and maintenance time is taken into
account by means of utilisation and availability multipliers on the net machine time. The
dimensions of the repository are determined from geometrical parameters such as the required
spacing of storage galleries, the required spacing of the containers in a gallery, the required
safety distances, the available space in the formation, etc, and from the number of containers
to be stored. Once the actual dimensions of the mine are known the cost can be calculated
with the aid of the previously determined unit cost. With the known unit time also the total
time for each part of the project can be determined.
In order to obtain a proper picture of the cash flow during the operation all cost centres are
linked into the project planning programme with their proper dates and cost. The general
overhead cost, such as cost for surface facilities, management, supervisory personnel and
security etc. is also added in the proper time frame and the resulting total net project cost are
calculated. The phase before the actual construction, where site investigation and licensing
takes place is also accounted for in the project planning programme. It should be noted that
the costs mentioned here do not cover fuel reprocessing, waste treatment and interim storage.
Also no reservations have been planned for underground laboratories or for long term and
excessive geological investigations and site characterisation.
The resulting cost for mining, retrieval and remining are given in Table II for spent fuel and
in Table III for vitrified waste.

Table II. Repository and re-mining cost for spent fuel(Millions of Netherlands Guilders).

-econstruction
Surface construction
Shafts
Underground construction
Waste emplacement
Closing and sealing
Waste retrieval
Abandonment
General overhead
Net cost
Total cost incl. contingency

Clay
Constr.

5.4
54.5

151.9
246.0

12.0
4.0
-
-

135.1
608.2
729.8

Re-
mine

5.4
54.6

151.9
50.5

-
-

30.7
2.7

144.5
440.3
528.4

Granite
Constr.

5.5
54.6

113.5
92.9
17.3
7.0
-
-

135.4
426.1
511.3

Re-
mine

5.4
54.6

113.5
68.9

-
-

29.4
3.1

221.0
494.9
595.1

Rock
Constr.

5.7
58.2

197.5
87.6

11.7
6.0
-
-

144.9
515.3
614.1

salt
Re-

mine

5.4
58.2

197.5
59.7

-

-
29.1

3.2
173.8
526.9
632.3



Table III, Repository and re-mining cost for vitrified waste(Millions of Netherlands Guilders),

Preconstruction
Surface construction
Shafts
Underground construction
Waste emplacement
Closing and sealing
Waste retrieval
Abandonment
General overhead
Net cost
Total cost inch contingency

Clay
Constr.

5.4
54.6

151.9
153.8

6.0
3.7
-
•

79.3
454.6
545.5

Re-
mine

5.4
54.6

151.9
51.5

-
-

15.3
2.7

78.5
359.9
431.9

Granite
Constr.

5.5
54.6

113.5
76.1
8.8
6.1
-
-

83.7
348.2
417.8

Re-
mine

5.4
54.6

113.5

62.1
-
-

14.9
3.1

122.9
376.5
451.8

Rock
Constr.

5.5
58.2

197.5
72.0
5.6
5.9

-

77.7
422.4
507.1

salt
Re-

mine

5.4
58.2

197.5
59.7

-
»

14.7
3.1

102.7
441.3
529.6

The annual operating cost in case of a repository on a care and maintenance base are given
in Table IV.

Table IV. Annual cost for care and maintenance (Millions of Netherlands Guilders).

Clay Granite Rock salt

Spent fuel

Vitrified waste

1.33

1.33

2.42

2.39

1.84

1.80

In the tables a distinction has been made between closing and sealing on one side and
abandonment on the other side. The first term relates to a repository containing waste, the
second to abandonment of an empty repository after retrieval.
It can be seen that shaft construction takes a considerable part of the total cost of the
repository and the difference for the individual host rock types for this entry is caused by the
different depths of the repositories. For a repository in clay the underground construction is
relatively expensive due to the concrete lining of the tunnels. In case of retrieval the cost for
a repository in clay are relatively low because it has been assumed that within the clay
formation the concrete lining will remain intact. A provision has been made for local repair
of the liner.
The operating cost for a repository in granite include cost for pumping, and the operating cost
for a repository in rock salt account for re-work of the galleries which will close in time due
to the viscous behaviour of rock salt.
In order to determine the break even point at which the cost of re-mining from a closed and
sealed repository equals the cost of retrieval from a storage facility the decision point for
storage or disposal is defined at the end of the actual emplacement of the waste. This means
that at that moment it will be decided to either start the closure and sealing of the repository,
or to keep the repository operational on a care and maintenance base.



It appears that the break even point is strongly dependent on the real return rate. Therefore
the period from the decision point to the break even point is represented as function of the real
return rate in Figure 4.

Direct disposed fuel

CO

Vitrified waste
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Real return rate (%)

10 2 4 6 8
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Figure 4. Break even point as a function of the real return rate.

Conclusions

From this generic study it can be concluded that re-mining of waste from a closed and sealed
repository is feasible and will be cheaper after a relatively short period. From comparison with
other estimates the actual repository cost are low, however the cost estimate has been based
on normal mining practice and no reservation has been made for radiation protection or
additional security measures. It has been assumed that the waste is delivered at the site of the
repository in a container suitable for transport and for final disposal. An estimate of the cost
of this container showed that these costs are in the same order of magnitude or even higher
than the construction cost of the repository. The choice of using this container however can
have its implications on the complete back-end of the fuel cycle and when storage has to be
retrievable, this part of the fuel cycle has to be reconsidered integrally.
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