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ABSTRACT 

V description is given of the ECN programme on the trans-
nutation of tljp^nssion products technetium and iodincfPre-
est calculations on ihe effect of self-shielding, experimental 
ludies for sample characterization and sample selection and 
he design of an irradiation facility for use in the High Flux 
leaaar_(EcueB)-ere discussed. & f t 

NTRODUCTION -

Partitioning and transmutation (P&T) of actinides and fission 
products are attracting considerable attention at present as an 
jption to reduce the long-term radiological hazard of the 
ligh-level nuclear waste (HLW).1'2 The prospects of P&T 
ire the subject of worldwide studies3"7 and there is general 
igreement that the implementation of P&T in waste manage
ment is technically feasible. However, much research needs 
itill to be done to improve the partitioning (reprocessing) 
)f the radionuclides intended for P&T as well as to resolve 
he technological problems of the transmutation, to make the 
orocess industrially attractive. 

The beta-emitting fission products technetium ("Tc, half-
life 2.1310s year)and iodine (I29I,half-life 1.57107 year)are 
among the important long-lived nuclides in high-level waste, 
that dominate the beta radiotoxicity for more than a million 
years. Although the beta toxicity will remain far below 
the alpha toxicity of the actinides, the risk-during-storage, 
defined as the product of toxicity and chemical mobility, 
will be relatively high bee use technetium (in the form of 
the TcO^ ion) and iodine are rather mobile in geochemical 
environments of underground waste repositories.2'8 

Transmutation of "Tc and 129I by neutron capture as a 
result of irradiation in nuclear reactors will yield the sta
ble isotopes 100Ru and 130Xe, respectively. However, due 
to the small neutron cross-sections, the transmutation effi
ciency in LWRs is low: only a few percent of the tech
netium is transformed in a year. For iodine the efficiency 
is only little better.9 High-flux thermal reactors such as the 
CANDU or moderated assemblies in fast power reactors arc 

therefore more appropriate devices for the transmutation of 
these fission products. Also intense neutron fields produced 
by future accelerator-based thermal reactor systems are of 
interest.10 Due to the low transmutation efficiencies, multi
ple reprocessing of the irradiated inventory will be required 
in practical cases. This makes the transmutation option with 
technetium homogeneously distributed through the fresh fuel 
not attractive since considerable effort is required to separate 
this element from spent fuel. Irradiation in special targets 
(heterogeneous transmutation) is therefore the most likely 
technique to be applied for both fission products. 

In 1991 ECN has started a research programme on the 
transmutation of technetium and iodine which will be de
scribed here. In this study the physical, chemical and tech
nological aspects of the heterogeneous transmutation in ex
isting or future-generation power reactors are being consid
ered, with special emphasis on the determination of transmu
tation efficiencies to evaluate calculational methods and on 
the study of the material behaviour. A facility for irradiation 
experiments in the High Flux Reactor (HFR Petten)" is be
ing constructed and the first experiments on muliigram-sizcc 
samples are planned in 1994. To our knowledge few of such 
experiments have been performed. Wootan et al.n have de
scribed transmutation experiments on milligram-sized sam 
pies in a Fast Flux Test Facility which yielded calculation-to-
experiment transmutation ratios of 0.80 for "Tc and 0.86 foi 
,29I. These experiments were, however, not primarily aimec 
at the study of materials aspects. 

TECHNETIUM 

Chemical aspects 

Technetium is recovered from the PUREX waste stream as; 
salt, generally ammonium pcrtcchnetate (NH4Tc04).

12 Thi 
material must be converted to a suitable target material be 

"The HFR is a materials-testing reactor of the European Com 
muniiy. Il contains light water as coolant and moderator (temper 
ature 45-55 °C) and iis normal operating power is 45 MW,A. Th' 
thermal flux is 3 x 1018 n-m~2-s"'. The duration time of onecycl« 
is 25 full power days. 11 cycles arc being performed per year. 



ause ammonium pertechnetate decomposes upon heating 
nd is rather soluble in water, the coolant of most reactor 
/pes. As the chemistry of technetium and its compounds 
> poorly known,12,13 the selection of a suitable target ina-
;rial is difficult. For the first series of experiments in the 
IFR. which are planned in the beginning of 1994, we have 
sleeted technetium metal as the target material. Elemental 
xhnetium is rather stable in the inert atmosphere of the target 
ins; its melting point, (2340 ± 30) K, is high and its vapour 
'ressure is rather low.14 However, little is known about the 
hemical behaviour of Tc in high-temperature steam. Oxida-
ion of technetium metal might eventually produce the solu-
>le pertechnetate ion, which will make elemental technetium 
iss attractive for industrial-scale transmutation. Therefore, 
urther studies on technetium and stable technetium com-
-ounds (e.g. technetium alloys, ternary oxides) are required 
l the future. 

teactor Physics aspects 

To calculate the transmutation rate of "Tc in a neutron-flux 
pectrum it is insufficient to account for the thermal neutron 
apture only; the epithemial part of the neutron spectrum 
dso has a contribution. Figure 1 shows the (n/y) cross-
cction of "Tc from a library based on the JEF-2.2 file16 

it infinite dilution as a funaion of neutron energy. The 
igure shows a large resonance peak at 5.6 eV and a series of 
ninor resonances between 10 and 100 eV. This suggests that 
ïeutrons in the epitherma] energy range give an important 
«ntribution to the total transmutation in the sample. 

Pre-test calculations were made fcr a cylindrical sample 
vith a diameter of 6.9 mm that consists of "Tc and an inert 
naterial, AI2O3 housed in a stainless steel can. Calculations 
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Figure 1: The "Tc (n,7) 100Tc microscopic cross-sections as 
3 function of neutron energy 
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Figure 2: Influence of the Tc density and the presence of a 
cadmium shield on the absorption rate in a cylindrical sample 
of 0.69 cm diameter. From top to bottom: no Cd shield, 60 
% theoretical density (TD); no Cd, 80% TD; no Cd, 100 % 
TD; Cd, 60 % TD; Cd. 80% TD; Cd. 100 % TD 

were made for a series of cases in which, amongst other 
parameters, the density of "Tc in the sample was varied from 
40 to 100 %. The purpose of this variation was to examine 
the influence of self-shielding of Tc on the transmutation 
rate. In a second series of calcul ations the effect of epithermal 
absorptions was investigated by cutting off the thermal part of 
the spectrum. In the computational model this was simulated 
by the presence of a cadmium screen of 0.5 mm thickness. 
The results are shown in Figure 2. Two conclusions can be 
drawn: 

. • The contribution of the epithermal neutron capture to 
the transmutation rate rapidly decreases from the rim 
of the sample inwards. At the rim the epithermal and 
thermal neutrons equally contribute to the reaction rate. 

• Without a cadmium screen, mainly thermal neutrons 
contribute to capture at the centre of the sample. This 
contribution diminishes considerably if a cadmium 
screen is applied. 

The initial transmutation efficiency of "Tc in the selected 
irradiation position is calculated to be ~ 0.8 % per HFR cyck 
of 25 days in an irradiation position with a thermal neutror 
flux of ~ 3xl01 8n-m~2-s_ 1 . A much higher transmutation 
rate could be obtained if the Tc mclal was shaped in thin (0.1 
mm) foils, diluted in a reactor. This, however, seems les; 
practical in possible future applications in power reactors. 



ODINE 

Chemical aspects 

Due to its high volatility and its corrosive nature will» 
espect to technical alloys, iodine in its elemental form (I2) 
5 not suited as target material in power reactors. Metal 
odides are therefore being considered as target materials 
nd a number of selection criteria can be defined: 

• the metal component should have a low diermal neutron 
cross-section. 

• the compound should be thermodynamically stable at 
the operating temperature of power reactors (about 400 
to 800°O, 

• no long-lived isotopes of the metal should be produced 
during irradiation, 

• the compound should have a high iodine content, 

• the release-rate of xenon gas in the compound should 
be high. 

A series of metal iodides has been evaluated as target 
naterials, as summarized in Table 1. Their volatility and 
hernial stability15 are shown in Figures 3 and 4. On this 
>asis, CeÏ3 is selected as the most suitable candidate, having 
1 relatively low thermal neutron cross-section, reasonably 
iigh melting point, a low vapour pressure and a high thermo-
lynamic stability. For the ECN experiments Pbl2 has been 
elected as a second option because it is one of the chemical 
"orms in which the fission product iodine is being stored at the 
^processing facilities in Europe.19 Because of its relatively 
ow melting point, this compound allows us to investigate 
he influence of * olten state of the target material which 
s considered . « a positive effect on the release of the 
produced xenon. 

Table 1: Properties of some metal iodides, where crmetai is 
he thermal cross-section of the metal component and Nj the 

KT of iodine atoms per cm3 

Cel3 
Mgl2 

YI3 
Nal 
PbJ2 

Znl2 
Snl2 

137] 
139] 

'mttol JV//10-" 
(bam) (cm-3) 
0.73 1.97 

0.064 1.94 
1.30 1.76 

0.543 1.47 
0.18 1.59 
1.10 1.80 
0.63 1.73 
6.2 
34 

melting point 
(K) 
1033 
906 

1238 
934 
683 
719 
418 

• 
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Figure 3: The thermodynamic stability of some metal iodides 
expressed as the dissociation pressure log(p(l2» as a function 
of the temperature 

Reactor Physics aspects 

It is not expected that epilhermal capture will be of rele
vance for the transmutation of 129I. Due to the relatively low 
cross-section for thermal neutron capture the self-shielding 
can be neglected for practical target dimensions. In order to 
facilitate the sample preparation and post-irradiation studies, 
we have decided to perform the first experiment with natural 
iodine (1271) which will also yield astable xenon isotope upor. 
neutron capture. Pre-test calculations have been made for a 
cylindrical Cch sample consisting of either l27I or I29I (us
ing cross-sections from the JEF-2 file16-18). The calculated 

Table 2: Sample-averaged (n, 7) cross-section a and neutror 
flux 4>,ample as a function of neutron group" for a cylindrical 
Cel3 sample 

neutron 
group 

1 
2 
3 
4 

(bam) 
127] 139] 

4.37 lO-* 2.54 10-a 

1.54 10-' 1.10 10-' 
4.27 2.00 
4.66 19.1 

Yiample 

(cm-2-*"') 
137] 139] 

1.63 10'* 1.63 10'* 
2.50 10'* 2.49 10'* 
2.91 10'* 1.96 10'* 
2.56 10'* 2.23 10" 

at Eo = 0.0253 cV 
'group 1: 2 107-1.356 106 eV; group 2: 1.356 106-7.3 10* eV 
iroup3: 7.3 104-7 10"' eV; group4: 7 10"'-1 10"5 eV 
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'igure 4: The vapour pressure of some metal iodides as a 
unction of the reciprocal temperature 
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:igure 5: The absorption rate in a cylindrical Cel3 sample of 
).8 cm diameter. Broken line 129I, solid line I27I 

;ample-averaged cross-sections and fluxes for the standard 
leutron groups, listed in Table 2, indicate that epithermal 
ïcutron capture plays a role for 127l. As shown in Figure 5 
he transmutation rate for this isotope decreases with a factor 
).7 compared to the rim of the sample. The calculated trans-
nutation efficiencies in the HFR-spectrum per reactor cycle 
yf 25 days are 0.5 % for ,27I and 1.0 % for ,29I. 

IRRADIATION FACILITY 

An irradiation facility for in-piie use in the HFR is being 
constructed at ECN/IAM at present. The facility (Figure 6) 
consists of a thimble which forms the irradiation channel 
for the special instrumented insert. The thimble, which has 
diameter of 40 mm, is gas-tight connected by extension tubes 
to a special rig head above the Central Reactor Top Lid.20 The 
facility, mainly heated by gamma-radiation, will be cooled 
by the primary cooling water of the reactor. 

The sample holder (Figure 7) consists of ring-shaped alu
minum blocks with peripheral holes in which the encapsu
lated test targets can be positioned. Stainless steel capsules 
of a lenght of 100 mm will be used. The Tc-target diameter 
is 5 mm and the length is 50 mm. The iodine capsules will be 
partially filled with about 5 grams metal iodide. The target 
capsules are located on three levels in aluminum cylinders. 
Nine capsules can be located on one level. The instrumenta
tion consists of thermocouples and neutron fluence detector 
sets. The sample holders are surrounded by three stainless 
steel containments with gas gaps for inert gas (He or Ne) 
which are used for temperature control. The selected tem
perature is 450 °C. 

The total neutron fluence rate in the selected in-core po
sition has been calculated for a reference technetium sample 
a s ~ 1 0 x l 0 1 8 n m ~ 2 s - 1 with a thermal component of about 
3x I018 n-m~2s_ 1 in the sample. For a given HFR opera
tion cycle of 25 days and a foreseen irradiation period of 6 
HFR cycles, the neutron fluence for the samples will be of 
the order of 1.3xl026 n-m"2 (total spectrum) and 4x l0 2 5 

n-m~2 (thermal neutrons). 

IRRADIATION PROGRAMME 

A European collaboration with partners from France, Ger
many, the Netherlands and the Commission of the European 
Communities is envisaged for a joint effort on transmuta
tion in nuclear reactors. A substantial programme is being 
discussed among these partners to investigate and develop 
transmutation techniques for actinides and fission products, 
which includes sample preparation, irradiations, and post-
irradiation analysis. The irradiations described in the present 
paper are pan of the first phase of this international pro
gramme. They are scheduled for 1994. It is intended to 
irradiate samples of the same size also in a moderated sub
assembly of the PHENIX fast power reactor. 
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Figure 6: Schematic drawing of the irradiation facility; for 
explanation see text 
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