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1 Introduction 

Thoriumfucls have been used in thermal reactors as e.g. the high tcmpcrature gas- 
co&d reactor bccausc, in a thermal ncntron spectrum, the bred 233U provides a good 
ncntron economy which improws i.hc fncl utilisa.tion. On the other himd, thorinm- 
fncllcd fast rcxtors and hcncc the integral va.lidation of Iligh energy III&W data for 
the thorillm-ura.nillm fncl cycle have not been given mnch a.ttcntion bccwsc, in the 
past, the long system doubling time of fast rcxtors with I.hori~~m in tbc core was per- 
ccivcd to bc incompatible with 1:hc ncccls of a rapidly cqxwding nuclear cncrgy system. 
Nowrdays; the priorities arc diffcrcnt, and possible safety atlvantagcs of tborinm-fnclled 
fast systems such as the relatively small positive void reactivity effect ilnd the small 
build-up of higher actinides in the fuel may become dominating issues. 

._ 

2 Data for the Thorium Cycle in Fast Systems 

In the Th cycle, the fcrtilc and fissile nuclidcs are s3sTh and 233U, respcctiwly. 233Pa, 
the precursor of ss3U, is also important: drrc to its rcla.tivcly long half-lift (27 d), it has 
an important equilibrium concentration in the fuel. For the reasons indicated above, 
the neutron cross sections for these nuclidcs have not been cstcnsively valitlatcd in the 
fast energy range 0.01-10 hfeV. 

Figs lA-1C display the important cross sections for thcsc nuclides from three modern 
data libraries, JEF-2.2, JENDL-3.2 and ENDF/B-\‘I (Rev. 4). Whereas the diffbrcnt 
233U fission cross sections are in good agrccmcnt, there are significant diffcrcnces in the 
capture cross sections: for 232Th the JEF-2.2 cross se&ion is up to 15 % bigger than the , 
JENDL-3.2 cross section, the ENDF/B-VI cross section lying inbctwcn; for 233Pa, the 



JEF-2.2 cross s&ion is up to three times lower tha.n the JENDL-3.2 cross section, the 
ENDF/B-VI cross section being the same as the JEF-2.2 cross section. This indicates 
a need for integral checks on the reliability of them data. 

3 Data Validatioli 

Such a cheek has been performed using integral data from fast reactor benchmark exper- 
iments with thorium performed in the 1970’s in the framework of the PROTEUS-GCFR 
programme [l]. In this series of experiments, the reference central test zone (Core 11) 
of the zero power reactor PROTEUS was a fast reactor lattice consisting of PuOs/UOs 
pins, driven critical by surrounding driver zones. By introducing various detectors, a 
range of important integral parameters could be measured: for example, thorium foils, 
irradiated in the centre pin, yielded infinitely diluted thorium reaction rates. In the 
following core (Core 12) the original lattice was modified such that one mixed oxide 
fuel rod in three was replaced by a rod of ThOs, allowing 232Th capture reactions to 
be measured in an environment with resonance self-shielding effects. Calculated-to- 
expcrimcntal reaction rate ratios are summarised in Table 1 (C and F mean capture 
and fission, respectively,,and nuclides are denoted according to the (Z,A) convention). 

core 11 Core 12 

C/E .lI:I’-2.2 ) JI.;NDL-3.2. ) ENDF/H-VI- 1 JW-2.2 ) JENDL-3.2- ( ENDlT/B-VI’ 
CO%/F49 I 1.no I 
---I- ~~ I -- I 

0.91 I 
I 

0.95 I 1.02 I 
I ~~~~~ I 

nm I 
, 

n.94 _.__ 

lm/1’49 ( 0.91 1 1 .oo 0.95 1 0.93 ) 1.00 0.96 

v23/1:49 I 1.00 I 0.9s I 0.99 I I:sncrimcnt.zl dntn not. nvnilable 

1:2s;1:49 1 1.06 1.01 . 
csp49 1 0.96 0.9G 

‘kblc I: Ratios of Calcllla.tcd-to-1:sl)crilllcnta.l (C/I<) Reaction 1kt.c Ratios a.t the 
Centre of PROTEUS Fast Reactor Iatticcs 

‘l’hc rcfcrcncc calcula.tion was bawd on a pure J Et*‘-2.2 library. Altcrnativcly, mixed 
libmrics wcrc used which combine cilzhcr JENDL-3.2 or ENDF/B-VI (Rev. 4) data for 
s3*‘llh and *““lJ, with JEF-2.2 data for the rrma,iuing nuclidcs (the miscd libraries are 
denoted JENDIA.2 and ENDF/B-\!I’). In the processing of these da.ta sets, NJOY 
(Ed. S9.f.32) was used. The ccl1 calculations (multiccll calculation for Core 12) were 
based on the MICROX-2 spectrum code. 

Interestingly, the JEF-2.2 cross sections, which a.rc bnscd on the older ENDF/B-IV 
evaluation, predict the mcasurcd CO’Z/F49 ratio wll, i.e. within the (lo) cxpcrimental 
uncertainties of 1 to 2%. Bccausc mcasurcmcnts a.rc relative to *““Pu fission? this does 
not rule out a dehcicncy in the ss*‘l’h capture cross scc,tion. Howcvcr, the fac,t that the 
measurements were carried out for two cows, with and without resonance self-shielding 
effects in s3sTh, gives confdcncc in the JEF-2.2 da.ta forthis ma&ion. It then appears 
that, in the other, more recent and complctc cvalua.tions, the capture cross section of 
ss2Th in the fast energy range is too small. Altholigh less important from a neutron 
balance point of view, a significant improvcmcnt of the prediction of the measured 
2”2Tt~ fission rate is achicvcd when the JENDIL3.2 library is used. As rcgarcls 233U, 
the measured fission rate appears to bc well predicted by all data libraries. 



4 Application to a Thorium-Based Reactor System 

A thorium-fuelled, accelerator-driven system ,(ADS) with a fast neutron spectrum, 
called Energy Amplifier (EA), h as recently been proposed by a group from CERN [2]. 
In this system;.the control rods have been eliminated and the power during the.single 
batch reactor cycle is controlled solely by varying the proton current of the accelerator. 
Considering the cost of the accelerator and the overall electrical efficiency of an energy 
producing ADS, the k,,, of the subcritical core should not drop below about 0.97. This 
implies that the maximum k,,, variation over the reactor cycle due to burnup (BU 
effect) and the reactivity effect resulting from’the decay of 233Pa when the accelerator 
is switched off (Pa effect) are subject to the constraint 

k,nin = 1 - BU effect - Pa effect - SM 2 -0.97, 

where SM is the nominal shut-down reactivity margin’. The BU effect depends on the 
initial k.,f (kBor,) of the core and can therefore be minimised by adjusting the 233U 
enrichment. Assuming the Pa effect to be independent of the burnup, this can approx- 
imately be achieved by adjusting the initial 233U enrichment to satisfy the condition 

knor. - Pa effect = kEoL. 

For this cnrichmcnt, the effective shut-down margin can then be adjusted to the desired 
value SM by changing the core geometry (Icakagc). 

The optimisation has been pcrformcd for an IX-type system’ using the aforemen- 
tioned JBP-2.2 and Jl?,N DL-3.2’ data librwics in dctorministic two-dimensional trans- 
port and burnup calculations below 20 hlcV, the spallation neutron source being ob- 
taincd from a I-IETC csdculation [3]. Cahxlations W’CI‘C pcrfotmcd for three different 
know values (0.9S2, 0.962, 0.9.11), and optimised values for the ‘“sU cnrichmcnt, the BU 
cffcct and k~or, as dnscribcd abovc ww then tlcterminctl with pa~rabolic inl.crpolations 
bctwccn the three calculations. 

Pig. 2 shows the k,,/ evolution for k,ro~,=O.9S2. ‘I’lro corrcSponding initial ‘33U 
cnrichmcnts calculated with JBP-2.2 a.nd Jl5Nl)I.-3.2’ a.ro 10.2S% and 9.SS%, respcc- 
tivcly. The lower enrichment corrclatcs with the Iowcr ‘I’ll ca.pturc cross section (0.35 
barns and 0.33 barns for JDP-2.2 and JENDL-3.2, rcspcctivcly). lIcca.usc diffcrcnt Th 
capture cross sections also signify diffcrcnt 23sU breeding rates, the k,,, deviation in 
Fig. 2 incrcascs continuously with time, reaching about O.S% at ECI.. i.c. after 1300 
BFPD or the ta.rgct burnup of 100 G\.vd/tHRI (in the two calcnla~tions, the fission 
products arc the same and can thcrcforc not cspla.in the obscrvcd k,,, deviation). 

The parameters for the optimised cow are compared in Table 2. It can bc seen that 
theoptimr~m initia.1 233U inventory is reduced by -5Yo (about 140 kg) and the minimum 
BU effect is increased by almost 20% if JBNDL-3.2 data for ‘s*Th and ‘s3U are used. 
The k,,,i,, values are close to the target va.lue of 0.9i, and the maximum proton currents, 
corresponding to a calculated targrt yield of 3.:3$10’s neutrons per second, lie distinctly 
below 20 m.4. ‘l‘hc feasibility of the corix~t is hcrcwit:h conlirmcd. Prom the optimised 
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know, the effective shut-down ma.rgins can be evaluated to be close to the desired value 
.of 1% in the case of JEF-2.2, but about 1% too high in the case of JENDL-3.2’. In 
the latter case, a global reactivity adjustment of 1% by means of a change in the core 
geometry is therefore indicated. 

Table 2 also contains void coefficients at BOL and after 2250 EFPD. It can be seen 
that the. void coefficients based on JENDL-3.2’ are always more positive, but remain 
within the nominal shut-down margin of l%, meaning that the voided core would remain 
subcritical under all circumstances. 

Parameter 

Pa (w-4 
233U Em. (%)r 

R1J (~crn\~ 

BOL EOL .’ 
JEF-2.2 1 JENDL-3.2’ JEF-2.2 1 JENDL-3.2’ 

$1495 1 +16i7” 
10.32 1 9.75 

+hin I -1-741 

KBOL. U.tl84.L 1 

I ,,a$&2 
0.9656 1 

-- 

Void IC (pcm)3 +770 ( $940 ts20 t920 
Void IC+OC (pcm)3 -520 1 -110 $530 t900 

1 
,  -_- ( .  -- 

.  9 I  ^^^.^ 

o.g730 

0.9658 ~. 
lfi I 14 

1 Rx optimised core 2 For SM=l% 3 Poor koo,,=O.982 

’ Includes ekt of JENDL-3.2 data for zsnPa 

Table 2: Influcncc of Nuclear Data. on ADS Paramctcrs 

5 Conclusions 

Calculations using two differcni. dai:a librarirs w’cro pcrformctl for a,n I,:/\\-type system 
with a fast neutron spectrum. Thc cal.lculations 

l predict a significant dopcndcncc of tlx optimised core paramct.crs on the data set 
(-5Y0 and -20% deviations for the initial 233U inventory and the burnup elkct, 
rcspectivcly), 

. confirm the feasibility of the control-rod free core concept for bot.h data sets, but 
e indicate that the cffccts of the unccrtaintics in the data must also bc, evaluated. 

The obscrvcd deviations can be attributed mainly to the dilfcrencc in the 232Th cap- 
ture cross section. Earlier benchmark espcriments performed at the zero power reactor 
PR.OTEUS support the JEF-2.2 evaluation for this cross section. Ncverthcless, addi- 
tional benchmark experiments are desirable to indepcndcntly cheek this observation 
and reduce data unccrtaintics to satisfy the needs of mow rcfinctl core optimisation 
studios for fast, accelerator-driven systems based on the thorium fuel cycle. 
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