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Abstract - 

,. 

Y 

The largescale utilisation of thorium is usualy linked to 

its introduction in fast breeder reactors and,-r advanced 

converters. Whiie tile hsic nuclear data used n p!lysics 

calculations forfast reactors operating on tl: 239 li‘7 pu--“ u 

cycle have been repeatedly checked and improvE lover the 

years, relatively large, uncertainties have corinued to exist 

for the cross-section d,ata necessary for analking Th-contain- 

ing fast reactor systems. This has been mainly-due to the 

sparseness of clean, integral experiments witkthorium - a 

gap which the programme of integral mekuremer-s described 

in this report seeks, at lenst in part, to fil. 

The present experiments were carried out in 'cl= zero-energy 

rcactor facility, PROTl::US, at EIR. This is escntially a 

coupled system, consisting of a central test -rnc driven 

critical by annular thermal driver zones. Six iffcrent confi- 

gurations for the central fast tcst~ zone wcrc onsidcrcd in 
\ 

the current programme, the principal fuel/blar=ct materials 

used being in the form of rods of 15 3 PuO2/UC, depleted 

U02' Th02 and Th-metal. The first test lattice(Corc 11) 

corresponded to a normal ,GCFR core and e.nablecBchccks to be 

made for infinite-dilution reactionrates for 3LIh and 233" 

in a standard fast reactor spectrum. The secora test lattice 

(Core 12) had one third of the PuO2/UO2 fuel r-ds of Core 11 

replaced by Th02 rods, simulating a relatively-homogeneous 

introduction of thorium into a fast reactor ce. Core 13 

was a heterogeneous configuration xitih a centi- ThO2 blanket 

20.7~ surrounded bv an ann,ular PuO,, L/u1' 2 
zo?.s. %7 fourth test 

lattice was. again a heterogeneous configuratic- b;;t with an 

axial Th02 blanket. Cores 15 and lG, the last ii0 test zones,, 

were similar to Cores 13 and 14, respectively, act with Th-metal 

rcl'lacing 'ThO 2,' 

i 
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.For each experimental configuration, measurements were made 

. of the principal reaction rate ratios at the centre, as well 

' as of reaction rate distributions across the test zone. 

Wherever possible, both absolute and thermal-comparison 

techniques were applied for reaction rate ratio measurements, 

thereby providing some check on the different systematic 

errors. Neutron spectrum measurements, using spherical proton- 

recoil counters, were carried out in Cores 12, 14 and 16. 

The measured neutron enery>' range was xl0 keV-2.3 MeV. 

Calculations for the various test lattices were carried out 

using two different data libraries and processing codes. These 

were: (i) the U.K. adjusted data set, FGL5, and its associated 

cell code, MUFALB, and (ii.) the U.S. code, GGC-4, with a 

data library based on ENDF/B-4 cross-sections. Transport-theory 

analysts for the experimental configurations of Cores 11, 12, 

13 and 15 wcrc carried out using a l-D, cylindrical-geometry 

model fol- the P11o'rilus r-cactor. For analysis of the axial- 

blanket cspcri.i:~cn'i:; (Core:; 14 and 1.6) , a 2-D diffusion-theory 

,I!oclc1. was cmpl oyecl for lzl,c w!,o I~C ITC;IC LO:-. Scp171:;lt~: calculations 

T;:C1.~C CJ~:.~l.C!Cl OliL 1.0:: C!V;i l.I!? li.iL:i’j lil!C ,,catron spc!c':r-ill:! m.casurc:nci? I.5 , 

Clli ,?~:i.;!l~-!,l~,lnl.rl,L (~si'crj.l:l,,,,l::; !x!inq ;1:~;11y:~ctl in col.l~;~!~oratio:~ 

bij.tlr (I:?\;!, u:;ir,g i, 2-D l.L.ilIi~;:;oL-t-tliilcor\' ii!OdCl (25). - 
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diffrxential measurements which sugGested th- the END?/B-4 

data was too high (2). Certain revisions of te latter %i 

nensurenents have, holiever , now been publish=, the originall? 
-, -: .., 

The, performance of the hlU,RALB/FGLS calculatic=al route for 

predicting .~c(Ti~232)/of(Pu239), was similar tczthzt of the 

GGC-4 (t?ND17/D-:) route for Core 11. In Core 1 , however, where 

the 2 :! 1 l'h cross-sections were no longer infinitely dilute, 

the GGC-4 calculation of resonance self-shi.el ing effects 

seemed to perfornl significantly better. Both ~llculational 

routes yicldecl of(Tll232)/(if(Pu233) values %12 1 lower than 
,' 

measurements in Cores 11 and 12, suggesting t 'It: the :' 3 iTh 

fission cross-sections in current USC are too Losr. This should, 

however, have rclativcly qinor effect on neut In balances for 
23% Th-containing fast reactors. Calculational results for 

af(U233)/o ,(Pu233) 1: agreed w,ithin 2.1 '1 with ex~drinent, indicating 

the adequacy of infinite-dilution 2 3 3 U fis.sio cross-sections. 

Results for additionally~ measured reaction ra ? ratios, e.g. 
230 U capture,and fission, relative to 233 Pu .ssion, showed 

the same trends as reported for earlier PROTEG-GCTR cores 

(29 37). _-’ -- 

In the internal Th02 and Th-metal blanket conzc;urations of 

Cores 13 and 15, there was a strong coupling ktwcen the 

blanket and the outer ?uO2/UO, zone. Calculatz~nal procedures 

!lad to be carefully checked for the effects oEtk* approximations 

applied. Fis scch, ti?fss ?do ccn:ic,Jr'atiozs ma\,bz rer;arded 

as providinc; !,enchnark tests for dat;~ ajzd met.+,ds in the - 
analysis of heterogeneous Th-containing fast factors. Central 

reaction rats I-atio results in Cores 13 and 1Econfirned the 

earlier o!,servation tb.at the KC-4 ca?culatio!--oZ :-esozance 



L self-shielding effects for 232 
Th capture appears significantly 

. better than that of the MJR~~LB/FGLS route. As in Cores 11 and 

12, Uf(Th232)/Gf(Pu239) was underpredicted. The underprediction 
. in Core 15, however, was much less than in the other lattices, 

suggesting that the neutron flux in the MaV region was being 

overpredicted in the Th-metal blanket - a conclusion reinformd 

by results for of(U238)/of(Pu239). 

Radial distributions of reaction rates through the internal 

blankets and into the surrounding Pu02/U02 lattice provided 

further experimental checks in Cores 13 and 15. 'J&/o different 

transport-theory models were used for the whole-reactor calcula- 

tions. Comparison of calculation and experiment for the 

traverses for 232Th capture and 232 Tn fission led to conclusions 

consistent with those clralwn from the central reaction rate 
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of the data and methods than did the inte-ial reaction rates. 
I 

The OREjL analys~is of these experiments (z, for example, 

permitted a testinq of ENDF/F3-5 cross-secSons, and it was 

demonstrated how the new (n,n') data for 2 .? Th improved the 

acjreement between measured and calculated pec:.ra above 500 I:eV 

but worsened it below 200 keV. The neutrorspectrun resul.ts, 

however, could provide little evidence re=rding the 23 ZT,, 

capture and fission data per se and were czearly complementary 

to the reaction rate neasurements. 
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heterogenen Gitteranordnungcn. Core 13 ui- 15 enthielten beide 

tine zcntrale Blanketzone aus ThO 
2' resp-Th-Xetall, welche i 

von eincr PuO 2 /bO 2 -Zone umgeben war. In Cre 13 und Core 16 

wurden a:,:iale Ula:ike~xone~? aUs '1'!10,, rcs~= Th-;.ietali eingebnut 

charakteristischen Reaktionsratcnvcril~Itn 

und axiale Rcaktionsratentraversen durch 

gemessen. Wcnn immcr n?iglich wurden sowoh 

ciie wi.,cii tii;s ten 

SSe, sowie radiale 

?alt- und Blanketzone 

absolute, wit nuch 

relative (zu den thermis'chen) Reaktionsra7nverlieiltnisse 

be s t imm t . Dadurch konntcn systematische Faler bcsscr erkannt 

werden. Ncutronenspektrumsmessungen him Encgiebercich von '~10 

bis 2.3 KcV wurdcn mit kugel%ormigen R~ckrossprotonenzYhlcrn 

in den Cores 12, 14 und IG durchgefiihrt. 

ke 9 

Zur Dcrcchnung dcr cinzclnen Tcstgitterancclni!ngcn wurden zwci 

verschicdcnc nuklearc Datenbibliothcken "I= Zcllrcchnungs- 

programme verwcndc t : (1) den adjustierten 

!?GL5 zusammcn mit dcm %ellcode MU!tllLB und 

Code GGC-4 untcr Vcr-wendung dcr auf ,ENDr/iI 

gruppentiaten. Fiir die Dcrechnungen van Car 

nglischcn Datcnsatz 

2) den amerikanischcn 

1 basicrendcn Fcin- 

11, 12, 13 und 15 

wurdc die Transpor:tgleichung fiir ein eindi=nsionales, zylinder-- 

symmetrischcs Ganzreaktormodell geltist. Ue-dcr Analyse dcr 

Anordnu,ngen mitt asialen Dlanketzonen (Cora~l4 und 16) wurde 

ein zweidimensionales Diffusionsmodell veri-nndet. IXr die 

Analysen der Neutronenspektrumsmessungen w?en spczielle 

Rechnungen notwendig. Die berechneten Spekten fiir die Cores 14 

und 1G wurden - in Zusaxznarbcit mit den C?IL - aus zi;ei- 

cl i ,!!S :1 s I 6 :, ,a 1'2 I? T=i?.;!sp.3r:r.?cj?~.liiici~~n c:ewonnen j 25) . - 

Zigensc aften der zentralen 

iiuSSl?re Reaktorzone 
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. Ueberprtifung der nuklearen Daten betrachtet werden. Eine 

wichtige Grijsse ist das Reaktionsratenverhaltnis cc(Th232)/ 

- of(‘u239) , da dieses die Erutrate bestimmt. Fiir beide Gitter- 

< anordnungen ist die Uebereinstimmung zwischen gemessenem und 

aufgrund van ENDF/B-4 Daten berechnetem Verhaltnis besser 

als 212 %. Dieses Ergebnis ist cberraschend, wenn man die 

relativ grosse Unsicherheit (+ lo-20 %) in den nuklearen 
232 

Th-Einfangsquerschnitten berucksichtigt. Zuden schienen 

unsere Resultate neueren differentiellen Messungen zu wider- 

sprechen (z). Die Ergebnisse der differentiellen Messungen 

wurden jedoch kiirzlich urn 11 % nach oben korrigiert (45) und - 
sind somit in recht guter Uebereinstimmung nit den ursprtinglichen 

ENDE/B-4 Daten fiir den 232 Th-Einfangsquerschnitt. 

Rechnungen n!it ~.IUR&LB/FGL5 und GGC-4/EKDP/B-4 ergaben fur Core 



Die intcrnen ThO,- i-es?. T21-l\letall-BriitzRen van Core 13 

L-es&J. Core 15 zeigten eine starkf ncutrorsche Kopplunq mit * 

der unpebenden I'UO,,/UO -zone, 2 In den Rechungen mussten deslialb 

die !2cniit::tc2n Nii~erungs~ietliod~n genau tibc~priift werderi. Diese 

beiden Gittcrar~ordnungen ktjnni-n als 73encl i?lL-‘k;>rOb,1W SG’+JGhl 

sur Ueb~erpriifung c?cr nuklearen Grunddatei-als such der Rechcri- 

methoden betrachtct werden. Die DrgebnisF fur die im Zentrum 

der Testzone gemessenen und berechnetcn T-aaktionsratenvcrh,'lltnissc 

bestatigten die friihere Peststellung, dac mit GGC-3/ENDF/B-1 

der Rcsonannsslb~tabschirn~ungseffekt fiir 3 2 Th-Rinfang besser 

erfasst werdcn kann sls mit i‘lURALB/FGL5. ie in Core 11~ und l 
12 wurdc ~i~(Th232)/of(Pu239) aucll in den nterncn Dlanketzoncn 

durch die Rcchnung untcrsch;itzt.' Die Untc=sch;it.sung ist in 

Core 15 a71erdings dcutlich goringer als n den andcrcn Gittc~r- 

anordnungcn. Dies dcutcC dariiu,E bin, class im Th-Mctallblankct 

dcr NcuCroncnfluss im ElcV-Bereich Libersch tzt wird i einc 

Folgerun(J, die durch die of(U23O)/uf(Pu23 )-Ergcbnissc untcr- 

stiitzt wird. 

Radiale l~caktionsratentraverscn clurch die ?entralc Urutzone 

und die umc~ebende Pu02/U02-Zone crlaubten ?ine zusatzlichc Ucber- 

priifung der vcrwendeten Datcn und Rechenm-zhoden. Zur. rechner,i- 

schen Analyse wurdcn zwei verschiedene lD-Yransportmodelle a 
beniitzt. Die Vergleiche zwischen berechneyn und gemessencn 
L'3? Th-Einfangs- und 

? -< 7 
-"-Th-Spaltratentraveyen bestatigen die 

bercits aufgrund dcr Ergebnisse fiir die zotralen Reaktions- 

ratenverhaltnisse gemachten Aussagen tiber lie nuklearen Basis- 

datcn und Rcchenmethoden. Zusanir;,enfassend~ :arf aufgrund der 

Ergebnissc fiir Core 13 und 15 :cstcestell=~~erden, dass die. 

Eigenschatten j:e:erogener Gitteranordnunye f'cr schnelle Wut- 

reaktoren mit zentralen, thoriurnhaltigen Eanketzonen mit 

verntinftigcr Gcnauigkeit berechnet werden 5 n r. .z n - vergleichbar 

mit entsr,rechenden Anordnungcn mit zentr3Ln ?3SU-i31ankctionen. 
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1. INTRODUCTION 

The worldwide occurrence of thorium is estimated as 1-3 

times that of uranium (l-3). Since'thorium impurely a -- 
fertile material and must first be converted xto fissile 
233 U, its largescale utilization as a nuclear iuel is 

usually linked to its introduction in fast breder reactors 

and/or advanced converters. Reactor strategic= which seek 

to optimise usage of the total available thor=lm and uranium 

reserves, are usually based on a symbiosis beseen fast and, 

thermal reactor systems, e.g. FBR/RT,R (4). - 

In recent years, there was increased, interest .n applying 

the 233 u- 232 Th,fuel cycle to fast reactors foxowing the 

suggestion that it might offer superior prolisration re- 
239 2 -j* .~. . . . 

sistancc to that of the .~ Pu- U cycle. The ‘NFCE study 

(l-1, however, has concluded that the USC of dcaturcd 233U- 
230 U fuel would not twccssarily alter prolifcl=tion risks 

in a significant manner. 'i'llc longtcrm uLil:izaLoil of thorium 

as a basic, cncrcjy rcsourcc tl~us remains tllc mcc important 

a?gumcnt for dcvcl.opiib2r~C 0T the tlioo-ium fuel cclc for fast 

reactor applicati~o:i:;. 





results in the emission of high-energy y-rays. In a fast 

reactor the production of 232 U is enhanced through the high- 

threshold 232 Th(n,2n) reaction, and the effectzis particu- 

larly pronounced for thorium present in the cc=e. 

1.2 Thorium in Symbiotic Strategies - 

The use of 2, 3 3 U-Th fuel~in homogeneous fast rector cores 

does not, overall, provide an attractive alternative to 
23gPu-238 U. It is of greater interest to consier the 

introduction of thorium in separate radial, arcal and internal 

blanket zones in a fast reactor -while retair=ng 239 Pu as 

the principal fissile nuclide~. It has been shcn that for 

such heterogeneous configurations the blanket-egion related, 

as well as the global, breeding ratios for hot= Th02 and 

Th-metal are quite comparable to those for UO-(3). LE- 



1 . 3 'ThC Xecd TOL- Intccjral Ez.::wrimcnts _-__-I_ ---- - --- 
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suggested that ENDF/B-IV performs surprisingly well (2). 

The authors of this review did, however, comment on the 
, 

sparseness of good, analysable integral experiments. A need . 

has thus existed for providing further experimental checks. . 

The programme of integral measurements for thorium described 

in this report seeks to satisfy the above need, at least 

in part. It should thus help in checking the validity of 

any conclusions that are drawn from calculational studies 

for the thorium fuel cycle in fast reactors (1). Apart from 

the determination of integral parameters in well-defined 

fast neutron spectra, a major point of emphasis in the 

current programme has been the measurement, and comparison 

with calculation, of important reaction rate distributions 

in the vicinity of core/blanket interfaces. These measure- 

ments should thus bc of particular rclcvancc for chocking 

design calculations for fast reactor systems with hctcro- 

gcncous blanket zones of 1't~02 and/or 'i'h-metal. 

* 
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the column also provided some flexibility in the experimental 

programme in that it was an easily replaceable central region 

of the test lattice. 
. 

. 

2.2 Core Configurations for the Thorium Programme 

Experiments were carried out in six different core configu- 

rations (Table 1). There were four principal materials used 

for the test zones in the various configurations, viz. 

Pu02/U02 fuel, depleted UO2, Th02 and Th-metal. Details 

of the form in which these materials were used are given 

in Table 2. + 
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. 
Table 1 

CORE 11 

CORE 12 

w 

CORE 13 

CORE 14 

0, 
CORE 15 

CORE 16 

Core Con Eigura tions for t!le PROTEUS TIioritIm Drogranmc 

NORMAL ?Uo2/i102 TEST OF INFINITELY DILUTE 

LATTICE XSECS FOR Tt-1232 AND U233 

NIXED THO~-PUO~IUO~ TEST OF XSECS FOR T~232 AND 

LATTlCE U233 IN SOFTER SPECTRUM AND 

CHECK OF SHIELDING FACTORS 

FOR T~232 

HETEROGENEOUS CON- 

FIGURATION WITH A 

CENTRAL RADIAL 

THOR ZONE 

HETEROGENEOUS 

SYSTEM WITH AN 

UPPER AXIAL 

THO* BLANKET 

AS CORE 13, BUT 

THOR I UM METAL 

REPLACING OXIDE 

AS CORE 14, BUT 

THOR I I.01 METAL 

REPLACIliG OXIDE 

) TEST OF XSECS AND CALCULATiON 

METHODS 
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Table 2 Description of the Fuel and Blanket Materials . 

a) PuQ2/V02 Cigars 

Fuel Material 

Pu/(Pu+V) 
240 

PU/PU 
241 

PU/PU 

23su/u 

Density 

Pellet Diameter 

Pellet Length 

Cigar Can Material 

Wall ,l'hickness 

Fuel Length in Cigar 

(w %) 

(w %) 

(w %) 

(w 9”) 

(g/cm3) 

(mm) 

(mm) 

Pu02/U02 Pellets 

14.96 

17.69 

2.15 

0.42 

10.6 

6.7 

G.9 

Al 

0.085 

55.4 

110 2 Pellets 

n.42 

10.5 

I.5 . 7 

7.1 
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l (Table 2 cont'd) 

c) Th02 Cigars 

Slanket ?;aterial 

Cigar Can Material 

Inner Diameter 

Outer Diameter 

Particles in the Cigar 

(mm) 

(mm) 

( Ill I 

(vol E) 
7 

Th 0 2 Density in the Cigar (g/cm') 

Sintcred Th02 particles oi 

density 9.9 q/cm3 and mean 

diameter 406 L:m 

18/8 Steel 

(5.9 

7.0 

0.334 

61.4 

G.08 

'I'hc abovc types of fuel and blanket cigars wcrc filled into 

hollow 18/8 steel tubes of 

Inner Diameter (nun) 7 . ‘1 

Outer Diameter ( mm ) a.2 

Nominal Length Cm) L.40 

d) Th Netal Rods 

Blanket Material 

Density 

Diameter 

Length 

Thorium >:etal 

(g/cm3) 11.3 

(mm) 19.0 

Cm) 0.356 
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. at the ends, i.e. il PuO2/uO, i lcncth of i, 1 .oo m anti uo2 

. 

lengths of -. 0.17 m ,?t the ends. The ThO 2 rods consisted 

of three 0.33 n long 7M2 cigars (Table :!), bou::dcd at both 

ends !>y t!le sarlc lcn<:tll of ciepleted uo2 2s in the case of the 

?uO ,"L;O . 
2' 2 rots. 

7% us , in effect, the miz.:e:! I'uO2/i~O,-'J'h02 test 

lattice of Ccrc 12 was of height A" 1.00 m and d.ian:cte1- 0.50 I!,, 

with upper and lower UO2 blanket zones bf 0.17 m thickness. 

>!easurements (reaction rates and neutron spcctr-um) were 

carried out in the centre of the test zone only. 

This was the first of four core configurations for the in- 

vestigation of hetcrogencous thorium blnnkct zones. A Th02 

zone of cliamctcr 0.137 m was introduccc? into the ccntrc of 

the standard I'uo2/uo 2 lattice, lG9 l'hO2 rods of the type 

used in Core 12 being used for creating this zone. Fig. 5 

gives the horizontal sectional view for Core 13 and shows 

the internal '1'110 2 blanket surrounded by the annill;lr PuO2/uO2 

zone 'LO.17 m thick. The PuO2/UO2 rods LISC~ in Core 13 were 

of the same type as those in Core 12. 

l Ilpsrt from measurements made in the centre of the ThO, zone, 

reaction rate distributions were measured across the blanket/ 

core interface since these provided a sensitive test for 

the calculation of the breeding ratio in a heterogeneous 

core. The ;::fas~~rement positions used for determining t:he 

1. f a c t i 0 n rats tram-ersfs in Core 13 are i!ldicated in r‘ig. 5. 

2.2.:) Core 14, Lattice 'with Axial Th'3 I31an:rct -----------I-------- 
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,.ty 
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In order to obtain clean, well-defined boundary conditions 

for the whole-reactor calculations, the asial Th02 blanket 

was covered with a steel shie1dir.g block 0.150 m thick. Further, 

a boron plastic layer v:as introduced as s!:own (Fis. 6) for 

c 

Fig. G Reactor Layout for Core 14 
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reducing the influence of thermal-driver neutrons on measure- . 

ments made in the ThO2 blanket. 
. 

Axial reaction rate traverses across the core/blanket inter- 

face were of principal interest in the Core 14 measurements, 

and these were determined along the central axis. The neutron 

spectrum at the centre of the Th02 blanket was also determined. 

Experimental details for the various measurements are given 

in Chapter 3. 

2.2.5 Core 15 Lattice with Internal Th-h'etal Blanket -------------L_-----____________________~------------ 

The layout for this Core was similar to that for Core 13, 

with the difference that the central blanket zone was one 

of Th-metal instead of ThO 2' Fig. 7 shows the horizontal 

sectional view for Core 15 and also indicates the measurement 

positions used for obtaining radial reaction rate traverses 

across the blnnket/corc regions. 



lh -METAL RODS 

18 

hO>/UO, FUEL RODS 

1,’ 

,’ 

BUFFER (U-METAL) 

c 
Fig. 7 Horizontal 

POSlTlkS FOR REACTION 

RATE MEASUREMENTS 

x 

Sectional View for Core 15 

2.2.6 Core 16 Lattice with I.:i al T],-?I-tal Blan:.:;t -----________'____-_--------=----------- 

The layout for Core 16 :.:3s sir:ilar to t:hztl for C:Ire l-1 

(FFi;. 6), with Th-nets1 r;!p l:!:ing Till, for the sxial 

bla,?ket zone. As for Core 15, the 19 mm-diameter T!l-metal 

rods were arranged on a hexagonal lattice pitch of 21 nm. 

The, ;>rogranzw of measure::!ents for Core 16 was sinilar to 
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that for Core 14, with reaction rate traverses being 

determined along the central axis and the neutron spectrum 

being measured at the centre of the Th-metal blanket. 



3. IZSFERIWZNTAL &tETHODS 
. - 

j.1 Reaction Rate I~!casurements 

' 1.1 :leasurinq Eguiunent z:------------ .._- _----__ 

(a) Activation Foils and Deposits 

;:atallic foils, 0.01 IX! - 0.20 IX'A thick, or deposits of 

'j 1 r&cm2 thickness, were used for the various activation 

measurements. They were introduced into the desired measure- 

ment positions in the reactor and, after irradiation, counted 

* 012 an appropriate y-counting system. 

In the case of 233 
Pu, 

235 
U and 

233 U, the foils were Al- 

i~lloycd and Ni-plated, the amount of fissilc material con- 

tained in each type of foil being 'b 4 my/cm2. 

(b) Fission Track Detectors 

Each sample consistcd.of a fissilc or fissidnable deposit 

of 10-100 ,KJ/cm2 thickness, toc~ethcr with a KUROFOL-plastic 

cover foil. After an irradiation, the plastic foils were 

etched and a staining procedure carried out to facilitate 

automatic counting of the fission tracks using a Quantinet 

automatic imaTe analyser (lo). 

(c) Fission Chambers 

Back-to-back gas-filled fission chambers 'were used for the 

direct coL:ntir:g of fission events occuring in tb:o different 

dc;Jasits of fissile and/or fissionable material. Four 

a=civa tion Foils serf -.:soa11:, qountsd ir betiieen the t!go 

cha.~hc~- &;p~sits ii) enablti n2r;nalis;ition of reaction rates 

with respect to foils at other locations in the reactor. 

Certain ch\?cks On _ svstematic erl-ors 'serf car+ied oat using 
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a specially constructed fission chamber. This could be 

operated either in the usual mode, i.e. as a gas-filled 

ionisation chamber counting in 2n-geometry (s), or as a 

low-geometry counter using a Si surface-barrier detector. 

(d) Counting Systems 

The principal y-counting equipment consisted of a twin 

Ge(Li) detector system having a relative efficiency (with 

respect to a standard NaI system) of Q, 25 "a. This was 

coupled to an automatic sample changer which could carry 

43 upto a maximum of GO samples. A PDP-11/40 computer enabled 

on-line analysis of the obtained count rates. 

The counting of fission-product y-rays from fission activa- 

tion foils, as also the counting of certain low induced- 

activity samples, was carried out using a twin NaI scintilla- 

tion detector system. This was coupled to a 12-location 

automatic sample changer and to counting electronics which 

included amplirication stabilizcrs. 

. 
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different systematic errors (Section 3.1.5 Cd)). The two 

broad cate?orics of measurement tec!lniques employed arc 

discussed below. 

(a.) Absoltite Tcchnioues 

>. given reaction rate becomes expl-essible in absolute terms 

v!hen one knows the number of atoms of the IlUClidC in the 

foil or deposit, as also the net, effective counting efficient) 

of the detector system employed. 

w In the case of the metal foils (depleted uranium, thorium, ag 
etc.), the number of atoms of, say, 

?30 
U or ‘32Til, was 

obtained from the weight of the foil. Thin deposits ( ? 3 '3 p Lo 2 3 '/ 
, h-P, 

132 
'I31 , etc.) were calibrated using the low-geometry n-counter. 

It was not possible to doter-mine the amount of fissilf mattcrial 

in the Al-alloyed fission foils with adequate accuracy but 

these were, in any case, used for relative mcasurcments only. 

For neutron capture rat0 measurements in 
2 3 t1 u and 2 3 ?Th, 

the effective efficiency of the Gc(Li) detector system 

employed for counting the activated foils was determined 

through the use of appropriate cc-calibrated deposits, viz. 

l 243 Am- '39 14~ and 237 N?-233PJ, respectively (13-15). The -- 

.;-rays counted were the 278 keV 233?;p line for I=" capt"re 

and the 312 1:ev 
233 Pa line for 232,. in capture. 

For measurement of the 
232 Th(n,Zn) reaction rzte, the 

23.6 %eV 231 Ti‘h ‘<-ray was counted losing the HI-‘2 detector 

system, the dntectcr efficiency, being determine< \,ia an 

,;-zalibratei- 
~~~;, ??, 1 ~3 -, 

r?- - -Til fl:.cFjg.qi t . Sin-.> tile ---7+ (7 2n) -.. \.., 

r:Szzsurenwnt was in;!& reiatiys to t!ie 1’ 3 2 Th cs?ture rate in 

a single, irradiated Th-metal foil (n> 0.01 Tr;? tkick) , there 

was no need, in this particular case, to deter-zinc the 
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number of 232 
Th atoms in the counted sample (12). - 

Absolute fission rates were obtained from fission chamber 

count-rates using a-calibrated deposits. The validity of 

assuming a 2n-geometry in the counting of the fission products 

was confirmed through measurements made using the special 

low-geometry fission chamber (Section 3.1.1 .(c)). 

(bl Thermal Comparison Techniques 

The measurements involved simultaneous irradiation of foils 

and fission chambers located in both the test lattice and 

in the PROTEUS thermal column (10). A given reaction rate - 
ratio in the core was thus obtained relative to its known 

value in a standard thermal spectrum. The absolute calibra- 

tion of foils, deposits and counting;system efficiencies 

was unnecessary. Clearly, the thermalcomparison approach 

couid not be applied to the measurement of threshold 

reactions such as 232 Th and 230U fission. 
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i\ second fission CllFd3fT; contr7ininq 
233 

Pu fission deposits 

and Th-metal foils, was Located in the PROTEUS thermal 

column. 

The experimental parameters obtained from such an ir-radiation 

wer* : 

fOl- 
232 Th capture - absolute value at core centre 

ratio between values at core centre 
and in the thermal column 

for 239 Pu fission - absolute value in the core cavity 

ratio between values at core centre 
and in the cavity 

ratio bctwccn values in the cavity and 
in the thermal column 

for 232 
Th fission - absolute value in the core cavity 

ratio between values at core centre 
and in the cavity 

The final results deducible from the above parameters arc 

seen to be: (i) the ratio of 232 Th capture t0 
239 Pu fission 

at core centre (both absolute and thermal-comparison values), 

and (ii) the core-centre fission ratio for 232'l'h/233Pu 

(absolute value only). 

(b) Reaction Rate Traverses 

Distributions across core a::~.1 blanket regions >::erc measured 

for cac!~ of the ?rincipaL reaction rates. This xas achieved 
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3.1.4 Soecial Measurements ------- L----__-----_-____- 

(a) Infinite-Dilution Reaction Rates 

In measuring an infinite-dilution reaction rate (i.e. reaction 

rate in a material which does not normally occur at the 

location at which the measurement is being made), care was 

taken to ensure that the foils were adequately thin. This 

was particularly important in measuring the 232 
Th capture 

rate in the Pu02/U02 fuel and the 238 U capture rate in the 

various Th blanket zones. Resonance capture cross-sections 

for both nuclides are of the order of 100-1000 b at lower 

energies and, with a significant neutron flux fraction at 

these energies, foil self-shielding effects can be quite 

important. It was estimated that foil thickness would have 

to bc in the range 0.01-0.001 mm for the rcsonancc sclf- 

shielding correction to bc c 1 Z at a typical location. 
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rig. 8 Relative 
231 Th Capture Rates Ncasurcd in the Pu02/llO 

Test zone using l'h-Nctal Foils of Various 'ihickncss 2 

(The correction for a 0.2 mm foil - ?,ST, mq weight - 
was '1, 5.0.to.5 a) - 

'L 1 my/cm2 thickness wore therefore used instead. The 239NP 

activity induced in the deposits was, howcvcr, rather low, 

resulting in significant statistical errors'. Subsidiary 

measurements did indicate that if il 0.1 ~ilfll U-metal foil had 

been used for the capture measurements, instead of a deposit, 

the self-shielding correction at the centre of the Th-metal 

axial blanket would have been as high as 'L 53 S. Foil self- 

shielding effects for 2351J capture in the central Th blanket 

zones v;ere very much snaller. 

n 
I!, t.ig ::!,.~'s 'Lye:1':-. ", 0 f '- 13jL. ali:. -'-?I,: . fission rates in tile 

T!I zones, Js also that of 
'33 

u fiSSiO!l in the ?u0,/U07 fuel, 
- - 

foil self-shielding effects were sx.ller than the csperimental 

errors from other sources. 



(b) Fission Ratio Measurements in Different Neutron Spectra 
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The measurement of fission ratios, in most cases, entailed 

the fission-product y-counting of irradiated, Al-alloyed 

foils. This counting was carried out on the NaI detector 

system (Section 3.1.1 Cd)), employing a y-energy threshold 

of z 600 keV. Since,for a given fissile or fissionable 

nuclide, the fission-product yields depend on the neutron 

spectrum, it was important that the correlation of foil 

count-rates with actual fission rates be carried out through 

fission-chamber measurements at appropriate locations in the 

test lattice. This was quite straightforward for core-centre 

measurements, with the fission-chamber cavity located % 0.20 m 
0 

above the centre (Section 3.1.3 (a) ). 

For the axial-blanket measurements, with relatively large 

spatial variationsoccurringin the neutron spectrum, it was 

neccs.sary to conduct separate fission-chamber/foil irradiations 

to investigate the appropriate correlations. The results 

showed that at the centre of the axial-blanket zones, for 

cxamplc, corrections for the diffcrcnt fission-product 

yields were only 7, 1-2 ?; for ' "'Pu and 23 'U but u;>:o q, G Z 

Tar the fissionable nuclidcs, viz. 1' i :?'l'i, end :? 3!lu. 



3.1.5 Experimental Errors ------------------------- 

(a) Foil Effects 

Except in t!>e case of infinite-dilution reaction rate 

measurements (Section 3.1.1 (a)), the effect of mounting 

a foil of finite thickness at a given location in the test 

lattice was not generally measurable within statistical 

errors. This may be attributed to tllc relatively hard neutron 

spectra involved, as also the absence of significant hctcro- 

gcncitics within a qiicn test zone. 

I:ffccts due to cxtrancous materials in the foils (C.CJ. Al, 

isotopic impurities, etc.) wore, where significant, accurntcly 

corrected for. This was done cithcr cxperimcntally (e.g. in 

estimating 235 U contributions in 
2 3 FJ U fission mcasurcmentsl 

or on the basis of calculations (~2.~1. for hirJhcr Pu-isotope 

contributions in 239 Pu fission measurements). It should be 

mentioned that any finite errors due to foil composition 

effects tended to cancel out in the case of fission activa- 

tion foils, since these were used only for relative measure- 

ments between two or more locations in the test lattice. 

Typical foil-associated uncertainties of the :,arious types 

vere well :.iithin 5 1 ;. 

Perturbations caused b) the introduction of a fission chamber 

in the test lattice, as well as in the PROTEUS thermal 
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COlUmn, were checked by comparing the relative activities 

of foil pairs as measured with and without the chamber. These . 

checks confirmed that (i) the presence of a chamber in the 

lattice (% 0.20 m above the centre) had no measurable influence . 

on core-centre measured reaction rate ratios and (ii) ratios 

measured in a chamber mounted in the thermal column were 

identical to those in graphite without the chamber present. 

Reaction rate ratio measurements in the immediate vicinity 

of the fission chamber in the test lattice did indicate 

@ 
local spectrum perturbations. These were, however, of little 

consequence in establishing the correlation between fission- 

foil y-activities and actual fission events in the core - 
II, 

effectively the only purpose for which the lattice chamber 

was employed (Section 3.1.4 lb)). 

As discussed above, no corrections needed to be applied to 

account for the prcscncc of a fission chamber cithcr in the 

core cavity or in the thermal column. 'l'hc associated un- 

ccrtaintzies wcrc ncg1igibLy small. 

Cc) Countin Errors 

The statistical accuracies achicvcd in counting (ioils, 

chair~crs, track detectors , etc.) wcrf generally in trhc 

L-an'," -c 0.1-l..@ '5. Tit m~.:otc locations ir. the a:-:i,!L !lt,xnkc:s, - a 
llo:.icv~L-, ti:c statistical errors -w?re consider~bl:. hiq!i~fzr 

(u:,to I,+ 1@ '5) . - 
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corrections tcndcd to cancel out, redi!cing the uncertainty 

even Eurttlcr. 

each case (Car 0.1-0.2 n:m thick metal foils) . Tiie associated 

error was negligible with the thermal-ccnparison technique 

since similar foils were used in both lattice and thermal- 

column irradiations. '?or the absolute measurements, with 

the correction being applied in t!le counting of the lattice 

117 tllc case of the :! 3 2 , 1 lh(n,2n) mcnsurcmcnts, self-absorption 

effects (cvcn for tllc 0.01 mm foil thickness used) were as 

higll as 'L 30 5 for the 25.G kCV 231 'Til y-ray. 7%~ associated 

uncertainty hcrc was z + 1.5 % (12). - 

(d) Other Systematic Errors 

As mentioned earlier, a check on syste::lGtic errors was provided 

by the application of more than one cspcrimcntal tcchniyuc 

wherever possible. The various sources of error for absolute 

measurements of core-centre reaction rate ratios have been 

discussed elsewhere (13-15) and amounted, in the present -- 
experiments, 'to + l-2 "-. For the - thermal-comparison technique, 

the principal systematic error is the uncertainty in the 

thermal cross-section values, once aGain in the range + 1-2 ;. - 
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3.2 Neutron Spectrum Measurements 

The neutron spectrum measurements were carried out using 

spherical proton-recoil proportional counters of the SP2 

type (Fig. 9) (161, manufactured by A.E.E., Winfrith (U.K.). 

Tine measured energy range covered the interval from % 10 keV 

to 2.3 MeV. Balow 50 keV, the measurements were made applying an 

electronic neutron-gamma discrimination technique. In the 

higher neutron energy range, wall-effect reduction was 

achieved by using increased gas pressures (upto s 10 atm) 

and gas mixtures containing argon (because of its high stopping 

power for protons). Table 3 gives the specifications for 

the various counters used. a 
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* 

, 

Table 3 S:)ecifications for the SP2 Counters Used 

;x73c-??A 

W73C-23R 

W7?C-2lA 

c3-~:?-QoQ 

W71E-221 

W71E-23 

W71E-26 

w71r-22 

w73c-2.1 

W73J-21 

W73J-22 

E (atI::) 

Cl!- r .! 

O.O?G 

0.,0x 

0.052 

L 

0:.035-O..lQ 

0.035-0.10 

0.,0.15-o.. ::?i 

O.O.lj-O.:!Q 

0.145-0.20 

o..o') -O..G', 

0,.03 -ri,.(!!i 

o-15 -l,.lO 

O..?O -I~.(>0 

0.6 -7..3 

O..G -L..3 

a i\vailablc energy range without electronic n--i discrinlination 

b 

The neutron spectra were derived fron the measured proton- 

recoil spectra usinq the unfolding code, SPEC4 (17). - 
Systematic errors in the present measurements :iem generally 

between c 4 and + 10 3, depending on the neutro?. enercjy - - 
:-anc;c and ttle specific couzter usceil. The errors 2t energies 

:.;i:frs t!ie neutron-gama discrimination technic:ue had te be 

applied Fere of the order of + 15 5. The resolution of the - 
Keasured s?ectra(&ich depends, in part, on tt:e count rates 

obtained) $,:a~ typically in the ranc;e lo-15 ?. 

. 
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A detailed description of the experimental procedures applied 

for neutron spectrum measurements in PROTEUS has been given 

separately in an earlier report Cg). 

For measurement of the neutron spectrum at the centre of 

the mixed Pu02/U02-Th02 lattice (Core 12), the proton-recoil 

counter was introduced into the test zone along with its 

preamplifier via a 50 mm diameter hole extending through the 

axial blanket and the top half of the core. The preamplifier 

was specially miniaturised (Fig. 101 to minimise spectrum 

distortion effects. Introduction of the counter-preamplifier 

assembly for the axial blanket measurements in Cores 14 

and 16 was carried out via a hole extending through the top 

steel shield to the blanket centre (Fig. 11). 

r 



34 

Sk37 - SHIELD 

4 
- 

Th -I / 
iP2 -COUNTER 

St37-PLATE 

- 

i++ 

J02-BLANKET 

SPACER 

1 80RPLASTIC 

*an *x 

\ 

\ 
--BORPLAS'IC 

1200mq/cm2~ 



35 

4. CALCULATIONAL MODELS AND NUCLEAR DATA 

For analysis of the PROTEUS thorium-programme experiments, 

appropriate macroscopic cross-section sets had to be prepared . 

for the central PuO2/U02-fuelled zone as well as for the internal _ 

and axial blanket zones. Data for the other regions of the 

PROTEUS reactor (i.e., buffer, driver, reflector and interface 

zones) were the same for each core configuration and could be 

used in the form already available from previous studies ClJ,lA). 

One may thus limit the discussion here to broad-group cross- 

section preparation for the central PuO2/UO2 and thorium con- 

taining zones. 
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SUPERTOG MlNX 

LIB-IV 

~8 

50 GP 

DATA 

ClNX / DINX 

Fig. 17 Cross-secti9n PzyJration for An31ysis of the 
'rhorium E::p?rireDts 
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10l 
CRPTURE XSEC FOR TH232 

r ,,, / ,,, 

Ii’ 10’ 10’ IO2 Ia Ia‘ la’ Ian 
ENKY IEVI 

FicJ. 13 c;yjp arisen of EL5 and GGC-4 Cross-sections for 
‘I% ( n , ‘r ) 



4.2~ The 1-D PROT2CiS :.iodel -.-_- ____.___ -__ 

Ar.alyses for the experimental configurations of Cor&s 11,1?,1; 

and 15 (Chapter 2) wcrc carried out using il one-dimensional, 

cylindrical-geonetr~, n;odel for t!le PROTELS recactor. Table :i 

indicates the radial zoning; used. The finite Jxinl dimensions 

for each zone ufre taken into account throiicJli an appropriate 

value of the axial buckling. All calculations were carried out 

in 28 encryy groups, spanning the neutron energy range from 

;'-16.5 MeV down to thermal. 'Table 5 gives the encrc;y boundaries 

of the 2e-group structure used. 
t 

Three separate codes, which are currently incorporated into 

the RS'I'ST calculational schcmc at i?IR (.s), were available for 

carrying out tiic 1-D calculations, vi:?. SN-lD, SURCU and DIF'i:‘-LD. 

SN-1D is a slightly modicicd version of the ANISN code (g), 

while SURCU has been dcvclopcd at EIR (28) and DIPI:-1D at 1x1: - 
(Instilrut ciir Kerncncrgctik), Stuttg;lrt (2G). SN-1D alone was -- 
used in most cases, cxccpt in that of Core 15 for w!lich all 

three codes wcrc applied in a comparative study. 

As already mentioned, the data for Zones 4-15 of Table 4 

remained unaltered in the various calculations. The 28-group 

cross-sections for these zones were taken over from earlier 

PROTEUS-GCFR studios (lO,?sI) . Table G yives the cell-averaged -- - 
number densities for the various nuclides in Zones 2-15. 

The FGL5-based broad-group cross-sections for Zone 1 (and Zone 2) 

of the Core 11 configuration were obt-lined from a heterogeneocs _--- 
2 -7 

!.:rJl,iI,B cell calculation (Bcrit=12.6 .- -j 'Table 7 indicates :!:A 

geon.etr> f<Jr ii-,? ?uo,,/L"o, cell, as ,aLso ti1.2 :l:.;clide densities: 
._ 

in tl:f ir..!i~:id:.:~l rfsions. CriticaL, i:eteroqeneo~s cell calC::tJ- 

tions with the GGC-4 code, i.e. usin? E!:DF/B-4 cross-sections, 

werd czrrici out in similar fashion. For the whole-reactor 

calculatio:: i:ith the S!;-111 codcz, the az3ro::imations used for * . 
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Table 4 Cylindrical 1-D Model for PROTEUS 

Zone No. Outer Radius (cm) Material -2 Bz(m ) 

1+ 6.826* Pu02/U02 (Core 11) 5.06 

Th02 (Core 13) 

Th-Metal (Core 15) 

2' 23.790 5.06 

3 

**+ PU02/U02 

24.475 u"2 (depl.) 5.06 

4 26.343 Steel + Air 0 

5 36.311 U-Buffer 4.33 

6 38.300 Air 0 

7 38.800 Al 0 

8 40.018 D20-Refl.+Al 7.00 

9 57.022 D20-Driver 7.00 

10 61.300 D20-Refl.+Al 7.00 

11 61.800 Al 0 

12 62.828 Air 0 

13 G8.759 Di.lutc C-Refl. 5.OG 

14 79.223*** C-Driver 5.06 

15 lG1.800 C-RcTlcctcr 5.OG 



Tsblc 5 Energy Boundaries for the lo-,2E- and 37-Groop 
Cross-section Sets 



41 

Table 6 Zone-Averaqed Nuclide Densities for the lD-PROTEUS 

Model (x10 jo lll-3) 
a) zones 

Nuclide 

235 
239" 
238'" 
240yu 

0 
Fe 
Cr 

2.41p, 
24ZP" 

WJ 
Mn 
Ni 
Al 
H 

,a;; 

C 

PU02/U0, 

(Zone 2; 

3.3645E-5* 
1.1155E-3 
7.9524E-3 
2.4641E-4 
1.8793E-2 

6.5448~-3 
1.7376E-3 
2.9745E-5 
5.4304E-6 
1.2047E-4 
2.4692E-4 
l.O046E-3 
1.6642E-3 
D.G699E-5 
1.47‘lGE-5 
5).4GG7E-5 
l.l3G2E-5 

U02(depl.) 

(Zone 3) 

S.OlOSE-5 

9.4794E-3 

1.9044E-2 

6.6579E-3 
1.86402-3 

1.2054E-4 
2.4708E-4 
l.O053E-3 
l.G5G2E-3 

9.472GE-5 

* to be rrx~l 2s 3.3G45xlO -5 

2 J 5 
:!:ltl 

I, 
I, 

AL 
(ZOWS 7,11~) 

SteeliAir 

(Zone 4) 

4.7512E-G 
4.534TE-2 

1.7660E-5 

4.22om-4 

U-Buffer 

(Zone 5) 

2.2025E-4 

3.03-L9E-2 

D.O616E-3 
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Table 7 Goonetry and NuClidf~ DfnSitiCS for tile Pu02/U02 Cell* 

3.438 
-. 

4.100 

5.250 

1 
-- 

-- 

-_ 

23gpu 

238" 

240p, 

0 
241 Pu 

242P" 

Al 

II 

241*m 

1% 

Cr 

bl0 

Mn 

Ni 

Si 

-___-_ -___-_ 

!:ucliciz !:ucliciz Density (103' mm3) Density (103' mm3) 

------ ------ -_. -_. 
23i 23i 

ti ti 

Al 

0 

Al 

I+ 
- 

6.2G33C:-5 

2.7398E-3 

1.9531E-2 

G.O516E-4 

4.6146E-2 

7.3055lL-5 

1.3337E-5 

3.911OE-4 

2.1233c-4 

2.7905E-5 
_- -- -__ 

3.50321;-2 
--- -- 

3.3438E-2 

l.O47OE-2 

7.2593E-4 

1.467912-3 

G.@539~-3 

5.704GE-4 
_----__ 

l.O1G9E-5 

5.5584E-,1 

3.7733E-5 
- ___-- 

I 
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the FGL5-based data were P ,,, S4 while those for the ENDF/B-4 

based set were ~1, s4. 

The 28-group cross-sections for the mixed Pu02/UO2-Th02 lattice ' 

of Core 12 (Section 2.2.2) were likewise generated from critical, 

heterogeneous cell calculations using >lURALB and GGC-4. A special 

collision-probability routine was applied for consideration of 

the additional heterogeneity of the 2-rod (Pu02/U02, Th02) 

lattice of Core 12 (30). The whole-reactor calculation was, 

as before, carrikd out using P 
0' s4 

and P 
1' s4 

approximations. 

For preparation of the 28-group data for Cores 13 and 15, two 

separate procedures were adopted. In the so-called "Simple 

Model", the broad-group cross-sections for the fertile and 

fissile zones (1 and 2, respectively, in Table 4) were obtained 

from separate cell calculations. The data generated for the 

PU02/U02 zone was thus, in this model, identical to that for 

the Core 11 test zone. The cross-sections for the Th02 and Th- 

metal zones (of Core 13 and 15, rcspcctivcly) wcrc obtained 

from zero-buckling ccl1 calculations. 'Thus, tllc sir?t)lc model, 

while all~owinq explicit consiclcration of tile roddcd s tructurc 

of the PRO'i'LUS test lattices (cf. FiCJS. 5 ancl 7), could not 

take into account any interaction bc&zcn Lhc :cr-Lile 2nd 

fissilo zones at the cross-section preparation stqc. There 

w Ll 5 , i 11 0 the r i.:o rd.5 , no spatial d~pc!nd~~nce oc ki::z ,z:oss-section::: 

ti1a t :,:c!re ‘Jcx2 ra lrcd. Input data for the cell c~-iic::!z!Lions cot 

tilt2 Ti102 and 'r'i~-~;:ct~l ].2ttic*s arc given in 'i'at1+; X 3:?;! 9. 



Table 8 !Juclide Densities for the Heterogeneous ThO, I ceil 

---- .- -. 

Individual-Region 
Outer Radius (mm) 

Nuclide Density (1030 m-3) 
___- 

3.424 
232Th 

1.3631E-2 

0 2.72GGE-2 

N l.C1GGE-5 

l?e 9.2135E-4 

Cr 3.1447E-4 

MO 1.134OE-6 

Ml-l 2.6877E-5 

Ni 1. ?409E-4 

Si 1.3005!?-5 

- ~-~__----- --- 
4.100 Fe 4.36‘53E-2 

Cl. 1.2243E-2 

MO G.G492E-4 

bin 1.4872E-3 

Ni 6.5613E-3 

Si 6.1922E-4 

----- 

5.250 0 1.0169E-5 

Al 5.558ZE-4 

N 3.7799E-5 

-~---. 
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Table 9 Nuclide Densities for the Heterogeneous Th-Metal Cell 

- 

Individual-Region EJuclide Density (1030m-3) 
Outer Radius (mm) Core 15 Core 16 

9.500 232Th 2.9332E-2 2.9332E-2 

11.026 Al 6.476~-3 7.411E-4 

0 9.401E-6 l.O27E-5 

N 3.494E-5 3.&316E-5 1 
geometry, cylindrical geometry not having been used due to 1, 
the exorbitant computing costs that would have been involved. 

The total thickness taken for the 6 fertile-zone regions was 

60.3 mm in the case of Core 13 and 67.1 mm in that of Core 15, 

i.e. corresponding to the actual zone radius in each case. 

The thickness assumed for the Pu02/iJ02 zonc was 91.7 mm. The 

spatial mesh was chosen to be rclativcly fine at the interface 

between the fertile and fissile zones so that the sharp 

variations of cross-sections could bc consiclercd in a 'reason- 

able" manner. Reflective boundary conditions were applied on 

both left and right hand sides in the model. The in:lut data 

for the G rcgi.ons of the fertile zone (ThD2, Th-matal) wcrc 

ho;logcniscd nuclide densities deducei! fro;:; t!;ra corrcj:xondinq 

heterogeneous ccl1 (Tables 8 and 9, rcspecti~:cl:~) I‘i)r the 7 

regions of the PuO,/Cii) 
2 

zon~c, t11c honogcnisod n:~:cl iii.2 densities 

of Table G wcrc us;ld. 'EIC cl.ztailcci rxodrl could, in t'nis mann'c~-, 

~;p:>..2rs~tt: s~>;i:i;~ll:~ ~:!.2~,.2:-r:.y;~': c~~~s-:~.~c~lons :Y*?r ‘:i!.: :Yr2::!:ilc‘ 

,,;-,,.i ;:Yj.;L,..~. ::,> :I. 1‘:;. x3:.?3.;.~':', :.: .,.:':s: :::\'~ I‘,).:"::i:!; L:.~ -;..j,.:. '-75.7 

j ,'.3:~,;~:i,,.>:.. ~:iz,,. I-,., ,.', :,.I.'...~ :.,I ,' .~. ,i t, ., . . . ..~_.. ., _... . j .., ,~. i ,.Y.'.~: 

2b::)! icitly. 



. 
4.3 The 2-C PROTEUS ?:odel ---___-- 

.r) 

11 two-dimensional model 05 the PROTEUS rea ttor was nECeSSar> 

for analysis of the eaperimcntal configurations of Cores 14 --.----_ 
and 16, i.e. the a::ial-blanket experiments. Application cf ;1 

1-D rcoclel in the axial direction would not have been adequate 

in itself, since there would then be no account taken of the 

influence of the driver zones. The boron-plastic layer between 

the axial-blanket and driver zones (Fig. G) was meant to minimise 

such an influence. Nevertheless, with the axial blankets being 

relatively large, "dead" zones from the neutron p!lysics stand- 

point, the neutron spectra inside them were affected by the 

driver zones much mot-c than wcrc those inside the intccnal 

blankets of cores 13 and 15. 

a 

The calculational approach sdoptcd fcr the axial-blanket 

experiments is described bore in the contest of Core 14. The 

procedure for Core 16 was very similar and has been detailed 

elsewhcrc (1,. 

Fig. 14 shows the full 2-D model used for the Core 14 analysis. 

A total of 17 different material zones were considered, with 

spatially dependent cross-sections being fed in for three of 

these, viz. the PuO2/UO2, ThO, and iron-shield zones (l-3, in 
‘. 

Ficj. 14). The code used for the i;hole-reactor calculations 

was DIFF-2D, an RSYST version of 2DR (2G) - . .q lo-group structure 

was employed, the energy boundaries for whichareindicated in 

Table 5. Cross-sections in this broad-group structure were 

already available for zones 3-17 (121, core-specific data for 

50;1ys l-3 being rqenerated usin; tvo different methods as 

discussed 5~ l<>:.; . 

In the first method ("Simple I-!odel"), 37-qroup cross-sections 

for the Pu02/U0, and blznkct zones ',,ere obtained from in- 

d*zpe,ndont cell calculations usini; .IIL'.XALD, i.c. exactly os in 

i , 
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,‘,.I --- ---__--- 
117.6 

I-- 
II !,I.9 

a - 

--- 

l 



48 

the simple mode'l used for Cores 13 and 15. These macroscopic 

cross-sections were then used as input to a L-D calculation 

with the SX-1D code. I‘ic;. 15 shows the 1-D model used for 

core 14, t-e aL-rangenent of zones !;einq described a,:iall.y 

YdC”“” 

ILO.‘ 

Fig. 15 1-D bYode for Core 14 (dimensions in cm) 
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along the central axis of the reactor. (37-group data for the 

air-gap and iron-shield zones were generated from microscopic 

cross-sections obtained in the PuO2/UO2 cell calculation.) . 

A single-valued buckling was employed for achieving criticality 

for the 1-D model, and the space-dependent 37-group fluxes 

obtained for the critical configuration were used to condense 

the cross-sections to the lo-group structure used in the 2-D 

model. In this manner lo-group cross-section sets were obtained 

for (as indicated in Figs. 14 and 15) 7 different regions in 

the Pu02/U02 zone, 6 in the blanket and 3 in the iron-shield 

zone. 

As in the analysis of the internal-blanket experiments, a a 
second method ("Detailed Model") was applied so that the inter- 

action between the fertile and fissile zones could be considered 

at the level of cross-section preparation. This was done by 

first carrying out a 13-zone, slab-geometry NURALB calculation 

for the core/blanket portion of the L-D model of Fig. 15, using 

rcficctive boundary conditions at both ends. Space-dependent, 

37-group cross-sections obtained for such il criticJ1 configu- 

ration wcrc Lhcn fed as in!,ufr to the 1-D Nodcl. Fin;li~ly, as in 

the simple-model approach, 37-g~-ou~) fluscs tror:~ this calculation 

were used to condense the cross-sections ink0 ti13 dcsircd lo- 

group str:ucturc. The slight disadvantage of t-ilc detailed model 

over tlv: sim:,lc one WJ~, 17s in tki.2 Corf 13 a:l,li LI ar.ll.y~Se:;, II) 

tlla'i tilt rodc'.~~ci s truc'iurr3 0,' the PI?OTEUS i,c!tiic.2s cJ:lLr! rot 

be explicitly tai:!zn ictn ;Icco~2nt. 



4.4 Neutron Spectrum Calculations 

l 

l 

4.4.1 For the Fii:ied T!>O -PcO /U@ -__-___-----__--___----2----2~--*-~~~~~~~,-~~~~-~~- 

A whole-reactor calculation, for the sliqhtl). stibcritical 

configuration in which the spectrum measurement 'rlas made 

(Section 3.2), was first carried out in 28 energy groups 

usiny SIG-1~. Energy-dependent bucklings, corresponding to 

the calculated broad-group spectrum at the centre of the test 

lattice, were then derived and input into a 2240 fine-group 

P!URALB/FGLj cell calculation, Finally, using the TOIVEE code 

(Z), the calculated fine-group spectrum was homogenised over 

the hctfrogeneous ccl1 and smoothed out so as to be consistent 

with the cxperimcntal energy resolution. 

The bucklings fed into the PlURALt3 calculation were also used 

as input into a GCC-4 cell calculation, thereby yielding a 

99-group spectrum based on ENDF/B-4 data. An appropriate 

condensation of tile fine-group fi!UI?ALU spectrum was carried 

out in the same 99-group structure to enable a direct comparison 

of FGL5 and lYNDF/B-4 based results. 

4 4 2 For the Avial Blankets Cores 14 and 1G (25) ---:_---__--__-L--_---------‘--------------------r~ 

Since a 1-D model of t!lc PROTEUS axial blanket was not adequate- 

ly representative of the actual geometry and since fine-group 

2-D transport calcclations of t!?e full geonetr:, Were not 

economically feasible, a compromise approach v;as used. The 

procedure, which is o:!tlined in Fig. lG, consisted 0E performin,; 

a broad-grout eige::.--1)x calculntion for the <till Pi?OTZUS 

qcmetry in ord.er t.3 tieteri:inz 'ii;? _ soacs-deosndent fission- 

rate c?istribu!:ion I:: ci:i ce.r.trz.1 t.2~': regions. 'Yhc ss;ltial 

fission rati? was th.z.7 folded with zone-depecdsnt fission-neutron 

energy distributions to determine J space-energy distributed 

source w!lich was L:se? to per:orm a r -ine-group 2-D ne:-tron 

trJ?.s;:!ort c~~lcu~ati?n r'or ti~!s cs2ntral regions. 'I'hc rk::iJl space 

Q 
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. 

Fig. 1G Cross-section Preparation and Calculational Procedure 
for the Axial-Blanket Neutron Spectrum Calculations 
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, 
This was done by collapsing a MINS-produced 17.l-yroup :'JL' 

Th 

data set to the desired 126 groups usiny a standard "$las- 

wellian-l/E-fission spectruni" weiyhtiny function. ~11 of 

the cross-section ;>rocrssing utilized the AMP?:-II nodular 

cod? system d?veloped at ORliL C.223). 
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5. RESULTS AND THEIR DISCUSSIOM 

Comparisonsof measured and calculated reaction rate ratios, 

as well as reaction rate distributions, are presented and 

discussed in Section 5.1 for Cores 11 and 12, in Section 

5.2 for Cores 13 and 15, and in Section 5.3 for Cores 14 

and 16. Neutron spectrum results for Cores 12, 14 and 16 

are discussed separately in Section 5.4. 

5.1 Results for Cores 11 and 12 -- 

There was no particular difficulty in the analysis and inter- 

pretationof results for Cores 11 and 12. In each case, the 

neutron spectrum at the centre was mainly determined by the 

test lattice itself and only marginally influenced by the 

outer buffer, driver and reflector zones. Fig. 17 compares, 

for example, the calculated neutron spectrum at the centre 

of Core 11 with that in a single-zone, critical reactor of 

the same composition as Lhc test lattice. The broad-group 

fluxes arc seen to differ significantly firom each other only 

S,t the lower neutron cncrqics, wliirc tl\c infl.wncc or the 

~l~crnl;lL-dl~ivl,r xoncs is clcc3,r-l.y r~otici‘~1blt2. 'i'lli: fr~.ct;iorl of 

the ricul:L-OII L'l.u:.: below "YSOO cl: w;l:;, Ilo:.:ciTr', on l:, 0.05 'a 

for the PuO2/002 lattice. ns such, the lo:,i-energy flux 

di, E trc rcnccs appe~ c qI;itc unimqrt;1nt !whcn considccrd in terms 

0 C ir;lction;il dif5er~znrz~:3 i.;,i:il r-usixcl to :k toti il~i:i. 

i'ic:. 18 d.is~~L;iy:; ttlc 11,2ulron s~~ec:ru~~! GifEcrcnc;!s i:l ti:is 

1~ i,cJh c . 

a 
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Fig. 17 Fig. 18 

a Comparison of Neutron Spectra Differences in the Fig. 17 
in the Centre of Core 11 and 

4 
Spectra relative to Total 

in the Reference Single-Zone Flux 
Reactor 

uncertainties in the basic nuclear cross-sections, rather 

than shortcomings in the whole-reactor model used for the 

calculations. The experimental configurations of Cores 11 and 

12, in other words, could be regarded as benchmarksfor testing 

the basic nuclear data. 

In order to facilitate the discussion on reaction rate results, 4 
Fig. 19 compares the calculated neutron spectra at the centre 

of Cores 11 and 12. The spectrum in the standard PuO2/tiO2 

GCFR lattice (Core 11) is seen to be significantly harder 

than that in the mixed PuO2/tiO2-ThO2 lattice of Core 12. The 

radian ne'utron energy valxes were 2184 and 147 Ike\', 

respectively. 
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FLUX FOR PROTEUS CENTRRL ZONE 
/ ” “‘I “““‘I “““‘, “““‘I / ““““1 “‘-7 ““” 

I 3 

r: -2 
------- NORNRL CCFR 
- UIXEO TH02-PUO2/U02 GCFR : ’ 

ENERGY IEVl 

Fig. 19 Calculated Neutron Spectra for Cores 11 and 12 

l 
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Table 10 Comparison of Calculated (C) and Experimental (E) 

Reaction Rate Ratios at the Centre of CORE 11 and 
CORE 12 

U (Ti1232) 
f -3 -3 

0.061.10 2 + 3 o.aea O.UGl 6.271.10 + 1.7 'i 0.007 0.973 ny(Pu239) - 

Oc(U23!3) 

Of(P11239) 0.1327 -+ - 1 1 '1 0 .9il.l I.051 0.1425 + 1.0 '1, 0.979 1.0.1-l __ 

af(U2:m) -2 
3.111.10 1.3 1. . 0 .I 5 O.')ii3 2.52.1.10 -2 _.-_-- 

L (b + 1. 7 1% 1, . 0 4 G Uf(PU233J O.OG3 - 

U2n(T1~232) 
zTh212, G.04.10-3 - + 2.5 % 1.019 0.069 5.36.10 -3 

- .b 5 2 % 1.079 1.011 
c 

Cores 11 and 12 - surprisingly so in view of the normally 

assumed uncertainties in 232 
Th capture cross-sections (Section 

1.3). In order to obtain some insight into the difference 

between the measured cc(Th232) /IJ,(PU?~~) -alues in Cores 11 
i 

and 12, consideration was qil;en to the calculated values of 

t!: '2 individaal numerator and denominator terzs . It was obser:.l.zc; 

i:~a.c there :.:a5 relatil:aly little difference >?stween values of 

the integral 
239 

Pu fissicn rate in the tJ0 lattices. Differences 
i? 23' 

-'i'h capture vere found to result from t:so counteracting 

effects. 'I'hp2 softer nautron spectrum in Core 12 would in itself 
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have resulted in an increase of \14 % in ac(232Th), but 

this was counteracted by an even higher decrease (220 %I 

due to resonance self-shielding effects. On comparing the . 

C/E values obtained from the FGL5 and GGC-4 (ENDF/B-4) routes ' 

forthe two lattices (Table lo), the calculation of self- 

shielding effects appears to be better by the latter route 

(see Fig. 20). 

The fission rate in 232 Th is seen to be consistently under- 

predicted, suggesting that the basic cross-sections in current 

use are too low. This will, however, have relatively minor 

I.0 

EFFECT OF SHIELDING Oh TH?32 CFIPTURE XSEC IN tIIXE0 LRTTICE 

/ “““( “‘_I ” “! ““I 

a 



. 

chain products vary hard -r-radiation (Section 1.1). As discussed 

in Section 3.1.2, the '3 Th (n,2n) measilrements in most of the 

current experiments were carried out relative to 
222 

Th capture 

so as to ac!lievc higher experimental accuracies. The agreencnt 

between the measured and cal.cuLated ratios in Cores 11 and 12 

appears to be quite reasonable from the results of Table 10. 

'This may, howcvfr, have been somewhat fortuitous considering 

the difficulty of accurately predicting such a hi(ih ('bG.4 WV) 

threshold reaction (35). - 

Since the present experiments did not contain any 
2 3 3 

U in tllc 

fuel, it was only for the infinitely dilute fission cross-section 
of 233 U that checks could bc made. '7%~ results for uf(U233)/ 

tif(Pu239) in Core 11 appear wry CjOOd. The additional reaction 

rates involving 
230 

U ca.pture and fission slio'w the same 

behaviour as in earlier GCFR cores (2, 2, 37). The ratio of 
230 U capture to 239Pu fission is overpredicted by ENDF/B-4 

based data in GGC-4 and well predicted by the adjusted FGL5 

set. 
2313 U fission is overpredicted by 1,5 :̂ by FGL5 and slightl:, 

underpredicted by ENDF/B-4. 
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appears quite adequate - in contradiction to the results of 

the recent differential measurements refered to in Section 

1.3 (?,*. The present results, in fact, support the broad 

conclusions drawn in the Argonne survey of earlier integral 

checks made for 232Th in fast systems (2). 

5.2 Results for Cores 13 and 15 

With the construction of heterogeneous thorium-containing 

zones in the centre of the Pu02/U02 standard lattice; Core 13 

@ 
and Core 15 (homogenised thorium densities of ~2.2 and 8.4 

g/cm3, respectively, in the central zone) provided, in some 

more stringent tests for 232 sense, Thdata than did Cores 11 and 

12. The experimental configurations were, as discussed in 

Section 4.2, amenable to analysis using a 1-D model for the 

PROTEUS reactor, the values of measured parameters being 

determined mainly by the properties of the Pu02/U02-fuelled 

and internal-blanket zones. DUC to the strong coupling between 

tlic two types of zones, however, calculational procedures for 

dcircrmining the neutron spectra and reaction rate ratios had 

to bc carefully chcckcd Ior the clYfccts oc Lhc approximations 

' apl'licd. As such, the configurations of Corks 13 and 15 may bc 

,-. 
3 

regarded as providing bcncilmark t:csts for: dlta and methods as 
i applied to the analysis oE heterogeneous, tboriu:n-containing 

E3s t rl2actors . 

. 
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fine-group calculation which tried to take into account the 

coupling between fertile and fissile zones. It is in the 

. conter:t of these two calculational models that the results 

for Cores 13 and 15 are discussed beiov. It should be stressed, 

however, that these models do not represent the "best possible", 

but rather, were meant to point out tl!e sensitivity of cal- 

culated results to the approximations used, particularly in 

the case of reaction rates with large resonance self-shielding 

effects (viz. 136 LI capture and 
232 

Th capture). The following 

nomenclature is used in discussing the calculated results 

l obtained from the two different models: B 

PHI0 : Fluxes I Simple Model (constant 

SIGO: Broad-Gp. Cross-Sections 
! 

cross-sections in each 7.011~) 

PIIIl: FlUXCS 
I 

Detailed Node1 (space- 

SIGl: Broad-Gp. Cross-Sections 

! 

dependent cross-sections for 

fissile and fertile zones) 

a 

5.2.1 Central Reaction Rate Ratios ---------------------------------- 

Table 11 gives a comparison of measured and calculated reaction 

rate ratios in the centre of. the Core 13 and Core 15 internal 

blankets, as also in the centre of the standard PuO2/uO2 

lattice. In order to facilitate inter-comparison of the three 

sets of results, the methodology used for the calculations was 

similar in each case, viz. the simple model based on PGL5 data. 

The effects of using ENCF/B-: data and of applying the detailed 

model are discu,ssed later in t!le section. 

0 n c e 2 i:i J i n , the mst important c 2 s t r a 1 r f a c t i 0 II rate ratios 

w.ts ~:c('rh23?)/-f(PU239) since it determines the 
2 j - 

U breeding 

characteristics. Khilc being slightly underpredicted in the 

standard lattice (infinitely dilute check for 
237 

‘Ti? data), 

this ratio is see:, to be CalC21atCd about-l 2 tC0 high in the 

4 
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c 

Table 11 Comparison of Calculated (C) and Expericantal (E) 
Reaction Rate Ratios (per Atom) in the Centre of . 
the Internal Blankets of CORE 13 and CO?: 15 and 
the Centre of the Standard PuO2/UO2 Lattice (CORE 11) 

Reaction Normal Pu02/UO2-Lattice Heterogeneous Lattice witl 
Rate Ratio (Core 11) Central ThO?Zone (Core 13: 

I 
Experimental Value C/E* Experimental Valua C/E* 

oc(Th232) 

Of(P"Z39) 
0.2000 + 1.3% 0.972 0.1663 _ + 1.7% 1.049 - 

of(Th232) 
Uf(PU239) 0.061.10-3i 2 % 0.838 5.645.10-3+ 2 3 O.SSQ 

~~(~238) 
aE(Pu239) 0.1327 - + 1.1% 0.904 0.1773 - + 2 % 1.046 

OE(U23D) 
ci(Pu233) 3.111.10-2~ 1.3'b 1.045 

-2 
2.235.10 - + 2 \ 1.026 

Oy(U233) 
Oi(Pu239) 1.519 5 1.3.i 0.030 1.577 y 1.w. 0.9'17 

a ('1'1,232) 
"---- 
Uc(Ti,?3T!) 

(; ,I;, 10 
-3 

5 2.w 1.019 4.W.l.O 
-1 

) 5.2'6 O.I)Sf? 

Het.Lattice with Central 
Th-!??'.a1 Zone (Core 15) 

I 
Eqerimental Valua c/E** 

0.1493 + 1.53 1.030 - 

-3 
4.750.10 + 2 % 0.959 - 

O.lSS? + 2 a 1.014 

1.Q::3.1o-2+ 2 a 1.167 - 

1.53:; + 1..5? 1.005 

-3 5.G5.10 ~4. 2 57, 0 !:!!'I - 
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. 

. 

thorium blankets was also reported for experiments at ;'\rgonne 

(38, 39) . i-o:.:ever, in view of the large uncertainties of 

10-20 c t!?at are normally ascribed to the prediction of 2 3 :1 
Th 

capture in iast systems isection 1.3), ttie a:.'reece r, t be twec ,I 

calcul~"ion and experiment can certainly be c.i regarded as c;uitc 

satisfactory for both Cores 13 and 15. 

The results for ac(U238)/of(Pu2391 appear to be good for each 

of the three experimental configurations of Table 11. As 

discussed later, however, the satisfactory agreement indicated 

here between calculation and measurement was somewhat fortuitous 

for the internal thorium-blanket zones and probably resulted I 

from cancelling errors. The preparation of appropriate broad- 

group cross-sections for 2301J capture in the centre of Core 13 

and Core 15 (particularly, for the latter) was a rather difficult 

task, with results being highly sensitive to the calculational 

model applied. 

Regarding the Table 11 results for the threshold fission 

reactions, uf(U238)/of(Pu239) is seen to be significantly 

ovcrpredicted (as is normally the case with TCL5 data), and 

o f (Th232)/ef(Pu239) is consistently underpredicted to an extent 

which indicates that the 
232 Th fission cross-sections in current 

use are too low (Section 5.1). The marked increase in C/C 

for both these threshold reactions in the Th-metal blanket 

(Core 151, relative to values in the ThO 2 blanket and the 

standard lattice, suggests that the neutron flus around 1 PleV 

is being overpredicted in the metal case. A poorer prediction 

may be acceptable for 
7:- 
---Th fission than for 233 U fission since 

the absolute nagnFtud.f of th.e fcr.mer cross-section is nuzh 

!~::,al.ltcr a?..:! tiii? CC.-.:~LUUZLOE to ps:.ier ~:~oduc~I~~~:: -orr~sp7y.<i:~gly 

locwer. 

The good prediction of the 
232 

Th(n,2n) reaction rate in the 

standard lattice and in tl:ae ThO 
2 

blan!kcet r.iav be fortuitous 
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in the light of the large discrepancy in the metal case. As 

mentioned earlier (Section 5.1), the high threshold for this '. 

reaction renders the calculated values extremely sensitive 

to data and methods. On comparing the experimentally determined 

ratios for 232 
Th(n,2n) and 

232 
Th fission in the Th02 blanket 

with those in the Th-metal zone, one notes that the relative 
232 attenuation of the two Th threshold reactions was of a 

somewhat dissimilar nature in the two types of blankets. This 

was shown to be a consequence of the occurrence of considerable 

structural components and oxygen in the Th02 zone (40). - 

The remaining ratio in Table 11 is uf(U233)/a (Pu239), measured 

here as a spectral index since there was no 2 3 f U fuel in the 

lattices. The experimental values of the ratio are seen to 

be quite similar in the three Cores, reflecting the qualitative 

similarity in energy dependence of 23& and 
239 

Pu fission cross- 

sections. The fact that C/E was close to unity in each case 

indicates, as noted earlier (Section 5.1), the adequacy of 

infinitely-dilute 233 U fission data in the FGL5 li!,rary. 

The cffccts of analysing Cores 13 and 15 by the XC-4 (ENDP/D-4) 

route wcrc assessed scparatsLy using, once again, the simple 

model (41). -- Comparison wit11 tllc PGL5-based rcslllts of Table 11 

led to conclusions quite similar to those discussed in the 



. 

4 

I 

Table 12 Influence of the Different Models for Cross-section 
Preparation on Central Reaction Rate Ratios (C/E 
~'al~ues) in Cores 13 and 15 

._- -- --.-- ----.--.__ 
Reaction l!~t~:-~c:‘en~ox Lattice v,i t.!i Cc~.r:rc?l l!C.t~.r,z.;e:li.0~:i:~ I.sttic* xiti CI-.!:I:-,; 
Rate Ratio w,oz 2232 (core 131 'ml-r~ct.31 ZO?!i. ,Cc.r~c 15) 

SIGC:i?EIO SIGlxPHIO SIGlxPiiI1 'IGO:<?ilIO SIG1,:PIiIO SIGL:~:PI!I: 

Uc(Th232) 

qPu239) l.Cl49 1.053 1.057 1.030 l.OG3 l.OL3 

of(Th232) 

Of(PU?31)) O.CSO 0.092 0.302 0.359 0.972 0.935 

0 (U2311) 
.‘ Ofww233) 1.046 1.011 0.99.1 l.Ol‘l o.ono O.lJ7l 

Uf(U230) 
-.-__ U~(l'U2391 1.0X 1.029 1 .O.lO 1.167 1.103 1 . 1 '7') 

UfW233) 
--- Or(l'U239) 0.997 1.000 1.001 1.005 1.017 1.013 

" 2,,rn1232) 
-~ nc(Th232) 0.915 0.990 1.003 0.809 0.9GO 0.3112 

- -. 

on the broad-group cross-sections (SIGO-SIGl) and, separately, 

through the effect on the neutron spectrum (PHIO->PFIIl). It is 

seen that, (while for the threshold reactions 732 
(- 730 Th and - u 

fission), the forner effect w,is quite small, the preparation 

of broad-jrou? cross-sections in th- Case Of reactions with 

large selc-shielding effects i:as si<jnificnntly d.z,Jenda.qt 0 2 

the model used. This is particularly evident for the case of 

23QU capture in the centre of the Th-;netal zon*z. As ir.dicated 
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models proved adequate for treating this particular reaction 

rate in the Core 15 analysis. Significant improvements in the 

. comparison of calculation and experiment may thus be expected . 

to result in this case from refinement of the methods alone. 

One might investigate, for example, the effects of anisotropic 

scattering, neutron streaming and improved leakage models in 

describing the coupling between the fissile and fertile zones 

(42). - 

As mentioned in Section 4.2, three separate codes were available 

for carrying out 1-D whole-reactor calculations, viz. SN-lD, 

SURCU and DIFF-1D. A comparison of the results obtained by the 

three codes (simple model in each case) is shown for the case 0 

of Core 15 in Table 13. The differences between the two transport- 

theory calculations (SURCU and ANISN) are seen to be relatively 

small. These occurred mainly because of the difficulty in 

obtaining adequate convergence of the neutron fluxes bctwcen 

x1-30 eV when usin'g ANISN for the Core 15 analysis (cf. the 

SURCU, ANISN results for af(U233)/oy(Pu239)). The major 

diffcrcnccs in Table 13, however, arc bctwcen the diffusion- 

theory DIFr-1D results and the transpoi-t-theory results as a 

w!lolc. AS i~ndicatcd in Fig. 21, diffusion tllcory was found 

to bc quite inadequate for satisfactorily predicting flus 

clt::>rcssion effects in the dense 'I%-metal zone (Section 5.2.2). 

cLei?rl~;. LIE;!, i.t~ ins r,:?l~:. results !2asc?d oc t-rilns~~ort-til~2or: 
0 

i,,i!oLi~-~--l;~!c:o:- calc\!lati.ons t11at SilOUld b1 c 0 :I s i c! i7 r cd w h c n 

K,?lr.i.i?~~j COE!?ar.iSOP.L5 i.:i.t!l experiment. 
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Table 13 Comparison of Central Reaction Rate Ratios LC/E 
Val;es) fro;n Different Nhole-Reactor Calculations 
for core 15* 

0 

0 

React-io:: 

?.iitc R?.i’i, 

0 (Th232) 
i-- .-. iif(PU239) 

OflT11232) 

--. Of(PU?33) 

CJ (U23fJ) 
c- Or(PU23'J) 

(lf(l1230) 
--__.--- Oy(PU239) 

O~Nl%33) 
----_ Of(P11239) 

U2,,(?'11232) 
----- 0 (Th23?) 

c 

Diifcsic.:i ‘T!!coq TL-e:?spcr: Ti:cory 

(DIrF-1~) SURCU x:1 SII 

1.024 1.030 1.033 

1.oeo 0.959 0.935 

0.39G 1.014 1.022 

1.315 1.167 1.130 

0.990 1.005 1.055 

1.053 0.009 0.5.X1 

* FGL5 Data and Simple Model used in each case 

f 
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1.15 SPRTIAL DEPENDENCE OF TOTRL FLUX 
l"'l"'I"'1 "I' 'I"'/"'/' 'I"'1 

OISTANCE FROti CENTRE [CM1 

Fig. 22 Radial Distributions for Total Flux in Cores 13 and 15 
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I. I0 EFFECT OF OETRILEO TREATtlENT OF CORE-BLANKET ,NTERFRCE ,,i CORE,~ 
,“‘,“‘,“‘,“~,“‘,“‘/“‘,~ ,., 

1.05 AL TH02 PUO2/UO2 
U233 CRPTIIRE 

- SiCl x PHII 
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........ SILO x PHl0 

Q EXP. VRLUES 

.a 
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9.70 I I. I, .I I I I I 
0. 2. A. 6. 8. 10. 12. IA. 16. IO. 

OISTRHCE FROM CENTRE ICII, Abb. II 



70 

- SIC1 x PHII 
---- 5lCl1 x rw,M 
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1.4 
RROIRL TH232-FISSION-RRTE PROFILE IN CORE13 

,“‘,“‘,“‘J 

- SIG1 X PHI1 
---- SIC0 X PHI0 

a EXP. VRLIJES 
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Fig. 27 Radial Profiles for 
230 

U and 
233 

U fission in Core 15 

l t 

one, and finally, SIGlxPIIIl dcnotcs the full detailed-modal 

results. 
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noted that 238 
U Capture rate measurements in the thorium 

blankets are more of academic, rather than practical, interest. 

. 
The various fission-rate profiles measured in Cores 13 and 15 * 

(Figs. 25-27 for 23gP", 232 
Th and 2381J/ 233U, respectively) 

are all seen to depict relatively smooth variations across 

the interface of the fertile and fissile zones. with resonance 

self-shielding effects not being important for these reactions, 

' the.calculation of the radial distributions was quite straight- 

forward. The effects of going from the simple to the detailed 

model were not significant, there being little need to use 

spatially dependent broad-group cross-sections as in the case 

of 232 Th and 23*U capture. 
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Although the differences bctwecn calculation and experiment 

for Cores 13 and 15 have been discussed above in considerable 

detail, it should be pointed out once again that the overall 

agreement b:as quite satisfactory in view of the ncrmally 

‘ascribed large uncertainties in -"-Th cross-sections. In fact, 

the broad conclusion that one might draw from these "data and 

methods" benchmarks is that the breeding characteristics of 

heterogeneous thorium-containing fast reactor cores appear 

to be predictable to accuracies quite similar to those for 

'3nlJ-containing systems (2, -13). 

l 
5.3. Results for Cores 14 and 1G -~ ------- 

The configurations of Core 14, with its axial '1'110 2 
zone, and 

core lG, witll its 'I%-metal zone, wcrc external-blanket 

cspcrimcnts with larger quantities of thorium in the blanket 

region than used in Cores 13 and 15 (Section 2.2). The 

lc71-CJCI: SiZC Of thC fCl-tilC ZOtlC, together wit11 tllc Iacl: 

that core neutrons were incident on it on1.y from one side, 

renderwl analysis for- tllc Core 1.1 and 1G IAankct:; "cry much 

more scnsitivc to the P110'1'EUS tl~crmal driver lrci~.ions than 

was the c;Isc for Chc internal-blanket cspcl-imcnti;. l'iic USC 



of the Core 14 and 16 experiments have been carried out at 

Oak Ridge using the 2-D transport-theory code, DOT-IV, with 

both ENDF/B-4 and ENDF/B-5 based cross-sections. The results 

of the ORNL studies are, however, reported separately (24). 

5.3.1 Blanket-Centre Reaction Rate Ratios -___---_--__----________________________- 

Table 14 gives the results for measured and calculated (simple 

model) reaction rate ratios in the centre of the axial blankets 

of Cores 14 and 16. Corresponding results for the centre of 

Table 14 Comparison of Calculated (C) and Experimental (El 
Reaction Rate Ratios (per Atom) in the Centre of 
the Axial Th02 and Th-b!etal Blankets of Cores 14 
and 16 

I c 
T .io r E ‘) -_ ) 0 ‘) 1 ,/ (1 -r .~ 
,, ” [A’> [A’> .~. :.!.’ ~. .‘I .~. :.!.’ ~. .‘I ‘. :.:.: ‘. :.:.: 

-I- 
. ( 

I 

I 

( 

1 

, 

I 

/ 

1 

I. 

1 0 
I, 

1 

L 

c/I: 

,215 

;I J :? 

:j'.J I 

,:il 

.: .I, i 

l 

3 
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the reactor (i.e. effectively for the standard I'uO2/UO 
2 

lattice of Core 11) are also shown for comparison. In both 

Cores 14 and 16, the blanket-centre values nf nearly all 

the measured reaction‘rate ratios are seen to be quite 

unsatisfactory. Table 15 compares calculated results obtained 

using the detailed model for cross-section preparation with 

those obtained using the simple model, and it is seen that 

there is little improvement. 

Table 15 Influence of the Different Models for Cross-section e 

Preparation on the Reaction Rate Ratios (C/E Values) 
in the Ccntrc of the Axial Th02 and Tll-metal l~lankcts 
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An explanation for the poor results for the axial-blanket 

experiments may be deduced from Fig. 30, which compares 

certain energy distributions (viz. for neutron flux, 

,., 

.‘. : 

j:’ i c I j!l i.::?,? !~i:’ I) ii; 1::‘iilk: I: i.t>! 



80 

?3Y 
Pu fission and 23’ Th capture) at the centre of the axial 

w  blankets with those in the standard lattice. Considerable 

contributions :ron low-energy neutrons are Seen to occur 1 

at the blanket centre in both Cores 14 and 16. IC one assuines 

that the currently empl.oyed whole-reactor calculations arc 

underpredicting the low-energy neutron flus in the blankets, 

e.g. through underestimation of the thernal-driver influence, 

it is clear from Fig. 30 that the parameter which would be 

underestimated most of all would bc of(Pu239). Since this 

parameter features 3s the denominator in the various reaction 

0 
rate ratios of Table 14 , such a hypothesis would be consistent 6 
with the obtained results, viz. that most of’ the C/E values 

arc considerably grcatcr than unity. (ThC cast of (Ic (U238) / 

of (Pu23Y) is perhaps cl,i.lTfcr-cnt since the cross-section 

preparation ITor 
2 30 

(1 cilpturc in the tllorium-containing zones 

is particularly difficult) . 

5. 3.2 Axial Reaction Rate Traverses _-----__-----__-------------------- 



Fig. 31. Axial 1'ravcrses for 
237 

Th Caplzurc and. Fission in Cores 14 
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Differences between the simple- and detailed-model results 

of Figs. 31-34 are seen to be rather insignificant in most * 
cases. For 238 U capture, however, the detailed model is 

clearly erroneous for the Th-metal blanket, as was the case - 

in Core 15 (cf. Figs. 24, 32). On the whole, qualitatively 

similar ,conclusions may be drawn from comparison of the 

calculated and measured traverses as were discussed in 

Section 5.3.1 in the context of blanket-centre C/E values. 

While the use of transport theory instead of diffusion theory 

might be expected to result in some improvement (z), the 

more important shortcomings in the current calculational 

results for the reaction rate traverses stem from ir.adequate 
0 

detail in treatment of the full reactor. 

5.4 Neutron Spectrum Results 



Fig. 35 Comparison of Mfasurcd and NIJRALD 
Neutron Spectra for COI-C 12 

-... , ,.. ~.~, ,../.. ,./ / 
I-.‘~ 

.~ ,....-,....,.., , .,,, ~,/. _,. .~i ,,~ ,~ ,.,.,!, 

I 
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(FGLS data) and GGC-4 (ENDF/B-4 data). The agreement with 

experimental results is seen to be significantly poorer for 

the latter calculational route, i.e. ENDF/B-4 data appears 

to perform much less satisfactorily for the spectrum cal- 

culations than does FGL5. 

The large discrepancy in the region of the prominent Fe- 

resonance at s 30 keV may be attributed to the fact that 

structural materials in the GGC-4 data library, while assumed 

to occur in their natural isotopic ratios, had resonance 

parameters defined for the lightest isotope only. Resonance 

contributions from the other isotopes were considered simply 

in infinite dilution. Thus, for the iron in the steel tubes 

used in the lattice, the principal isotope 5GFe (% 92 %) 

was inadequately rcprcsentcd, appropriate data being available 

only for the lightest isotope "l?'e (occurring to%G 2). 

I  

r 

0 
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and MURALB/FGL5 spectra, even though significantly smaller, 

had a larger net effect on this reaction rate ratio. 

. 
5.4.2 For Core 14 (25) 

Figure 37 s!~ows a cornprison between the experinental neutron 

spectrumat the centre of the Core 14 ThOZ axial blanket 

and the DOT-IV calculation based on ENDF/B-4 cross-section 

data. As before, the experimental spectrum has been normalizcd 
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spectrum, which is largely due to oxygen, is represented r 
in both the measured and calculated results. However, the 

general magnitude of the spectrum appears to be overpredicted . 

above 500 keV and underpredicted below 20-30 keV. . 

The overprediction of the neutron spectrum above 500 keV 

has been attributed to the thorium cross-section data and 

is discussed in Section 5.4.3. The low-energy underprediction, 

significantly more severe than for the Core 12 results (Section 

5.4.11, may be attributed to the truncation of the geometric 

model which was necessary for the fine-group calculation. 

Considerable evidence was compiled in the analysis of the 

reaction rate measurements (24) which concluded that deletion - 
of the thermal driver zones from the analytic model causes 

significant removal of the lower energy flux in the central 

test regions, and that this is particularly true for the 

axial blankets. Such an cffcct J.s present in the spectrum 

calculation, although to ;1 rcducccl cstcnt bccausc of Lhe 

implicil. 1.nclusl.on of lzhc tKcrma1. drivers i.n tilt dctcrmination 

of the di.s I:Iri.but:ocl 1:i.s:; ion :iourcc (Scccl:ion 4.4.2) 

a 
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. 

with 



rig. 39 Comparison of the Pleasured Spectrum in Core 1G with 
Calculational Results Obtained Using ENDF/D-5 Data 
for 'lY~orium 

’ -~:~-cL.~ _~. .~ _, ,. ._, ,. 



. 
* 

d 

the flux spectrum is 1arrjel.y determined by the (n,n’) cross- 

section. liith consideration of the meJsured spectrum, it 

appears that the changes in the (n,n’) cross-section abo~rc 

300 keV al-2 appropriate. Ilowevcr, the significant clccreasc 

in the cross-section below ZOO ice\: is not supported by the 

present e:.:?erimental resul t5. This change app?“rently causes 

a reduced flux removal from the corresponding energy groups 

which causes the flux to increase relative to the CNDF/B-I 

case. At iower energies (below 50-GO keV), the flus begins 

to drop rapidly due to the loss of the downscatter source 

irom the prccc,Fling groups. 
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borne out by the manner in which the spectrum results led _ 
to useful conclusions regarding 232Th inelastic cross- 

sections, but provided little evidence regarding the capture * ' 

and fission data per se. As with the reaction rate measurements, * 
however, a careful analysis is required to understand and 

eliminate possible effects of model and methods approximations. 



92 

. 
. 

d 

Acknowledgements - 

The authors arc grateful to DL-. C. McCombie and Dr. S. Seth 

for their :.aluable contrihuti~ons during the earl!. phases 

of the thorium programme on PROTEUS. Thanks iire also due to 

m. 11. Graf for carrying out the fission-track detector 

measurements and to Mr. P. Bourcjuin, Mr. A. Klingler, 

Mr. T. Steiner, Mr. U. Tschanz and Nr. G. Viel, who together 

with Elr. Graf, operated the reactor so smoothly throughout 

the experimental period. 

The keen interest find active collaboration of Dr. D. nartin?, 

Dr. II. Ingersoll, Mr. J. White and Mr. M. Williams - all 01 

the Oak Ridge National IlabOratOry - arc JlSO cJr2tCflllly 

acknowledged. 

Ip.inally, Mrs. V. Docck deserves a special "th;lnk you" for 

her paticncc and efficiency in typing this report. 



93 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

G. 

7. 

u 

9 

Report of INFCE Working Group 5: Fast Breeders 
IAEA, Vienna, 1980 

Report to the APS by the Study Group on Nuclear Fuel 
Cycles and Waste Management, Rev. Mod. Phys., so, 1978 

w. Michael Schikarr 
"Assessments of the Thorium and Uranium Fuel Cycle in 
Fast Breeder Reactors and High Temperature Reactors" 
IIASA, Laxenbury, Austria, 
CP-79-19, 1979 

D.M. Liyou, R.H. Brogli 
"International Symbiosis: The Role of Thorium and the 
Breeders" 
Nucl. Technol., 2, 261, 1980 

P.R. Kastfn et al. 
"Asscssmcnt of the Thorium Fuel Cycle in Power Reactors", 
Report ORNL/TM-5565, 1977 

R.B. Turski and R.D. McKnight 
"Nuclear Data Sensitivity Coefficients for a 233u-232T,,, 

Fucllcd LEIFUR" 
I? 1:oc . 'Topical Meeting on Advances in Reactor Ptlysics, 
(;;I~Linl,lllr~J, ‘I‘cnnosscc, 1.970 

i 

e 



9 4 

t References (contd.) 

* 
1 

11. 
d 

12. 

13. 

14. 

15. 

1G. 

17. 

18. 

1’1 

20 

D. W. Swce t 
".&ctini.dc Fission Rate Measurements in ZEBRA" 
Report AU%-R1030, 1977 

R. Chawla, K. Gmiir and W. Gijrlich 
"Direct Determination of the Ratio of 232 Th (n,2n) and 
(n;0 Reactions in a Fast Reactor" 

NUCl. Instrum. Nethods, z, 179 (1980) 

R. Chawle and C.B. Bcsant 
"Absolute M?asuremcnts of 238U Capture and 239 Pu Fission 
Rates in Fast Reactors" 
J. nr. N:ucl. Energy Sot., 2, 28 (1970) 

c 
R. Chawla 
"A Method for the ,Dircct blcasurcment of Relative Capture 
rutcs in 232~h, 23W Containing Lattices" 
Ann. Nucl. 11:rergy, 1, 135 (1977) 

1~. Chawla and I<. Gmiir 
"Iri~provcd 'i'l:orium Reaction Rate blcasurements in a GCFR 
Lattice" 
Trans. Am. Nucl. Sot., 2, 2G4 (1373) 

Report A\4lUi-NR2/G4, 19G'l 

P . w . 13cnjamin, C.D. Kemshall and A. Brickstock 
"The Analysis of Rccoi.1~ Protoil Spectra" 
ricport AwIuT-O~/G~, 19GO 

H. Jermann 
"Ncutronenspektroskopic mit I~iic~:stoss~~roto:!enz~l~lern ir:r 
Gittcr zincs qasgekiihltcn Schnellen Brutreaktors" 
EIR-Efricht NY. 310. 1977 



95 

References (contd.) 

21. 

22. 

23. 

24. 

25. 

26. 

<g 

:! 7 

28. 

j 

J. Adir and M.D. Lathrop 
"Theory of Methods Used in the GGC-4 Multigroup Cross- 
section Code" 
Report GA-9021, 1968 

R.B. Kidman and R.E. NacFarlane 
"LIB-IV, A Library of Group Constants for Nuclear 
Reactor Calculations" 
Report LA-G260-MS, 1976 

N.M. Green et al. 
"AMPX : A Modular Code System for Generating Coupled 
Multigroup Neutron-Gamma Libraries from ENDF/B" 
Report ORNL/TM-3706, 1976 

J.R. White and D.T. Ingersoll 
"Analysis of the Thorium Axial Blanket Experiments in 
the PROTEUS Reactor" 
Report ORNL/TM-7471, 1980 

PI. Jcrmann and D.T. Ingersoll 
“Neutron Spectrum Evaluation in the Thorium Axial 
Ul.ankcts of the PROT13US Reactor" 
l'roc . ANS Topical Conf. on Advances in Reactor Physics 
and Shielding, Sun Val.l,cy, Idaho, 1.980 



96 

L 

u) r 

0 

** 

References (cdntd.) 

30. u. Schnockcr 
"Die Bercchnung van Gittern nit zWei vcrschiedcnen 
Arten -on BrcnnstoffstYben nit ililfc dcs Prograrrms 
I~ltiR,-iLR” 

EIR Irzter-nal Document 'I'M-PH-G35, 1977 

31. u. Schmocker 
"Berechnung axialer Reaktionsratfnprofile im PROTEUS 

core 16” 

CIR Internal Document TM-PH-821, 1979 

32. J.D. Nacdougall 
"TOFFEE, a Fortran Programme for Calculat,ing Directed 
Flux Spectra" 
Report ANEW-M303, 1969 

33. W.A. Rhoades et al. 
"The DOT-IV ?'wo-l)i.nlcnsion;tl, Discrete-Ordinates Transport 
Code with Space-Dcpcndcnt Mesh and @uadraturti" 
RcporL: OI:NI./'I'N-G529, 1.978 

31. 17 . w . Roussin cl: al. 
"'1'1112 CTR Proccsscd Mul tigroup Cross-section Libl-ary 
for Ncutronics Studies" 
Ilc[,ort ORNI,/l7SIC-37, 1970 



References (contd.) 1 

39. 

40. 

41. 

42. 

43. 

4 5 

C.L. Beck et al. 
"Fast Critical Experiments with Thorium Blankets: 
Initial Results from ZPPR-8" 
Report NEACRP-L-224, 1978 

R. Chawla and K. Gmiir 
"Comparison of 232Th (n,2n)/(n,y) Ratio Measurements in 
Various PROTEUS Cores" 
EIR Internal Document TM-PH-812, 1979 

u. Schmocker 
"Berechnung Radialer Reaktionsratenprofile im PROTEUS 
Core 13 und die Bestimmung einiger Reaktionsratenver- 
hsltnisse im Zentrum der Th20 Brutzone" 
EIR Internal Document TM-PH-802, 1979 

R. Bochme 
"Application of Integral Transport Theory to the Calcula- 
tion of Reaction Rates in the Vicinity of Boundaries 
bctwocn Fast Reactor Zones" 
Proc. IAiX/OECD Specialists' Meeting on Ilomogcnisation 
MC tl~ods in Reactor Physics", Lugano, Switzerland, 1978 

. I 

1 


	JEF22: 


